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Tawmuya Iwathima

Observational Studies of the Ultra-Long
Waves in the Atmosphere (1)

Part 1, Daily Behaviour of the Quasi-Staticnary and
Travelling Ultra-Long Waves duoring the
Stratospheric Sudden Warming

By Tatsuya Ewashima

Geopliysical Instituie, Kyoto University, Kyolo
(Manuseript received 4 Dacember 1972, in revised form 13 Jurne 1573)

Abstract

Analytizal studies of day-to-day behaviour of the travelling and quasi-stationary ultva-long
waves in the 1967/68 wirter stratosphere are made by means of the time-Alter method [Iwashima
and Yamamote (197131,

A brief description of the method of analysis and a criterion of numerical reliability for
treating erronequy data are provided in the {first place.

Daily variations of zonal mean temperature and zonal mean wind which characterize the
sudden warming are firstly depicted. Secondly from tha analvsis of the total ulica-long waves with
wavenumbers one, two and three, such a few tharacteristic features a3 amplitude.decay of the
wavenumber one and simultaneous amplification of the wavenumber two at the sudden warming,
which has been suggested by Teweles (1963Y, etc., are confirmed again. Thirdly, in ccder to
show the process of applying the time-filter method, the wavenumber two is analyzed semewhat
in detail, because of its predominance during the period of sudden warming. It is found out that
the amplification of several Auctuating components of the quasi-stationary part is accompanied
with the sudden warming. The traveling part is classified into the westsward and eastward-
moving modes.

Fipally, the wavelling and quasi-stationary parts of the ulira-long waves with the wavenumbers
one, two and three are described in meridional- and vertical-time sections. The travelling part of
wavenumber one predominzies during the warming stage and ropidly decays at the maturs stage
of the warming. The former stape may correspond to the *“thisd stage of the sudden warming
by Miyakoda (1963) or the “migratory-stage’ termed by Hirota (E967). While the gquasi-stationary
parts of wavenumber one and both parts of wavenumber two amplify with the warming and
decay afterward. Taking acccoumt of the results of the former observational and theoretical
studies [Hirota {1968), Matsunc (1971}, etc.], we may infer the following close relations:

i) the nondincar interaction between the travelling part of wavenumber one and that of
wavenumber two, and

ii} the imteraction between the quasi-stationary part and the travelling ane of the respective
wavenumber, as Murakami (1960) showed the enqrastical relation between the staticnary
disturbance and the transkent eddy.

and Wiin-Nielsen (1968)]. According to their

Introdeuction

Qbservational studies of the ultra-long waves
bave been made by many authors [e.g., Kubota
and Iida (1954), Eliasen (1958), Haney (1961),
Deland {1964, 1965, 1972}, Eliasen and Machen-
hauer (1955, 1959), Benwell (1968), Deland and
Lin (1967}, Deland and Johnson (1668), Bradley

results, it may be considered that the yltca-long
wave consists of the travellng and Quasi-
stationary parts, and that the superposition of
the former part with a small amplitude upon
the latter with a large amplitude leads to its
apparent fluctuation in position and amplicude,
Hitherto, in most observationzl swudies of the
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ultra-long waves, much altention have been given
to its transient [strictly speaking, fluctuating]
part. Then, in most of their analyses, the
transeint part was defined by the deviation from
the quasi-statiopary part or mean over the whaole
period of the apalysis,. While, by means of a
few time-filters, Bradlsy (1968), Bradley and
Wiin-Nielsen {196%) and Eliasen and Machenhauer
{1969 divided the ultra-long wave into the fast,
slow-moving and standing parts. However, it
should be considered that the fluctuating part
defined by the deviation and the moving part
defined by the time-filter may include not coly
the travelling part but alse the fluctuating part
of the amplitude of the quasi-stationary part.
For the behaviour of the ultra-long waves
averaged throughout the sampling period, Kao
(1968, 1970) and his collaborators [Kao and
Wendell (1976), Kao, Jenne and Sagendorf ([970)]
have parformed the power spectral analysis by
the aid of Fourier analysis in both wavenumber
and frequency dormains, Im their results, there
is such a fact suggesting that the amplitude of
the quasi-stationary part may remarkably changes
with various periods. On the other haod,
Hayashi {1971) has proposed a method for
separating all waves into progressive and
retrogressive parts by space Fourier aod time-
¢ro55 spectral analyses, Deland (1972) proposed
a method of spectral analysis of travelling waves
based on space- and time-Fourier analyses. These
methods are, at any rate, available for discussing
mean behaviour of the ultra-long waves averaged
throughout sampling duration.

Y ARRA=-NARRERALSLE Sa sy

bl gl

L TN X =

PERIOD T
Fig. §. Response functions R{r) for band-pass
lters [BF{l), BF(2), BF(3), BF(4),
BF(5), BF(&), BF(Ty and BF(3)] and
a low-pass filter [LF]. ¢ is the period,
Unit in day.
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For the purpose of investigating the day-to-
day behaviour of the ultra-long waves, we have
proposed a time-fiiter method, which makes it
possible 10 separate the ultra-long waves into the
quasi-stationary and travelling parts [Iwashima
and Yamamoto (1971)]. By nwans of this method,
variation of the amplitude of the quasi-staticoary
part can be separately ohtained on a daily basis.

In the present paper a brief description of the
time-filter method with a modification will be
given, and then the significance (or oumerical
reliability) for rtecating the erroneous data will
be discussed. Applying this method to the
stratosphere o the 1967/68 winter, we will
describe a behaviour of the quasi-stationary and
travelling ultra-loog waves.

2. Method of analysis

Separation of the ultra-long waves into the
tcavelling and quasi-statiopary parts is performed
by the time-filter method, whose filters consist
of & low-pass filter and several band-pass Glters
(see Fig. 1. The main procedurs of the analysis
has been already proposed by us [Twashima and
Yamamoto (1971)]. However, in the subsequent
paper, an alterztion has been added to the
decision of phase-angle of the Juasi-staticoary
part, as noted, by our recent paper [Iwashima
and Yamamoto (1973)]. Therefore, the method
of analysis is described again in the Appendiz
A.  Alzo, the relationship of the time-filter
method to the Fourier method, which is
adopted by Deland (1972), etc., is veferred to in
the Appendix B.

3. Criterion for significance of the results

The actual raw data should be considered to
contazin observatiopal and/or any other errors.
In treatment of the results obtained from those
erronegus  data, any criterion for pumerical
reliability or significance is desired.

Discussion of reliability will be made for each
stage of the analysis. The procedure consists of
two stages, i.e. the first one whete the Fourier
harmonic analysis of geopotential height along a
Iatitude is made, and the second where some
filters are applied to the time series datg obtained
at the first stape, and the gquasi-stationary and
travelling parts are scpacately caloulated.

At the ficst stage of Fourier barmonic analysis,
the eriterion can be piven after Brooks and
Carruthers (1953). The probubility df that any
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amplitude A of Fourier harmonic analysis of N
random values with standard deviation o) falls
between A and A+d4 is

NA
df =Ze? exp{ — NA%4 0,54 A

(3-1)
Therefore, .if the probability which any amplitede
exceeds Ay is assumed to be squal to or less
than 1%, the following relation will be held,

) N4 ep(~NAtoMAS 00 ()
" 1

Ay > 20 Tn 100/N (33

The numerical value of Ay is given as follows;

Ay 0519, for N=72,
Ay > 0724, for N=36.

3-8

The standard deviation of the height of isobaric
surfaces may probably vary with Iocation (height,
latitede or lopgitude) or time. No deflnite data
of numerical value of the standard deviation in
the lower stratosphers is at the present author’s
hand. However, we will employ the standard
deviation o,=400gpm throughtout this wark,
taking into consideration the fact that its wvalue
around the tropapause iz about 150 gpm, and
that it imcreases as altitude [Sawyer (1963),
Jobnson and Gelman (1968)], but seldom exceeds
500 gpm. In this case, we have

“Ag; »» 204 gpm for N=72,
Ay, 7> 286 gpm for N=36.

We should, further, discuss the significance of
filtered tlme-series data at the second stage of
the analysis. Operation of the filter is equivalent
1o weighted-running mean of data Xi, such as

K]

X= SWXe (3-6)

where Wy is the weight., Therefore, the standard
deviation @ of X is obtained by the use of the
following relation,

AL % Witat (3-7

{fe.g. see p, IJB in Shchigolev (1965)].

Tatsuya [washima
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Table 1 3
BF t| 2| 3|4|5)|6]|7 a

& Ek:“"li IO 815|IJ. 359!0. 228I0. 167r0. 121'0. OBTJIO. 03310. 060

The vatue of /T W,2 for each filler BF(f)
is given in Table 1.

The travelling part of the wave is obtained by
such & computational manipulation as summation
of alt the parts that pass the band-pass filters,
and the quasi-stationary one by subtraction of
the former part from the original data. From
the relation (3-7) and the condition that all the
standard deviation for BF(j) are equal to &,
the total standard deviation can be easily
obtained. Thus, from summation of the above
values in Table 1, we obtain the following
standard deviation, o, for the (rawelfing and
quasi-stationary parts;

0, =0.950, (3-8)

And the crterion for 999 sigmificance of the
amplitude Ay of both parts becomes

Ay > 210ppm for N=72,
or 39

Ap 7 224 gpm for N=364.

From the above consideration, a travelling
part and quasi-stationary one whose amplitude
exceeds 200gpm may be considered to  be
significant, and that of smaller amplitude does
not dessrve further freatment.

Employing the above-mentioned for N=36
and the standard deviation #,'=350 gpm [referring
to Sawyer (1962)], we can obrin the following
critical amplitude Ay’ for the total ultra-long
waves and Ay’ for the travelling and quasi-
stationary wultra-long waves in the middle or
lower troposphere;

Ao’ > ¥ gpm, A’ 52 37 gpm (3-10)

Ay’ seems to be reasonable, compared with
the empirical value of Arai (1970), such as
20 gpm for the middle latitudes and 30 gpm for
the higher latitudes,

4, Data and synoptic condltbon
Data

The methed deseribed in the previous section
2 will be applied to the daily geopotential ficld
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Table 2. Period of data, kvels 2nd grid poims

Period : Nov. 1, 1967-Feb. 20, 1963

(121 days)
Pressure |evels | 10, 30, 50, 100 mb
o 30, 35, 40, 45, 50, 55, &0,
Grid points 65, 70, 75, 80, 8S°N
each 107 long.

L}

b ]

¥
L
L

DEC.20 ...
1967 10MB

Fig. 2. Northern Hemisphere 10 mb chart for
Dec. 26, 1257 (after Free University of
Berlin: 1968).

-8t

in the 1967/68 winter sitatosphere. The original
data have been read off from the siratospheric
maps issued By Free University of Berlin (1968,
69). The delails of the data are given in Table 2.

Synoptic condition

In this period of the analysis, a remarkable
stratospheric sudden warming appeared. Detailed
description of the warming has been already
given by Johnscn (1969). He divided the warm-
ing period into three stages, fe. initial stage of
the warming (Dec. 15-27, 1967), circulation
breakdown (Dec. 8, 1967-Jan. 10, 1968) and
circulation restoration {Jan. i1, 1968- ). The
synoptic situations during the period are shown
in Figs. 2,3 and 4. At the first stage ¢an be
seen an elongated polar vortex which has been
a center of low geopatential height near the
North Pole (Fig. 2). At thc sccond stage, the
polar vortex splits into the bipolar circulation
pattern {Fig. 3), At the third stage it gradually
retoms o the usual winter cirgulation patiern
(Fig. 4). In this work the period corresponding
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LR by
e Rt
s
;" - ; ::‘:.____:
,l LN = Y
/ %
L
L} ]
- ;
§ '
JAN.3. .
1968 10MB--*
Fig. 3. 10mb chart for Jan. 3, {968 (after

Frae Univarsity of Eerlin 1969).

1.3

1968 10 MB .

Fig. 4.

10 mb chart for Jan, 16, 1968,
az In Fig. 3.

1o the former two stages is selected.

5. Amalydcal resulis

The results of analysis by the cime-flter mathod
will be presented in this section, with brief
descriptions of day-to-day variations of the zonal
mean  wind  and  temperature  fields. Daily
behaviour of the apparent ultra-long waves {or
“'total ultra-long waves') will be cutlined prior
1o scparating them. Finally the resufts for the
quasi-stationary and travelling parts of the waves
will be illustrated.
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5.1, Zonal mean temperatire ond zonal mean
wind

The daily variations of zonal mean fields are
illustrated., The zonal mean temperature (T) and
wind (I/) are computed at every § degress of
latitude from 30{35)°N to B85(BD)"N, at 10, 3,
50 and (00 mb levels.

A meridional-time section of the zonmal mean

1mpMe  ZONAL MEAN TEMPERATUrﬂE
N s e R A ]
-o-)/) -
o~ f_/' -
- ’
sol- -
wol 3
3@‘— = 1 _-
=|° FEEPES RTINS TN R R A ) Ly a 1
DEC'ST JAN'SH UNT='C
Fig. 5. Meridicnal-time section of zonal mean

temperatures T at 10 mb in degree
Celeius, 30°-85°N for Dec. 20, 1967-
Jan. 10, 1968, Isotherms at 3°C
intervals.

Tasuya [washima
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temperature T at l0mb, and a vergic'al-time
section of T at 80°N are shown in Figd 5 and
6, respectively. A region warmer than —30°C
can be found at 10 mb and all latitudes higher
than 75°N about Jan, 2, 1968. The date of the
highest temperature at each latitude is shown by
thick line in Fig. 5.

The peak moved from 30°N at IDec. 23,
1967 to 80°N at Jan. 3, 1968 with a speed of
abouwi 5% layday. This sudden warming is
illustrated more remarkably in Fig. 7, where
day-to-day variations of Tat 10mb are given
at every 10° latitudes from 30°N to 30°M.

L MEAN TEMPERATLEE Q'N
o ¥ RBE Ry,

JANBE (UMIT=4C)

QEC.'S7

Fig. & Yertical<time section of zonal mean
temperatures T at BO°N and 10
100 mb levels.

ZONAL MEAN TEMPERATURE

0
20L

m-

'GQ-L..—"‘

70H

l[llll’llll.llIllIllllllllll_ll'lrt_l'rlrflllll'llII’

DEC.'67

prdovua bongw tatas Bowval oy anadogaslonsetsusntly
0 ]

!
JAN'EBD

Fig. 7. Zonal mean temperatures at 10 mb for each Latitudes from
30°M to BO°N every 10° lat. iatervals.
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SPACE MEAN TEMPERATURE

T I T[T T[T TR T T T[T T T[T I T T[T A T[T T[Ty I T TI T
-as
~so

F o MB . Tl

"

:l“vb‘*-ﬂa‘.-;_‘—-"‘""’ "*-\v" ..... ""':::P;‘::
-Gﬂ—%—.ﬁ “ A T ———

- - -
‘

] 3

DEC.'&7

JAN. 68

Fig. 8. annal and meridianal (30°-85°N) averaged temperature
[T] at 10, 30, 50 and 100 mb levels.

DEL6Y

Fig. 9. Meridional-time section of zonal mean
wind & at 10 mb. Unit in m/sec.

Quite conspicuous increase of T started at 80°N
on Dec. 30, 1967, and the maximum appeared
on Jan. 3, 1968. While an appreviable decreasing
of T can be noticed at 30°N about Dec. 28,
1967, by about 3°C. A similar feature can be
also detected for T at 40°N and 50°N. This
cooling at low latitudes may perhaps play some
role of compensating the sudden warming at high
latitudes suggested by Matsuno’s pumetical model
ol the sudden warming [Matsuno (1971)] and
Julian and Labitzke (1965). Fig. & illustrates the
vertical-time section of the zonal mean tempera-
ture T at BO°N. It is noted that a little tempera-
ture decreasing occurred at the middle level
preceding the major warming at higher levels.
The temperature averaged over the area north
of 30°N [T} is given in Fig. 8. The warming
still remains appreciably, with a prak in [T] at
19 mb about Dec. 30, 1967, At J0mb level, the
warming of [I1 is delayed by about 10 days
with less mapnitude. These may throw a light
on the mechanism of the sudden warming.
While, the zonal mean wind T in meridional-

Fig. 10. YVentical-time section of zonal mean
wind {7 at 70°M,

and vertical-time sections are given in Figs. 9 and
10, respectively. Maximum westerlies appeared
about T0°M just before the start of sudden
warming at high latitudes, simultaneously with
intengification of meridional temperature gradient
{Fig. 5). Then, almost simultansously the easte-
rlies appeared in the southern region of 40°N.
It seams that the rapid decreasing of westedies
corvesponds to the warming. At higher latitudas,
the zonal rmean wind U became easterly, when
the warming finished, and meridional gradient
of the zonal mean ternparature ?changnd its
sin. Fig. 10 shows that such a chanpge of the
zonal mean wind U north of 60°N  almost
simultaneously occurred at the lower lewels,
without a few days delay. Il we comparc Fig. 9
with the theocetical pesult of Matseno (1971)
[fe., for the numerical model C2 of the
wavenumber two), a few similar andfor diffcrent
point are found cut in their gross pattem. A
similar point is the above-mentioned time-change
of T from westerly to easterly. Two maxima
of westerlies appear at high latitudes, although
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10 MB

DEC6T

-
b
[l |

&

|

v,

3
J .
Lol st

JAN'63

Fig. 11, Meridional-time section of amplitudes and phase-angles of the
ultra-fong waves with wavenumbers ong (top), two {mid) and
three (bottom) at 10 mb. Unit of the amplitude is [0 gpm,
and that of the phase-angle east (+) or west (~)° longitude,

their magnitudes are differcat from each other.
It is a different pomt that in his theoretical case
the sudden warming occurred with decreasing of
the second maximum, while in our rcesult the
warming occurrcd at the decreasing of the first
maximum, In the obscrvational resulis ([e.g.,
Webb {1966)] corresponding to the Matsuno's
oumerical experiment, the sudden warming
occuzred at the time of the gaclicr weakening of
the first maximum westerly, However, we cannot

answer whether these agreement and disagreement
points are an essential one for the warming or
not.

5.2, Day-to-dgy Behovipir of the total ultras
fong waves

In this section, day-to-day behaviour of the

total ubra-long waves to which the time-flters

are not yet apphed, will be described, The ampli-

tude and phase-angle of the ulira-long waves of
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DEC.&7

Fig. 12. Vertical-time section of
ultra-dong waves with

amplitudes and phase-angles of the
wavenumbers one {top), two {mid)

and three (bottom) at 70°N from 300 mb te 10 mb, Unils
are the same as Fig. 1.

wavenumnbers one, two and three at 10mb are
shown in meridicnal-time seccion {Fig. 11}, The
amplitude of wavenumber one had a maximum
from 60°N to 70°N throughout the whole period.
While that of wavenumber two has 2 maximum
at 60-65°N, as well as that of wavcnumber one,
the amplitude reached a maximum about Jan, 5,
1968. The amplitude of waveoumber one bewan
to decrease just after the sudden warming peak
all over the most latiudes. Timechange of the

phase-angle is shown by the double dashed lines
in Fig. 11, Although che isopleths have rather
complicated features, they show a general eerrdency
of westward travelling with a  speed about
I0°longfday. It is noted that the maxitnum
amphitude of wavenumber two and the minimum
of waverumber one appeaned nearly  simulta-
neously.  Until Dec, 22, 1967, the former  wive
moved westwards, thereafter turned to enstward,
After the time of sudden warming peak, this
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wave travelled westward again. From Figs. 9
and 11, it is noted that the zonal wind and the
amplitude of wavenumber one show a periodic
day-to-day variation with zbout two weeks and
with negative correlation. Such a characteristic
change is found out during the other periods of
the sudden warming [Hirota and Sato (1969)].

The amplitude of wavenumber three is much
smaller than those of the wavenumbers one and
two. Maximum amplitude appeared in cthe
narcow recion from 55°N o 65°N during the
pericd from Dec. 23, 1967 to Jan.' 6, 1965. In
day-to-day variation of the phase-angle, no clear
feature such as systematic rravelling can be
found out.

Fig. 12 shows amplitudes and phase-angles in
vertical-time section at 70°N from 300 mb o
10 mb. The amplitudes of wavenumbers one and
two clearly decrease downwards, and that of
wavenumber three doss not so. The characteristic
features of time change of wavenumbers one
and two at (0 mb can be also found out in the
Iower levels, and maximum or minimum at the
lower layer somewhat precedes those at the
upper layer. [t suggests that the cause of time
chanpe of the amplitude may be probably in the
lower layer. The ridge (or trough) axis of
wavenumber one tiles westward with increasing
of altitude before the sudden warming, while it
does easthward aflier appearance of the maximum
temnperature, Those of wavenumbers two and
three are mostly westward throughout the
period, though their magoitudes are small. The
magnitude of westward-tilt of wavenumber two
in our result seems to be considerably small, as
compared with that of Muench ([9635).

5 3 Day-m-da}: behaviour of the ravelling and
quasi=statianary ultra-long waves

By means of the time-filter method mentioned
in the foregoing section, the todal ultra-long
waves ¢an be separated into the travelling and
quasi-stationary parces. Day-to-day behaviour of
bath parts will be depicied in this section.

Before prosentation of the resulis of separation,
a few results obtained through only application
of the time-filter will be provided for better
understanding of the methed of analysis. For its
purpose, we will choose Lhe wavenumber (wo,
taking inty  consideration  thar it demingted
during the warming period os shown Figs. 11 and
12, Applying the cight band-puss hAlters and one

‘Tarsuya Iwashima
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low-pass filter to the time-series of coghe and
sine coefficients of wavenumber twa at 10 mb,
65°M, we obtain the amplitude and phase-angle
for each Elter illustrated in Fig. 13. It is easily
seen that the amplitude of low-pass-filrered pazt
(LF) is the most significant, and that those of
the other band-pass-filtered parts [BF(f), j=
1,2.3,4,5.6, 7 & 8] nearly periodically Ruciuate
around some mean value. Time variation of
the phase-angle of BF{5), BF(6), BF(T and
BF(3) are rather slower than those expected
from the central frequency of the filier, except
abrupt shift found when the amplitude is quite
small. This fact and conspicuous periodic time-
change of their ampiitudes suggest that they
contain nat only the ravelling mede but also a
fuctuating compenent of the quasi-stationary
part as expected from the refatien (A4 and
{A-5). Such a mode with an amplitude iess than
the corresponding critical wvaluve given in the
section 3 may be worthless to be treated further-
more, and therefors it is excluded hers. From
the results for 36 terms Fourier harmoenic
analysis in the section 3, the sionificanse levzls
are about 260 gpm for BF(1}, 90 gpm for BE(Y),
60 gpm for BF(3}, 45 gpm for EF(4) and 40 gpm
for BF(5), BF(6), BF(?) and BF(8), respectively.
Thus, all modes, except BF (1) and BF(2), are
separgted into two parcts, ie the iravelling part
and fluctuating component of the quasi-stationary
one. Such results are illustrated in Fig 14.
Hereafter, for coovenience, we eaxpress each
travelling mode with T, T,.---, T, referving to
each band-pass filter. The Auctuating components
of quasi-stationary part which pass each band-
pass filter are also represented by Q,,Q,, -, Q.

As expected, the amplitudes of &4, €y, -, Qs
vary periodically with the central period of the
band-pass filter. The amplitudes of the travelling
modes Ty, T,..., T3 are approximaely constant,
compared with those shown in Figz. 13. Phass-
angles of Ty, Ty, 7% and T show their westward
travelling and their phase speeds Fall in the
range from 3° longtday te L0°long/day, Phase
change of T, implies eastward travelling with a
value nearly equal to 11°long/day,

Although the travelling dicection of T, shows
an abrupt change at Fan, 2 from westward to
castward, its change may not be signiticamt
becese of the small amplitude during the Lagt
half of the days.

In the discussion of filtering in the Appendiv
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A, the amplitude of travefling part is treated to
be constant, I it changes with several periods,
one travelling wave may simultaneously pass
through a few band-pass filters. Moreaver,
taking account of overlap of the range of
pass-band of BF(6), BF(7) and BF(8) shown
in Fig. 1, it is permissible to Infer that T,
Teo T; and T, come from onc iravelling
mode, Therefore, all travelling modes passing

phase-angle east {+) or west (—)° longitude,

through the filter of BF{3), BF{4), BF(5), BF
6), BF(7} and BF(3) will be temporarily
clagsified inte the two groups, fe eastward-
travelling mode and westward-travelling one.
Then the amplitudes and phase-angles of such
two modes are respoectively shown in meridional-
(Fig. 15} and vertical-{{Fig. 16) time sections.
Fig. 15 shows the meridionaltime section of
amplitudes and phase-angles of westward-{upper



August 1973 . Tatwyz Iwashima 219

o =9 f
 wempe OMBESN oo (WN=2
DCI:* % —

ol r—————— ]
200 I

Lok dbatl sttty 4,1]

Ll bl il

L of
00
gI'- L i Py EdE
°F*-"""3b'i ¥ E“'ﬁ‘s . B
DEC.'67 JANGB DEC.'87 JANE8
Fig. 1¢a.
FLLUCTUATING COMPofQSP
rrftTrrysJyvJrrrprrr

-

5 o 83
[

bio
!
)

o8l
\><
/¢

Fig. 14. Amplitudes and phase-angles
of the travelling modes (T},
T T Too Ty and ) (Fig.
14a) and fluctuating campo-
penats of the quasi-stationary
part &y, Q. &, Y B and
&) (Fig l4b) of wave.
number two at 10 mb and
63°N. Their units are gpm
and east (+) or west (=)°
longitude, respectively,

5

.25
/>p

7~

¥
T

g
e
i1l

NEC'6? JAN. 68
Fig. 14b.



WN=2 10MB
WESTWARD-TRAVELI NG Mo,
0L~ 10020 I.‘;d'—-[- -"--l'ﬁ

| I T N N T T [ W

60
200

S0,

o
40—

l_ == - un =100
30 o

PR SR S S S I T I I S I
DEC.25 1 lJA .5

!

L1 35 1

| T I T T N Y Y

0 1 JAN.S

Fig. 15. Meridiopal-time section of amplitude
amnd phase-angle of the westward
{upper} and eastward {lower} travelling
maodss of wavenumber two at 10 mb.
Units are the same as Fig. 14.

PO I T T I

part) and eastward-(lower one) travelling modes
at 10mb level. Fram this figure the following
facts are found out:

(i) The maximum amplitudes of westward-
travelling mode are about twice those of
eastward-travelling one. During the period
frorn Dec. 31, 1967 through Jan. 8, 1968,
the former amplitude is about 600 gpm and
the latter abaue 300 gpm,

{ii) Both the amplitedes conspicuously increa-
sed about Dec. 30, [967.

(iii) The meridional scale of westward-travelt-
ing mode is rather larger than that of
eastward-travelling one.

{iv) The phasc speed of the castward-travelling
mode is about 10°long/day, and that of the
westward-travelling one is equaf to or z little
less than the value.

{v) Their trough-ridge axcs gencrally
eastward with increasing of latitude.

tilt
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65°N

WiN=2
R

[
30
Fig. 16, Vertical-time section of amplitude and

phase-angle of the westward {(upper)
and eastward (lower) travelling modes

of wavenumber two at 65°N. Units
are the same a5 Fig. 14,

{vi) The ®astward-tilt of eastward-travelling
mexde 5 mostly larger than that of westward-
travelling one.

Fig. 16 illustrates the amplitudes and phase-
angles in the vertical-dime section at 65°N lat.,
where we have multiplied the amplitude at a
pressure level p below 30mb by a facter of
1/ pJ10mb, considering the influence of density
distribution [Matsuno (1971)]. A few [eatures
are found out in their vertical structure as
follows;

{vii} The westward-travelling mode has a
maximum at 3 mb about Dec. 30 to Jan, 2,
Except this period, the amplitude is nearly
unifarm in vertical direction,

(viii) The amplitude of eastwird-teavelling
mode decreases with increasing of  altitude,
and it is smaller than that of westward-
travelling qne.

{ix) Trough-ridge axes of both the modes tike
westward with atmost equal magnitude,

Classitivalion of travelling mode bas been made
by Bradley aml Wiin-Niclken (1%68).  Taking
account of the phasc speed andd vertical structure,
w¢ may consider that both the castwards and
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westward-travelline modes correspond to  the
“forced mode™ of Bradley and Wiin-Nielsen
(1968), alihough their analyses were limirted at
the levels below 200mb. They alse indicated
existence of the “free mode™. Its phase speed
corresponds to that in the range of BF(2).
However, suech a mode filtered through BF(2)
is excluded here, because of its quile small
amplitude as mentioned above. Comparing our
results of analysis with the observaticnal results of
Bradley and Wiin-Niclsen (1963), we may infer
that their first- and second-vertical modes corres-
pond to the westward- and eastward-iravelling
modes, respectively,

Fig. [7a and Fig. 17b show the meridional-
and vertical-time sections of the Hfuctuating
component of the quasi-stationary part cocres-
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Meridional-time  section of amplitude
and phase-angle of the travelling and
quasi-stationary ultra-loang waves with
wavenurnber one at 10 mb, Units are
the same as Fig. 14.

ponding to BF(}), BF($), BF(5), BF(6), BF (T}
and BF(8). It is noted that quite a large
amplification is found out around 65°MN during
the warming period from Dec. 27 to Jan. 1.
Before and after that time, the amplitude con-
trarily decreased. Comparing this result with
Fig. 15, we can find out that the magnitude of
the fluctuating compenent is comparable with
the amplitude of the westward-travelling mode.
In the vertical section, the amplitudes at all the
levels vary afmost simultaneously, except the
time when the maximurn range of the amplitude-
change is found at 30mb, as well az the
wesiward-travelling mode.  Henceforth, besides
the result of wavenumber two,those of wavenum-
bers one ond three are also  illusteated in
mesidional- and veetical-ime sections, where the
total ulica-long waves ace scpurated into the
flugduating quasi-stationary part and one travelling
part without discriminating between  eastward-
travelling mode and westward-travelling one. This
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Fig. 19. The same as Fiz. 18 except
wavenwnber two,

is because our major interest is directed to
variation of the guasi-stationary part rather than
the travelling one.

Fig. 18 is the results of wavenumber one in
meridional-titne section at 10 mb. The amplitude
of the travelling pact between 65°N and 70°N
¥ flarger than 1000gpm before the sudden
warming. It abruptly decreased about Dec. 31,
and remained 1o be small afterwards. While the
amplitude of the quasi-stationary part gradually
increased, and reached a maximum at 70°NW
about Jan, 1. Afterwards it decrcased till Jan. 3,
Such a characteristic amplitudechange of both
paris permits us to speculate some close energe-
tical refation between them, as Murakami (1960)
showed the energy HAew from the stationary
disturbance to the transient eddy. The phase.
angles are fllustrated only in the region where
the amplitude is preater tham 100gpm. The
travelling part moved westward with the specd
of 15-20°tongfday. Time-change of phasc-angle
of the quasi-stationary part is mostly tess than
5°long/day for the first half period. While for
the last hall it reached 30%longfday or 30,
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Strictly speaking, the low-pass filter LF is not
ideal, in such a sense that its response for the
short period is mot ¢ompletely zero. Therefore,
it is very difficult to exclude such a mixing of
travelling mode with a conspicuously large
amplitude and shost period completely, Since at
the last several days the amplitede of the
travelling part was not so large, the large phase
change scems to have been induced by combined
effects of nearly periodic amplitude.change and
travelling of the travelling part, as well as by
the abrupt shift of phase of the quasi-stationary
part.

Fig. 19 shows the meridional-time section of
wavenumber two. Maximum amplitude of the
quasi-stationary part is nearly equal to that of
the travelling one. Both paris have 2 maximum
amplitude about Jan. 1 at 65°N, The date of
thiz maximum corresponds to the time of the
mature stage of the sudden warming. The quasi-
statiopary part moved westward with the speed
about 15%lengfday, while phase-angle of the
quasi-stationary onc is almost gonstant,

The amplitude of wavenumber three is very
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. Vertical-time section of amplitude and
phass-angle of the travelling and
quasi-statlonacy ultra-long waves with
wavenumber one at &5°N from 100
mb to 10 mb. Unils a2z the same
as Fig. 14.

small, as compared with the wavenumbers one
and two all over the latitudes and days as shown
iv Fig, 20. That of the gquasi-statiopary pact has
a region larger than 100gpm from 50°N o
70°N, including several maxima greater than
200 ppm.

Similar results will be described in vertical-time
section, where the amplitude below 30 mb level
is muiltiplied by a square-root density Facior as
well as in Fig. 16.

Fig. 21 is the result of waveramber one, The
amplitudas of both parts gencrally increase with
altitude except & few maxima at Imb level

Furthermore, it is noted that both parts have
an indication of the wvertical propagation of
amplification bcfore the warming stage, as
illustrated with a thick-dashed line, That of the
travelling part occurred at the fiest half stage of
the sudden warming, preceding that of the quasi-
stationary onc. ‘The latter almost coincides with
the time of sudden warming at 65°M. Their
spoeds of vertical propagation are about 10 kmf
day or so. The ridge (or troupgh) axes of the
quasi-stationary part considerably tilt weitward
all over the days, Their phase shilferenge between

Tatsuya Ywashima

Fig. 22. The same as Fig, 21 except
wavenumber two.

10mb and 100mb is preater than 100%ong
While the ridge axes of the fravelling part are
nearly in vertical during the first half of the
warming stage, and tilted westward afterwards.

The vertical section for wavenumber two is
illugtrated in Fig. 22, The amplitudes of both
parts have a maximum at 30mb level abont
Dec. 30 or 31, and their amplification almost
simultaneously occurred at all the levels from
100 mb io 10mb. The ridge (or trough) axes of
both modes are nearly wvertical, diffeent from
the westward-tilt of waveoumber one. Na pro-
nounced delay of amplification is found owt. An
evidence of slant propagation of amplification
from lower level and [ower latitude to higher
level and higher latitude will be shown in another
paper [Yamamoto and Iwashima {1972)]. The
travelling parts moved westward with the speed-
of about 10°long/day at all levels,

The quasi-stationary pact of wavenumber three
in Fig. 23 is considerably dominant at lower
levels, in contrast with insignificant amplitude
at 10mb (Fig. 20). There is an indication of
westward-tilting of the qupsi-stationary par.
Amplitude of the travelling part is o small o
be discussed further. No pronounced features are
fournd out in this vertical structure.

Further  investigations ar¢  required to
answer a quostion whether the above-mentioned
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Fig 23. The same as Fig. 21 except
wavenurmnber three,

characteristics of the ultra-long waves are
common 1o the stratospheric sudden warming
or particular for the [967/68 sudden warming.
The present author expects that similar analyses
will be performed on the other seasons and
situations.

6, Summary and concluding remarks

A method of separating the total ultra-long
waves in20 the travelling and quasi-stationacy
parts on & daily basis, was ootlined together
with a criterion for reliahility of the results.

This method was applisd to the pgeopotential
data in the 1957/68 winter stratosphere. In the
first stage the towal ultra-long waves of wave-
oumbers one, two and three were obtatned by
the Fouricr harmonic analysis along a latitudinal
cirle. Secondly the eight band-pass and one
low-pass time filters were operated to the time
series of cosine and sine coefficicnts abtained at
the first stage. Thirdly, after some manipulation,
a travelling mode and a Huctuating component
of the quasi-stationary pari were cbilained from
such a part that had passcd each band-pass
filter. Finally one travelting part and a quasi-
stationary one were given.

The main results at each stage are summarized
as follows;

(i) In the ficld concerncd with the total
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ultra-long waves, wavenumbers one and two
show a periedical change with negative
comelation and the pericd of about two
weeks during the warming as shown by
Teweles (1963), Hirota and Sato (1969), etc..
At the abrupt warming stage the former
wave decayed and the later amplified. While,
after the warming peak, the former gradually
recovered and the latter decayed,

(it) Both the westward- and eastward-
travelting modes of wavenumber two have
different vertical and meridional structures.

(iii) The travelling part of wavenumber one,
which was obtained without descriminating
the travelling direction, zbruptly decaved at
the warming stage just before its maximum
peak, when the quasi-stationary part reached
a2 maximum. As compared with this resulr,
the total ulira-long wave with the same
wavenumber decayed somewhat gradualiy.

{i¥} Just at the warming peak, bath the parts
of wavenumber two became most predomi-
nant.

{v) Roughly speaking, the ridge (or trough)
axes of the quasi-stationary part with
wavenumbers gne and two tilted westward
with increasing of altitude, and the tilting
of waveotimber one was much larger than
that of wavenumber two.

{vi) Woestward vertical-tilting of the ridge axes
was found out in the eravelling parts of
wavenumbers cne and two, However, their
magnitudes were smaller than the magnitude
of the quasi-stationary part.

(vii) From the amplitude-change of the
travelling part of wavenumbers one and two,
they seem to corrclate non-linearly each
other.

(viiiy In the pmplitedechange of (iiD and
{iv), we can find out such a feature that
makes us infer the energetical relation
between the Quasi-stationary part and
travelling one with the same wavenumber.

The above-mentioned results urge ws jnto the
next study of the encrgy processes of the qQuasi-
stationary and travelling vitra-long waves, Such
a Further tnvestigation will disclose & qualitative
relationship between both the waves, which are,
from many former studics, speculuted to have
different origing, Also, some inlerdsting fealures
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of the wavelling part obtained here require us
to analyze them in detail.  The results of those
studias will be published in the near future.
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_ Appendix A,
FProcedure
The methad of analysis is divided into two
parts;
{I) the first pact where the ultra-long waves
are taken cut fcom the data in space demain by

means of the Fourier harmonic analysis, and
(D the second onc where the ultra-long}
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waves are further separated into the travelling
and quasi-stationary parts by _the time-filter
method.

At the first part of the procedurs (1), the
ultra-long waves are extracted from such data
peopotentizl height by means of the Fourier
harmonic analysis along a latitude as usual. Since
the ultra-long waves can be considered to consist
of the quasi-stationary and travelling parts, the
cosine and sine coefficients of the s-th barmonic,
Ca(f) and Se(#) may be expressad as follows;

Cn(ﬂ = T‘R(t) cos {ﬂ(-z_{’n + Vwﬂ}

4 Qa(£) cos (23} (A-1)
Srlit] = Tn(f) sin {n(llsll + Vnr}}
+ Q) sin (22dg, ) {A-2)

where f 13 the time, The Best term in the right-
hend side of the above equations is concerned
with the travelling part, and Th(H is the
amplitude, Vo the phase speed and 2,» the
initial phase, respectively, The second term is
the quasi-stationary part, and Q. () is the
amplitude, and Jy . the ridge position. This
Fourier harmonic analysis is performed for daily
data throughout the pericd of analysis longer
than 100 days, and thus time series of Ca{#) and
Sa(f) are obtained.

The second part of procedure (IT) is subdivided
into three steps as follows:

(II-1) Applying the low-pass filier LF [LF(6)
in the previous paper] to the time series of
Cx(#) and Sa(f) respectively, we obtain Cuff) and
Saxff). The phase-angle #y = and the amplitude
ﬁ,.(f) of lowfrequency component of the quasi-
stationary part are defined as Follows;

Tut) = {Cu2+ Sy,

#2o,n = tan1{5e(8)/Ca(f))} {A-3)

where the bar (7) is referred to application of
LF. The low-pass filter should be sclected so
that its cut-off period i3 large enough to exclude
the travelling parct.

{II-2) High-frequency component of amplitude
change of the guasi-statiomary part together with
travelling one may remain in the guantities
obtrined by subtracting the low-lrequency part
Q) cos (ny, »} and Tu(f} sin (ndy,c)] feom the
original quantitics Ca{f) and S.(f). At the next
step, such a high frequency component of Colf)
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and Si(t) are divided into several {frequency
ranges, using eight band-pass time filers [BF (f)
F=1,2,54,567 & 8], which cover almost all
frequencies higher ¢chan the cutofl frequency of
the low-pass filter. This is convenlfent for
separating the travelling par from ihe quasi-
stationary part in the later step, as well as
picking up the travelling modes with various
phase spesds,

Applying a band-pass filker BF{F) to the
time series Co(f) and Sa(#), we obtain the Cr j{#)
aud S, 4{). It is reasonable to consider that
these quantities consist of the cravelling part and
& componeat of amplitude-change of the quasi-
statiopary one with the peried of which is within
the range of the band-pass filter. Thus, we obtain

Cu'j{f}= Tn,j(t) €03 {N’Ul.q‘j‘l' Vut, AN

+Q, 10 05 (1, =) (A-4)
S, 5i8)= T, (2} sl (203, ,5+ Vo, i)}
€, Atysin {2l o) (A-3)

where the first ferm in the right-hand side of
{4~4) and (A-5) belongs to the travelling part
with the phase speed V,; and the second one
to the quasi-stationary part whose amplitude
Qn A1) varies with a frequency nearly equal to
n| Vs ;|. Subscript j is referred to application
of BF(§). This band-pass filtering is made for
all frequency range by the use of BF(l), BF(2),
BF(3), BF(4), BF(5), BF(6), BF(7) and
BF(8).

At this sicp, equalization for these gquantities
must be made, referring to each rasponse-function
(Fig. 1), because their mamnitude may be reduced
by operation of the filter.

{II-3) In the next place, the travelling and
quasi-siationary parts in Cs j{£) and S, AE) are
separated. For its purpose, the following quantity
is defined by al, » obtained at the preceding step
{1-1), and Cy A1) and S, A at (11.2);

Au, {y=C, 5(¢) sin (12, n)— S, ;{) cos {72y »)
(A-6)

From the relations (A-4) and (A-3), this is
reduced o

.lqu’j{t) = T-. jﬂ) 5in {ﬂuu, n™ Rl, LI Vu. ;t}}
(A-T)
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The time szries of An, (¢} is shifted by a Tuarter
of the period of the band-pass filter, [t IS nearly
equal to =2 x|V, ;|. [t brings about the relation;

Vl Fl
nfiEd=F__ "
A==y

—21),.,"— Vn}ﬂ'}

T, {45005 {(H(Z, x
(A-8)

where Af=x{lx| Vs ;! and the double signs (x)
should be selected in the same order. Under
such an approximation

T, ity (T, 0 + 40+ T (1= 112112

the relations {(A-7) and (A-8) provide 2 relation
which gives a value of T #f);

(A-9}

Ta, ;u:f)=-|:.¢l-=};(f}2
. { An At — 45— An, (6 + ) }i]m (A-10)

2

The phasc-angle [#{2 a—2y, 5 ;— Vo ;] is deter-
mined by the relations (A-7) and (A-8). The
phase of travelling part 4 is given by subtraction
of this phase from i, a.

Substituion of the phase-angle and the
amplitude of travelling part (A-10) into (A-d)
and (A-5} gives the high-frequency component
of the quasi-siationary part &, i{f). Separation
of travelling part and high-frequency component
of the quasi-stationary one is made in this way
for a frequency range {=#|Vs;|>. The initial
guess of the sign of Vi ; is equivalent to that
of dfjdf. dfjat is expressed by (A-4), (A-5) and
(A-9) as follows;

T, {8y, 8V ;LT {61+ Qw, ()08 { iy »
o dyni—sgR(Va 1
T AFF+Qu (R +2 T, A8¥2n, i(E)c0s {#(2, o
—A,n,i— Va {8}

&
dt

(A-11)

Using some quantities Ty i Qa1+ on the
right-hand side of (A-11) obtained by the initial
guess of sign of Vs j, we can ascertain whether
its guess is right or wrong, 1If the initially
guessed sign of d0fdt coincides with that of the
right-hand side of (A-11}, ecither of the double
signg in (A-B) should be selected approximately,
The anotber sign should be selocted, when che
initially guessed sign of d¥/dt does not coincide
with that of (A-11).
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Appendix B

The time-filter expressed &y spectral fimction

In order ta extract the travelling and gquasi-
stationary parts from the ulira-long waves, we
have employed the time-flter methed. While
other investicators [e.z. Kao {1968), Deland
(1972] did Fourier harmoni¢ analyses in time-
and space-domain.  In this appendix the rela-
tionship of the time-flter method to the Fourier
method is described.

A band-pass time filter in this paper is const-
ructsd by weighted-running-mean  with  che
weighting function ¢{f). Its operation to a
function f(#} is expressed as follows;

BR(fy =] wfsen:
or

= - 0CAt) Flt+ dt)

(B-1)

where the former expression is used for con-
tiouous data, and the latter for discrete case.
And Ty is a hali of the running mean range,
At time interval of two adjacent data and *F”
is the number of data during the period T, so
that Tm=1I-4f. Integral or summation of w(f)
is set to be unity;

r" w(b)dt= 5 whdp=1 (B-2)
—Tm |
The larger T or I will be employed, the
sharper the cutoff of the Glter will Become.

wify i3 derived from the response function
Rin) as follows;

w(f}=%-r R(m)exp(—imbyim B3
where »1 is the frequency. Let us consider ao
ideal band-pass filter such that the response
function Rim) is given by

R(m)=1! for n— —"E”' <’.m<u+i;-
dn

du
ar —n—T LS —Hnt 3

=0 for i< —n— % or m>n+t+ ";i
®-4)
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where the frequency n is chosen to be  positive.
Then, the weighting function for this ideal flter
i5 obtained by

{ [—a+dnl .
w(f) =2—_J expl({—imf)ydnt
[ fe+lz2
5= J exp( —fmixim
aw Jn=in?
1

H

#+Jdn 2
-—I cos (mbdm
E lp=in

= —f:—cos(ur)-ss‘n(—“z"— t) (B-5)
Therefore, from the relations (B-2) and (B-5), the
operation of the band-pass filter BF { } for the

discrete time-series data £{#} can be approximately
expressed as follows;

BFm) = & 2D (L) st 1 kay

LML T

I
=i-2—ff(t+ kd!}[a—.'uf‘!

[%{cxp(imkdt)

+exp(-r'mk.dt}}:|dm

1 [e+dnf?

. é . LF( + &dD) fexplimbdty

wnt N2 —

+exp{— imkdty) 1dm (B-6)

where Fdf should be selected so as to be suffi-
ciently large. Introducing the complex Fourier
teansform of fF{),

F(m,t)-%f‘ ;é_ S+ kdtexp(—imkdt) (BT)

and wsing ihe mean value theorem, we can
rewritten the above BF {f(1)} as follows;

dn/2
BR(S®) =L [ (Fmby+ Fmy

=L P+ Prontyan (B-8)
where F*(nt) and F*(m!} are the complex
conjugates of F{nt) and F{mz#), respectively,
This relationship (5-8) implics that operation of
the band-pass filter is equivalent to an integral
or summation of the Fourice-transform for the
frequency band in which the response of function
Rixn) is wnity,
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Abstract

In the previous paper [Iwashima{1973)]j, it has
been shown that, by means of the time-filter method,
the ultra-iong wave in the atmosphere is generally
separatéd into the twe parts, i.e. travelling and
quasi-stationary parts, and that the latter part of
the ultra-iong wave is usuwlly associated with an
amplitude-change.

In the present paper the energy equations feor
both parts of the wave are derived, and applled to
an energetical study on the 1967/68 stratospheric
sudden warming.

From an analysis before separating the wave into
the travelling and nuasi-ststionary parts, it is shown
that the energy processes are similar to the results
obtained by Reed et al.(1963), Julian and Labitzke(1963%),
etc.

Separating the each ultra-long wave into the quagi-
gtationary part and the travelling one, we can obtain the
respective energy processes. Some of the results are
summarized as follows:

i) At the warming stage, the kinetic energies of the
quasi-stationary and treavelling ultra-long waves of
wavenumber two [KS(2) and KT(2)] increase, and espe-
cially the increment of the former part is remarkable.

ii) The increase (or decrease) of KS(2) is mainly due to



thut of thae onevey Lransfer from the troposphere
through the so-oallod pressure~interaction term
of the quasi-stalionuaTy part of wavenumber two
BGH(2).

1ii) Inecreasing of ¥.i{(2) during the warming stage is
also controlled by the energy transfer from the
travelling waves of the various wavenumbers.

iv) The available pobtential energies of both parts
of wavenumber one increase during the warming stage.
these are mainly converted from the zonal available

potential energy.



I. Introduction

Dramatic temperalure rising occurs usually at

high latitudes a few times in the winter stratosphere,
associated with a remarkable change of the large-scale
circulation pattern. 3ince such a sudden warming was
documented by Scherhagiliy’32), a number of observational
and theoretical studies have been made with development
of the hemispheric aerclogical network. Many synoptic
analyses indicate that the pattern of circulation in
the winter stratosphere is mainly composed of the ultra-
long waves superposed upon the zonal circulation. The

fact that the ultra-long wave of wavenumber two does
usually intensify in accoapany with the sudden warming
suggests a close connection between the development of
ultra~long waves and the <¢currence of sudden warming
[Teweles(1963) |,

Energetical studies of the sudden warming have
been made by many investipttors [e.g. Miyakoda(1963),
Muench(1965a,b), kurakami(1469), Julian and Labitzke
(1965)].  According to their results it is shown that
the vertical energy flux from the troposphere into the
stratosphere increases during the sudden warming. Reed
et al,{(1963), Teweles(1963), Perry(1966,67), Paulin(
1968,70) and Miller and Johnson(1970) investigated the
spectral energy processes in wavenumber domain, They

showed that the ultru-lorg waves play an important role

—_—F -
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in the eneirgy mrorennes ol the stravosnieric sudden
waraming, especlally i the enerpgy tranzler from e
traonpssphere. Tnese aubiors have not taken inte con-
sideravion such & fuct that the ultra=-iong wave con-
sisls o0f Lwo purits, the nuasi-siutlonary and trave-
1ling [{Deland{(1955), ete. .  Luraxami(1960), tewell
and Ri¢,ards{1959) and Holopainen{197U) have studied
the energetics ol bhe stutlonary disturbances, which
were defined vy the departure of the time-averuged
flow from tnc zona!™ and time~mean flow.

In Lthe previous paper |Iwashima(1973};, the pre-
sent author showed Lhat the trgnsient part ¢of the ultra-
long wave is composed of the travelling part snd guasi-
stutionury part witnh amplitude~changes. Taking account
of trhese characteristics, we will perlorm an analysis of
energetical processes of the ultra-long waves during the
stratospheric sudden warning in the 1987/65 winter in

the present paper.



I1. Basic spectral eqguations for the energetics

In this section, the spectral energy equations
for the quasi-stationary and travelling parts are se-
parateky derived. Thelr Gerivation and description
of the symbols will be given in the Appendices A and B.
The spectral energy equations for each part of the
ultra-long waves integrated over the chosen volume (i.e.
309N-85°N; 10mb-100mb) are symbolically expresaed as
follows. Here, the eddy kinetic and avallable potential
energies are respectively separated into the travelling
and quasi-stationary parts.

The equation for the zonal kinetic energy, Ki:

KZ = BKZ- Sk T(w+ ckSm} +BGZ +CAKZ -DZ =

n=1

The time change of the eddy kinetic energy of wavenumber
n, K(n) is separated into the travelling part KT(a) and

the quasi-stationary one Ki(n);

_ B
2 K = ZKT(W + ZKs) .

The equation for the 2ddy kinetic energy of travelling
part, KT(n):

ZKTmW=BKT(+ LKT To+CKT( +‘BG;T(~.~1J+CAKT(’")

~DT (v + "Z.'CI(TS(‘n m
#o

—_5 —



The equation for the quasi-stationary eddy kinetic
energy of wavenumber n, Ks(n):
2 KSO) = BKS(W+ LKSO)+CKS(n) + BaS(mM CAKS ()
{4)
A}
-PS(n) — Z CKTS(Mm,r)
Wem ~0o
¥0
The equation for the zonal available potential ener-

By, Ad:

2AZ = BAZ-—§ {CATEV+CASOME~CARZ +GZ (5

The eddy available potential energy of wavenumber n,
A(n) is separated into the travelling part AT(n} and the

quasi-stationary part AS(n);
2 A0 = ZATO) + ZAS (6)

The equation for the eidy available potential energy

of wavenumber n of the travelling part, AT(n):
%AT(“—) = BAT(n} + LAT(MW +CAT(n)~ CAKTED
+GT(w + E GATS (m,m) @

+o

The equation for the quasi-stationary eddy available

potential energy of wavenumber n, AS(n}:
R AS() = BAS(W + TAS(n)+ CAS(n)— CAKS(n)
+GSO) = 5 CATS(m,m) (8)

Fo

—. f o



Here, the designation of the individual terms on the
right-hand side of equations (1) - (8) are given in
the Appendix A.

Comparing the above equations with the spectral
energy equations of Perry{1966,67) and Paulin(19&8,
70), we can find the energy transfer or exchange
terms between the quasi-stationary and {ravelling
parss, such as CKTS(n,m) and CATS(n,m) have been
newly introduced. The introduction and, estimation
of these new terms are one of the important points

in this work.



relative vorticitry, W n-:i) tue horizontal velocity
vector und V(n) tuo meridional component of Winj.
By using this equation, g%fz(n} is evaluated ut each
level. Then, by [itting & thirl-degree least sguare
polynomial to é?fl(n) Logether with a boundary con-
dition {J)(n) = 0 at p = ©, we can obtain the 2(n)
at cach level.,

in order o esbimaub: the non-adiabatic heating
rate or the generation tern of available potential
enexry, the wdioonbic omeli ,ffmtn) is calculated

by meuns of the no-called adiabatic method. These
vertical p-velocities j?ﬁn) and .fzﬂkn) are &also
separsted into the quasi-stationary part | S?S(n)
and fzika}] wad the truvelling one [S}T(n) andgf&n)]
by the time-filter netlioidl.

Finally, usiig; the quantities .W}(n), Wé(n),
{xinl, f}s(n), ®-(n) and &s(nJ, we can easily esti-
mate the various kKinds ol energy and their comversion
or trunsfer terms. ihe procedure of sucn a compu-
tution is deseriovsed in th: flow-chart in Fiz, 1.

The geopotential and temperabture data used in
this work were read from thwe stratospheric maps for
the sume period wiid regloa as employed in the previous
paper[ Iwashima(12/3)), i.e. Nov, 1, 1967 ~ Feb. 29,
1968 and 10mb~-100ub; 5O°J-85GI, issued by Free Uni-

versity of oerlin (1967/68, 1968u,b, 1U56/69, 1959:,b).



IV. ile~n reridiosal curculstion

The onal me:wn vertical p-velocity £2(0) is
computed by the prucedure mentioned in the previous
gechion. Using the valun of the horizontal diver-

gence %Q(O} and the zonal mean continuity eguation;

L G

> \
a cos¢ 29 {v(O)QO$$* * E;E‘IZ(Oj =0 (10)
we can obtain the zonal menn meridional velocity V{(0)},
with a boundary condition V(0) = 0 at 80°N., This
procedure is similar to that employed by Perry(19es6).

Figs. 2a and Zb jllustrute the resulis during

the first half pevricd from Dec. 2% to 31 and during
the latter half from Jun. 1 to 8, respectively. Torcuzn-
out whe period, they show ascending motion at zizh lati-
tudes and descending mobtion at mid-latitudes. The scou-
therly current uround 40%: for the latter nalf period at
10 b sugmests a bwe-cell pattern, althougn the ascending
metion &t low-latitudes camnot be found out becauses of
lack of datn. Thesn features are similar to the results
of Julian and Labitskxey1965) and Perry(1966,57). The
northern ceil secms o have intensilied from the first
half pericd to the latter one. For exumple, at 70%; or
10 mb, horiscntal sna vertical moticons respectively change
from -36 cm/sec to -81 cm/sec_and from 0.2 cm/sec to 1.2 cm
/sec. The magnitudes of horizontal end verticzl velo=-

cities are roughly equal to those of Julian and Lobifzxe

—_— 10 —



{1955) anu Perry(1966,07), althoush the velocities as
some lavitades of 10 =b are sonewhat [router than the
Li.tver.

Fige. 3 illuntrabes the meridional-time section
o.r é*, waleh means the deviation of the zonal nean
potential temperature from the zonal-peridional mean
one {6] at 10 mb an® 100 mb. At 10 mb the meridional
gradient of éﬂ abruptly changed ints sign just before
the temperature peak dny. At 100 mb, the warm belt
cun be found at midé-latitudes throughout the pericd in
guestion here, and furbhermore, for a few duys after
the ftemperuavure peak doy at 10 mb the zonal nezn tem-
perature nighor tnnn the spatial mean temperature appeared
at higuest latibuies, Tuking account of tnese Lemperature
distribution, the nortlhori cell is an indirect ¢irculation
at the former half period, und = direct one at the latier
one. The indirect circulation at the warning tice nas been
discussed by kahlman{196%), etec., while no literuture con-
cerning the direct cell quring the several days after the
sudden warming is at the present autuor's hand. Inergy
conversion hetween bthe zonal kineftic energy and zonal avai-
lable potential eneryy also shows the change of meridional

circulation from indirect $o direct as described In Lthe

following section.

— 1] —



V. Enerretics

V-1. Changes of zbhal and eddy energies

The change of energies in 2onal and eddy forms
will be depicted, before giving the results concer-
ning the quasi-stationary and travelling ultra-long
waves. Then, it will be examined whether several
apparent characteristic features described by Reed
et al,(1963), Julian and Labitzke(1965) and Perry(1
966) would be found out.

Fig. 4 illustrates the time-chunge of various
energies., Here, K2, KE, AZ and AE denote the zanal
kinetic energy, the eddy kinetic energy, the zonal
available potential energy and the eddy available
potential energy, respectiveiy. We may notice the
following features:

i) KE increases during the warming period, and

decreases afterwards except from Jan. % to 5.

AE has a similar tendency, although its change

is not so remarkable. The maximum of KE appears

two days after AE peak.

ii) KZ and AZ show a decreasing trend throughout
the peried, although AZ recovers somewhat for
several days around the warming peak. Rela-

tively rapid decline of these erergies are seen

during the last few days of December. The mag-

— 12 —



nivude ol 7 during the Latbter half period is about
a nall of thit of the first period,
Tnese feubures sare guite similar to the resulss
of 1053 waradng, by lerry{(19565). Furthermore, the va-
lues of kB, i, nd rail o/ ure of the sunme oruer of nuag-

nitude as Perry's valnes.

Fig. 5 illuatrates the energy conversions and
trunsfers. Here, the notations of CX, Ca, TAKZ and
CarlE are the trunsler or conversion terms; nZ to Kk,

A4 to AE, AZ to vZ and A to KE, respectively, Tne
sGE represents the net tronsfer of K acrocss the uppsr
(10 mb) and lower (100 mb) boundaries throuss the pre-
s.cure-wori term. These values are cof tne szme order
of musnitudc as those of the previous studiss [e.g.
Julian ard Lobitzi~(1955) ). For the first hzlf period
a large value of Ca is seen, and Cako is noticiable for
the latter hall pericd.

Compuring these feutures with >-day mean results
computed by Julian snd Labitzke(1965), we can find out
a grosa similurity around the sudden warming, in spite
of differciices of the yeur and the computed ianterval.

It is noviced thnt the gross fewture of time-chanige
of BGE correspuids with that of KI in #Fig. 4 gquite well,
and this fact sujjests thot a change of wZ may be largely

contributed by LG,

— 13 —



Tuzin; account ol titc-change of the zonal wean
tenperuture T oat Lune rigner latitudes of 10 mb [see
Fig. 7 in the author's previous paper , Iwashima (
1972} 1, the period of nn-lysis may be temporarily
divided into two stieies, l.e. the warning stopge of
the first nalf pecicd {(before Jan.2 or %)} and %the
nature stune of “the 1-THr il period (after then).
In this paper "the warmin,, neriod®, "the warming
stape" and "the warnin; Lime" are used in & similar
meaning, although there is a little difference of
nuance anonfg them.

The mean enerry-flow diagrams are represented
in Fig. 6a for the period from Dec. 23 to 31, and
Fig. 6b for the period from Jan. 1 to 8, respectively.
GZ and GL are evaulunteu from the nen-adiabatic heat-
ing rate and temper (bure by using the L. nroce-
dure as piven in Appendiy B. The kinetvic energy
flux through the vertical ana horizonital boundaries
BiZ and £2ns are calculated from the wind structure

* ¥

-
aleng Ttne boundirieos. dnZd , BAER , D2 and JE terms

x
T
. . . . *)
contain the enerty rluxes required for balance.
During the {iint period the energy transfers

CA and Cil predominate. Civ.Z and CanE are one order
of mapnitude less tuan CA and Ci. Decreasing of AZ
corresponds to the lar;e value of Ca and the small

value of CAKZ. ¥hile, in spite of relatively larze

value of CX and small Cakl value, K& increases by a
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Torpe LGE. The «iveetion of mewn enersy cycle in
the type of four kiuds of energies is a2 = w2 » XL
3 G Ad.

For the secoidi ulfl period, absolute values of
Cinag and CokE bLuconme L ooge, und aespeclally CARE is

one order of uoghitude larger than Ca and CH.

that
BGz becomes soncwhit lurger than during the first
vericd. Tnerefose, K shows a decreasing tendency.

The . mean energy flow is KE 9 AE > AZ & %2 ¢« KE.
These directions ol mean energy flow during the firse
and second half periods agree with the resuits of
other studies le.g. Julian and Lavitzke(1985);.
The agreement in magnitudes is notlso savisfactory,
especially the Cahl and CailE conversion terms for
the rirst period, and »iii for the second period.
tiovever it must Lo Kept in mind that Julien and
Labitzke (198%) have waken Lne 1963 warming and éﬁ-'
30 days as an averusins period.

LHoa=-aditbutic eneryy generation GE is negative

thrcushout shr vworicd, and the magnitude durins the

l.d.‘__,
161ler hulf neriud is oune order of magnitude preacter
than thut of the first period. Wnile, GZ of thae
firse hoalf period 1is negligivly small. During tae

second nulf period, 04 und Gi values are 0F the same

orders of maprnitude us compured witoc Perry 19.5,67)'s

result.

Y
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*)
»
The terms of BAZ , BAE , DZ and DE computed

from balance requirement seem t¢ be rather larger
than the other directly computed terms, although the
values are not shown in Figs. 6a and Gb. There re-«
mains a question whether their large values are due
te the truncation of the part with wavenumber larger
than 5.

Such a similar problem as mentioned above may
be found in the results of previous works, e.g. Perry
(1966), Paulin(1968), etc.. To our deep regret, we
hawe also left exact estimation and discussion of the

abhove terms as a problem for further studies.

— G —



V-2, Energetics in Lhno wavenunoer domain

The eddy enenties od and Az will be described
in the woveonwihor domnin in tais section. rirsg, 7
and 8 illustrate the chinge of spectral Kinetic ener-
gy &(n) and spectral available potential energy a(n)
(n= 1, 2, 3), where n is the wavenumber. It is evi-
dent that kK(2) has a remarikable pesk and A{1) has a
maximum about the temperature peak day. It is seen
that the increase of K\2) during the sudden warming
mostly cuntribut;Tthat of KE, and that the change of
A\1) is similar te that of AE, as shown in Fig. 4.
K\2) evidently excecds i(2), but (1) is less than
A{1) before and around the tempersture maximuz day.

Figs. 9, 710 and 11 illusuvrate The enerzy processes
for the ultra-long waves of wavenumber one, two and
three, respectively- hey show that the non-iinear
energy transfer term (Li.) and baroclinic energy con-
version (CaiE) largely contribute to the energy-change
of wavenumber oue, and that Lk and 3G mainly govern
the energy-change of wavenumber two. for the wave-
number three, i{3) is mostly conbtrolled by 1i and CAXE,

The Ik terms ol wavenunibers one agnd three are po-
sitive throughout tiie pericd. That of wavenumber

two is positive during the several days about the tem-

8

perature peak day, and negutive for the remaining pe-

riods. Rournly speawing, the nugnitude of Lx(2) is

—_ 17 —



nearly equal to Snot of LK(1) during a few days before
und alver the Temperature mrxinum day. - During
these periods Li{%) is relutively smaller than L:(Z2)
and Lih(1). These results suggest a close interac-
tion between the wivenumbers one and two during the
several days before and after the temperature peak.

In Perry(1967)'s case, the direction of non-lineaxr
energy transfer is frouw the wavenumbeiy one and two

tc the wavenumber tiree.

At the termper:ture peak and thereafter, the ba=-
rocliniec process Ciuws prevails for the wavenumber one.
Ivs sipgn is negative, i.e., the energy floﬁffrom wi{1)
to A(1),

The pressure-interaction term BG(2) is positive,
and its nagnitude is larger than that of 3G{1), waich
is negative throughout the period. such & difference
of magnitude between 3{2) and BG(1) cax be found in
Perry's result, altnoupgh 261} has shown a nagabive
sign during a few duays only. Toe former hos a
maximum at the time o temperature peak, simnilar to
Perry's result. BGL3)} is positive around the ten-
perature peak day, and negative during the remaining
periods. The magnisude of BG(3) is generally smaller
than that of BG(2) by one order of magnitude. Such
changes of BG(3) are differant from Perry's case, where
its term has large negative vaiues with the same order

of magnitude as BGL2).
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The time-chanpe of the respective kinetic ener-
gies K{1), X(2) and K(3) are contrelled by a few con-

version and/or transfer terms as mentioned above.

T g —



V=3%., crerpies of the auasi-gtavionary and travelling
L i A &

witra-lons woaves

The spectral kiuetic end avullable potential
enerigles will he furthar asgparated into the gquasi-
stationary and traveliling parts.

Figs. 12 and 13 iilus.rate the features of #“T(1),
K8(1), Ku(2), Ks(2), ar(1), as(1), AT(2) and 45(2).
Here, the resulis coucerning the wavenumber three
are not presenbted, bocause rT(3), Hi(3), AT(3) and
A3(%3) are relatively smuller than the energies of
wavenumbers one and btwo, and no appreciable change
for the sudden warmins 15  sSeen. In these Iigures,
the foullewing facts are noticed:

i) Eacn component of kinetic energies exceeds the
cerresponding component of tne available poten-
tial enerzies, except Ki(1).

ii) k3{2) and wT(2) »rominently incresase associated
with the sudden woarming, and decrcasa after Dec.

30 or 31. w5{2) is one and a half times of or

twice Li'(2) except the initial few days of the

pericd. On the other hand, KT(1) is greater
than Ks(1) at the warming tine.

iii) Both AT(1) and A3(1) reach a maximum at the end
of Decenmnber, wnen AZ is minimum, The change of

AT(1) is more remarkable rather thsn that of AS(1).

AT(2) has no apprecisbl > change, and aA3(2) has a

— 20 —



LOX Lif, precading the maximum ol AT(9) by o few
GiVS e

iv) Tne magnitude of the energy of the quasi-sta-
tionary part is larger thwe the corresnonding

vlicityy Wl bhe Lrouvelling one for the cume wave-—

nusber, except kiy1l).

Of the cnerpgies mentvioned above, four energies
{2y, na(2), A1) rad A3(1) wiich have remarizable
changes are taken, nad the vertical distributions
are given in ifigs. 1% and 15. Kil2) and Ks(2)
reacn 8 maxinum at =2l) levels withouv a time lag
greater thin o duay Or s0. At 10 wb, A7(2) becomes
larger rather thaa o), wiile the vertically in-

T

tegrated IT(2) is smalier than the corresponding

Li3(2) as mentioned abeve. Fig. 15 shows the ho=-
rizonvally averazed AT4) aal LS(1). Lbous ISco.

A0 the maxinaw of the former apnpears above 30 @b
level, and that of the latver at 0 cb. st 10 Lo
AT(1) changes nore rewnrkably rather than £5(1).
The relatively luary;? values of tue above four ener-
gies are restricsed in che uppercost levels, excepth

Ks(2).
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V-4. Energetics of the quasi-stationary and travelling

ultra=-long waves

In this section it will be examined how the
quasi-stationary and travelling parts of the waves
conkribute to thr energy processes during the stra=-
tospheric sudden warming.

The main resntlts for the kinetic energles of
the travelling and quasi-stationary parts of wave-
numbers one and two are illustrated in Figs. 116 and
17 Here, the terms CKT, CKy, CAKT, CAKS, BKT, BKS,
BGT, ILKT, IKS and CKTS are taken. The quantities
less than 1.0%x10"7 J/m°/mb/sec throughout the period
are not shown except the respective time-change of
energy, for avoiding the complication of curves.

The dissipation term &lso has not been given in the
figures. It seems that such an unbaiance af energy
budget as seen in the case of KT(2) of Fig. 17 suggests
need of taking account of the dissipation term.

The fellowing facts are noticed:

i) The non-linear energy transfer between different
wavenumbers LKT and IKS, and the exchange term.' ...
CKTS betwoen the quusi-stationary part and the
travelling one largely contribute to the energy-
change throughout the period, especially at the
sudden warming time. '

ii) Roughly speaking the direction.-of energy-transfer
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by Ci1&G conceriaing the wavenunber two is from tne
travellins part to Lhe quanl-stationary one during
the first half pericd, and Irom the latter %o the
former during the latter half period. For the tra-
vaelling parté of Lhe wavenuuber dne, Lhe direction of
enersy~flow shroush CHTS for the first half pericd
is from the traveliins part of wavenumber cne to the
glasi-stationary waves witll various wavenumbers,

Fer the latter half perdicd the direction is from

the latter to the Fformer one.

The CiLYG terms for both parts of the same wave-
number do not alvways cancel euch other, It implies
that the energy excuunge through the CETS term is
performed between the truavelling part and the gquasi-
stationary one of fthe same wavenumber as well as be-
tween those of the dilferent wavenumbers,

iii) An opposite tire-chonpe is Tound betuesen L¥E(4)
and LES(2), as well as between LKET(1) and ILT(2).
That is, IK3(1) has a minus sign from Dec. %1 to
Jan. 2, and LE3(2) has the opposite sign during
the corresponding peried except last two days.
IK?(1) and ILKT(2) have a similar relatiocnship,
although they vary with a short period after the
sudden warming.

iv) The other important terms to be noticed are

C ak3 and BGa{2). The formér term has a larger

— 23—



magnitude in the latter perlod rather than the
firat half period. The major part of the up-
ward flux of geopotential is due to the BGS(2)
term. It contributes to a large amount of the

energy lncrease of wavenumber. two.

The time sequences of conversion and transfer
terms for AT(1), AS(1), AT{(2) and AS{2) are illust-
rated in Figs. 18 and 19, respectively. Here, the
terms CAT, CAS, LAT, TAS, CAKS and CATS are taken,
but the termswith such 2 value less than "I.O:ﬂO-3
J/ne/mb/sec throughout the period are not illustrated.
From these figures, the follweing facts are found:

i} For the time-change of AT(1), it is noticed
that CAT(1) has a relatively large value which
contributes to the maximum of é%jAT(ﬂ) during
the warmning time.

ii) CAKS(1) keeps a large negative value sfter
the temperature peak, The other terms are
relatively small in spite of negative value
of aé_EAS(ﬂ).

iii) Concerning the time-change of AT(2), there
are no prominent terms.

iv) For the time-change of AS(2), CAS(2) shows

a maximum corresponding to that of AS(2).
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iividing the period into two parts, we may
deplct the above r~sults in the mean energy-flow
diagrams of Figs. £0a and 20v. Fig. 20a illust-
rates the first part from Dec. 2% to 31, 1957, and
Mlgge 0L rorom dedt. 1 G &, 19564, The puron:lnoent
termis indicated by thick lines are the geopotential
upward flux term #%5.5(2), the non-linear energy transfer
terms among the waves IK1(1), IZXS8(1), LXT(2) and IK3(2),
and the energy exchaige terms between the quasi-sta-
tionary part and the travelling one CKTS(1,m), CKTS{m,1),
Chls{2,m) and CGrTE(m,. ). Rough pictures of the energy-
flow will be depicied as follows:

inring the first hall period, the Kinetic energy
Ks5(2), which is suprplied from the troposphere through
BG:(2), is transfered to ri{1) by LES(2) and/or IES(1).
Thereafter, the kinetlc cnerfy Kﬁ(ﬂ? is carried to the
travelliny waves (except to that of wavenumber one)
trrough CKIG(m,1). +hile the CLT3 terms for KT(1) ard
KT (2} have minus ana plus signs, respectively., The
increuase of LT(2) muy depend on the energy transfer
from the quasi-stationury wuves by CKT3(2,m). For the
same periocd the energy transfer from AZ to AT(1) prevails.

For the latter nalf period, BG3(2) also main.y gives
the kinetic encryy to hi(2).  Furthermore, the energy
X3(2) is transfered to the travelling waves through
CEWs(m, ), and gip T lapeninisc to KS(1) by the non-linear

interaction terms ia3(2) and IES3{1). KS(1) is convered
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into a5(7), asd Lhe cneryies £U(1) and ..o(2) are ex
cnnnsged Laroush LAI{(1) and LAS{(Z2). Tinuily, n3(2)
is sronslerod to Ao. The decreasing of n2{2) as

snovn in Filg. 12 way correspond to that of the Col¥

term (wid lnecivusne of nbsolute valueld.
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VI, Dioeus:don

5 risky

br

af was mentioncd by Serpy(1967), it
toe driww concliunions rbout detallea behaviour of ths
via L= longy wuavoy from onl on:ly cuse. The precent
results have not enongh sccuracy to discuss their
absolute values of marnitude, and partly contain
unbalance o5 encmiy hudpot,. Howsver, we can find
out several charsecleriztic fontures similar to the
previcus studies by the other authors, Therefore
the present woirk should contribute to an understand-
ing mot only the energy processes of the 1967/68 st-
ratospheric warming in guestion here, but also those
of the other yeavu.

“he oaly eneryies ro and L incresse durias; tn
warning perliod and sench a ooximum, while the zonel

kinetic and wvailable potential energies relabiveiy

sugdonly ecronca, These vendGenciles of Ko, aZ ond
A Y riy H TN 1 el I e 1 ey S T e
ad veversed sccokhpandos with the reversul of zonal

mean terperature sradient. The decrease of KZ and

sl 18 not enouph for the inercase of ke {or the ba-
rotropic and baroclinice instebillity), Such a defi-
ciency is compaasated by the enery frox the tropospiere
through the 8G torm. 1t is consistent with the pre-
vious studies [e.in. :ieed et al.(1963) ],

Such a pressurce-interaction term 5G is mostiy

contributed by tihe wovenumber twe, as was indicated
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by Liller aard Joiunsoni1970). rom the oresent study

vie nave ovtuinod such an Laportont conclusion that the
encrgy ini'low from the tropncsphere mostly cepends on

the quasi-stationary part of wavenumber two. Trne non-
Lincur encrgy exchange terms between the different wave-
mumvars LE(1) qnd wi(?) nre important for the time-chann:z
of (1) and K(2), vrunpectively. The corresponding terus
IKT(1 ), Lis(1), 140(2) and Lkz(2) are also important for
the time-chanpe of KT(1), ES(1), 27{z2) and L3(2), respec-
tively. This import:aib role of the non-lineur interac-
tion between the Jifferent wavenumbers for the sudden
waurming is inferred also in a few theoreticul studies [

Rutherford(1969) and katsuno(1971)].



Vil. Summary and concluding remariks

Energy processes of the guasi-stationary and
travelling ultra-long waves during the 1967/68 st-
ratospheric sudden wurming were analyzed, using the
time-fiiter method [Iwashima and Yamamoto(1971,73)
and Iwashima{1973) . Various energy transfer and
conversion terms are derived for the quasi-stationary
and travellinp parts of the waves, The wvertical
velocity was estimated mainly by the use of the
"vorticity equation method", Egstimating the dia-
hatic heating rate, we obtain the term of generation
¢f available potential energy.

From the results of the vertical motion, the
zonal-mean meridional circulation was computed.

The mean circulation was a two-cell pattern through-
out the period, During about ten days before the
sudden warming, the northern cell was a indirect one.
After the mature stuge of the sudden warming, its
cell became a direct one and strengthened.

During the sudden warming a few characteristic
features of the zonal energy andi eddy energy, and
the energies of the ultra-long waves of wavenumbers
one and two were described. The follwoing conclusions
were drawn:

i) The eddy kinetic energy, to which the energy of

wavenumber two mostly contributed, increased at



the wersing time. Purihernore, wus was concludsd

by Jer

rr{1050,6%7,, she growtn of the wavenunber two

m

at the lust stupe of the warming was due to conver-
gence of peopokontial flux. Eowever, the effect
of the "baroclinic processes" was not so prominent
as those of TerryU19H5).

ii) Also, nen-linecar intersction of wavenumbers one

and two wuas duninant throughoul the period.

These general and qualitutive agreement witn the for-
mer studies may permit ocur further discussion of tne energe-
tics.

From the resulls concernced with the energy processes of
the traveliing and cuusi-stationury parts of the ultra-iong
waves, the following Tanets are concluaed:

iii) It is concluurd Lhnt the sudden warning is mzinly due
%0 time-change of the kientic energies cf the gquasi-
stationary and travelling ultra-leong waves with wave-
number two, the zonal available potential anergy and
the available potential energy of quasi-stationary
part of wavenniaber one.

iv) Concerning the convergence of eddy-geonotential up-

ward-flux term, the quasi-stutionary part of the wave
plays an important role for the wavenumber two.

v) The non-linear interaction terms between wave-



nuinoe™s one andd Gwo are important for both
paris of Loe ultia-long wave, respectively.
vi)} For both wivenunbers one und two, the inter-
action torus Lotween the quasi-stutionary pare
and the Ltravelling one fus lmoortant throughout

the period, a:s wa

mn

1 expected from the former
study by tne nresent author (1973), especially
at the rapid warming tine.

vii)} The eneryy transfer through the CZT3 term
from {or to) the various travelling waves
contiributed to the increase {(or decrease) of
the kinetic encrry of the quasi-stationary
part of wavenuuber two before {or after, the

temperature peak duy.

In the present work it wus disclosed that the
energy transfer from the troposphere mainly by Cthe
quasi=-stutionary ultru-lons wave of wavenumber tw
was imporvant for Lo~ otratospneric sudden warning.
For the theoreiical stuu) ©or coastruction ol numeri-
cal model based upon tnc avove results for thes quasi-~
stationary and travelling ultra-long waves, it 1s need
to confirm the above conclusion by a furciher similar
investig.tion. In order %o understznd 4 close relu-

.

tion between the sudden wurming and the troposptneric

blocking phenomencn sugiested by liyskoda(1933),
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Julian and Labitzke(1965), etc., the present author
intends to study ¢f the guasi-stationary and tragve=-

lling ultra-long waves in the troposphere.
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Symbol

s »

Appendices

A, List of symbols

Meaning

Radius of the earth

Coriolis parameter

Eastward and northward component
¢f the frictional force ,respec-
tively

Acceleration of gravity
Non~-adiabatic heuting rate
Imaginary number (=f=4)
Tongitudinal wavenumber

Pressure

Upper ané lower boundary pressures
( pq = 10 mb, p, = 100 md )

= Pp = Pq

Time

Easttward and northward component
of herizontal velocity W
Heorizontal velocity vector
Geopotential height of an isobaric
surface and its Fourier transform
Longitude

batitude .

a @ f/aafF’ ; derivative with respect

to ¥ of the Coriolis parameter
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Pqi + &P 2 zouthern and northern boundary
latitudes ( ¥, = 30°N, P, = 85°N )

= Sin (""72 - Sin(f‘d'

C Vertical component of relative
vorticity
ot = R/Cp : ratio of the gas constant

of dry air to specific heat of dry

alr at constant pressure

e = dap/at ; vertical p-velocity
ad "Adiabatic omega'; computed under
adiabatic assumption
_EZﬁl IQQ%“J Fourier~transform function of @ and
(Wad
‘U? Differential operator on constant

pressure surface
) , EH{n) Potential temperature and its Fourier-

transform function

AE Eddy awvailable potential energy
AZ Zonal available potential energy
A(n) Eddy available potential energy contri-

buted by the eddy with wavenumber n
AT(n) Availablie potential energy contributed

by the travelling eddy with wavenumber n
AS{(n) Available potential energy contributed

by the quasi~stationary eddy with wave-~

number n

KE Eddy kinetic energy
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v/ 205h] Kinabtic enurTy

%{n) Winetic energy contributed by the
eudy ol wavenuiber n

KT(n) iinetic eargy contributed by the
traveliildap eddy of wuvenumnber n

KS(n) Winesic enersy contributed by the
suanl-gtaltionary eddy of wavenumber n

BAZ doundury flux affecting the contri-

buiion of the zonal ring to 42

Ba{n) Sume as i’ except to A(n)

SAT(n) bame as BuZ except to AT(n)

BAS{n) Same ws DBaY except to i3(n)
Zonal méan

BGZ souncney L lux o%ﬁgeapotential o

work done by pressure forces at the

poundaries
BGE Lame as 5GZ except for the eddy [ﬁégBG(n)]
BG(n) Cane as 3GZ excepnt for the eddy of wave-
nuuber n
BGT (n) psome as 3U(n) except for the travelling

edq; of wavenumber n

BGS(q) Same a3 BGT(n)} except for the guasi-
stutlonary eddy

BKZ Flux of tne zonal Xinetic energy torough

the vertical and horizontal boundearies

4 -
BKE Game as IKZ except for the eddy [=“=Z] SE(n))
BK(n} same as ono except for the eddy of wave-

ISR r n
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BKT(n)

BKS(n)

CA

Ca(n)
CaT(n)
CAS(n)
CAKZ
CAKE
CAK{n)
CAKT(n)
CaKs(n)
CATS(n,m)
CK

GK(n)
CKT(n)
CKS(n)
CKTS(n,m)
Dz

DE
DT(n)
DS{(n)
GZ
GE
GT(n)

Same as BK(n) except for the trave-
lling eddy

Same as BKT(n) except for the quasi-
stationary eddy

Franafer term from AZ to AE [:éiGA(n)]
Transfer term from AZ to A(n)
Trunsfer term from AZ to AT(n)
Transfer term from AZ to AS(n)
Conversion term from AZ to Kz
Conversion term from AE to KE [-~§IGAK(J:L)]
Conversion term from A(n) to K(a)
Conversion term from AT(n) to KT(n)
Conversion term from AS(n) to KS(n)
Transfer term from A3(m) to AT(n)
Transfer term from AZ to KE [né%CK(n)]
Transfer term from KZ to K(n) ’
Transfer term from KZ to KT(n)
Transfer term from KZ to KS(n)
Transfer term from KS(m) to KT(mn)
Viscous dissipation term of the zonal
kinetic energy Ki

Viscous dissipation term of KE
Viscous dissipation term of KT{n)
Viscous dissipation term of KS(n)
Generation term of AZ

Generation term of AE

Generation term of AT(n)
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GS(n) Generation term of AS(n)
LA{n) Non-linear transfer term of eddy

available potential energy of wave-

nunber n
LAT(n) Same as LA(n) except for AT(n)
Las(n) SBame as LAT(n) except for aS(n)
IK(n) Non-linear transfer term of eddy

kinetic energy of wavenumber n

IKT(n) Same as IK{n) except for KT(n)
IKS(n) Some as IK{n) except for KS(n)
subscript S uantity concerningwith the quasi-

stationary eddy

5 Static stability

subscript T saantity concerning with the trave-
1ling eddy

T Temperature

Gp Specific heat of dry air at constant
pressure

R Gag constant of dry air

Fourier Transform Pait

Variable u v | 2 @ (o) (£, f? e

Spectrul
functiocon

U v Z | QEIE F, | ¢
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Aprendix b. Foirwal oeserintion of the encry equations

and theiy tronnfer or conversion bterms

The poveorning esuntions in wovenumber doxain are
cusLiy duurived (Lior Soltzmuni1957) Trow bhe follosing
three equations:

the equation o motlon:

2 Y(n) + 5LV Wanen) + S22 % Vin-rf

= ~0a

= -9 VZ(w + frxV(n+ B2 2 Umiex Vin-m) - 5=1

the equation of continuity:

1
a cosq

[1 nUmn) + -——{ V('n}m.sq)ﬂ = T Jp .Q("’l) a=2

the thernadyneaile eners; eaubiont

2000 £ S Vi 7O w Rirg 80 L

e & &
winere the nobubionn of il the above symhols nXe ol ven
in shue Appendix A

Fal

=

The total kincile enersy £ can be sepurated into

the wavenunber domnin oz [ollows:

K = ke + iz'h(n) S-4
=l .
where K2 =-%1W(Oj£ and K(n) = ]W(n)l2 3-5.
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Any gquantity X(n)} in wavenumber domain may be
geparated into the trovelling and quasi-stationary

parts by the time-filter method:

X(n) = Xs(n) + Xpln) B-6

where the subscripts 5 and T express the stationary
and travelling paris, respectively. If we use the
angle~ bracket € 2 for an operator of separating the

wave into the travelling and quasi-stationary parts,
{X(n}D = X (n) B-7.

Here, the separation is performed mainly by appiying
the time~-filter (i.e. weighted running mean). There-
after, the bracket denctes the weighted running mean. -
The kinetic energy of the quasi-stationary part
XS5(n) and that of the travelling one KT(n) are defined

by the following form:
Ks(n) = W, (n)]® and  KT(n) = IWr(n)® B-8.

From the equations B-1 and B-2, the governing
kinetic energy equations for the quasi-stationary and
travelling waves can he derived as follows:

the equation of motion for the quasi-stationary part:
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3% + Z {“’E(m} V¥ (n-m)+ 2 () spUs (n-m)

— <V )TV (nm + _Q_,-fm)a% U’{-(m—m})} B0

= =3 VLt fuxvom 4 2P xS, S Us 0¥ g

T "ot

4 < UT(WJ-W(m—M)')'} + ()

the equation of motion for the travelling part:

ZVe+ 5 V0 VWi rem + W Tl )
~ < Vi) Vg (m-m) + SUMS S Vr(mem)+ _Qr(w)} W r-m)
- <ﬂT(T“)“3“Vr(WWJ>} = - 3 vZriw) + Tk & V)

B-10
o+ L2L xZ £ U¥inm + Ur(mV(rmo

~ & Ur(w) Wr(n-md § + Frfn)

the equation of continuity for the quasi-~-stationary part:

[in Us(?t)'i'ashW("”") CWS"}J =— _stn) B=11

Cﬂ3§3

the equation of continuity for the travelling part:

3 c.isgo [in Un(w+ 5 Ve P} ] =~33P§21'('“) Be12

From B-9 and B-11, taking ianto consideration
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2 : * )
51 KSOY = S I 0y 2 €y v )}
bB=1%

= W (h) Vs(“?’l) + Vel 5 sT Ve

Llw vriuablen Fur o) Ly vblalned:

ZR0== 5 [l B e Ustnmvson]

b=~
0

(V6 Vo) Vhcns? + & fU4 enfisnn

+ d Leoso
W} - Ww}{—qﬁ% 2Y56m + i%(h—'l’”-f-’}%ﬁn)

+ Nsin- ”“>a,n Wa(- ?1)} + DEE n){ Lﬁf’ﬂ;ﬂ) ;;M‘("’Y") B-14

Velnr) 25V + Shtnm 2y — Tef 6o

VKT ] 4 F Vo Ve xik- W { B2V
5o (n)z’% Vie) ~ %ﬁ Us(o¥ (o x Kk § ?f

where the brucket il }f means tne fellowing expression

frel - <iad v 2en) > B-15

In the same mumner, Jrom 5-°0 and B~-12, the equation for

1T{n) is provideu:

B'TKl(ﬁ) { zfc‘]mjo a,\{%(h)ufqﬁ ’.)V'_f})

+ W (-v) Urien) W (m)? + 3 wﬂgﬁ, fV(h)
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Vi) Vi) co g + V- Ve (rom)Wstmdcof §
+ ﬁ TV ) L=V ()t B2 (=) Srbrewy V(w0

. —in UV, Vw3 wren
Vo {FE 2 Veem 1 YO 2y
+ Q) B Vren) — L2 ey Ve k 3]

B~16

+ fw(_n) Vet x ik — ¢ [ 3 1@39 %fmwz{w}
AV Br(mcmo g} + 5 f Zr{nd Qrfryf

+ awogﬂ&fb

~ DrnE Zrw] = Vet EOSSE V) +

QT(’NJB—PV(G)— %“ﬂ[}}{n}%ﬂ)nk} ]]?

The equation for KZ is

'?' KZ = <— > 3 M,?, {foﬂ)wr:)v(o)mgs}
'{ W(IQUO VL] ~ z faw Y —~-( VU Cmviim}
) Vimcams} + 2V QsErVmop

— (M) y ey 2 (‘}_..E§PWOJQSGﬂM)£L1%b)
& wop Vi hgﬁf’wro P

B=17
— Et_‘_’é_“iwo)m(m) Vs XK+ 5 oo 2 (W) Urem Vi

Toog 7 1 VO VEWViticong}t 2 {VCOSar () Vo

", ", 2ure) . &L .
~ ¥t VI L V@) = V) e Vg — 2REV

.+-

Ur (mp WV -mx K ] ~ 4



" ﬁ,? Q) 7)Y ~ S22 g(o)j Y ON I P

The governing canablouns concerning the avallablie
potential encriy wve derived fron tuce egq. B-3.

And the total avolliavle poteantiul energy A is

A = AL+ éz {HLLHJ - Ao(n)} B-18
)\z
where

2
42 = — 3EB° D

2

) . W2
AT(n) = 3<@r(n) .> B=19

£ 8, ) >

As(n)

W
Phe respective goveraing ecation ror the avai-
L)

lable poteunbtial encrpics Al(n), As(n) and »Z can be
obtulned as Iollows:
for A7(n),

2 AT(m) = -F [am? 2§ Urbem) O;03) O ()

Fri= =10
0

+ £ L--Dﬁu 5‘39{ Ve ry @rin) OT('?“‘)CDG(}?} ‘[_(ZTG’}.—M)-

@T(-'n) @ '-""-)5‘ t m-——al{[)}(mbw} Or(-n) @S(’“J&
2 (VF (no ) Gr (1) Oy (m) e +<’P § rfrrOrten Os{»ﬁ

4-‘atxmy a?

— 4O —m



+ E-n) E‘ 1 MUs(h " @) 4 v.-m aso@T(m)q- ﬂg(ﬂ-m)aP@T[m)}

- @T(m){"1aﬂcﬂ[ji';“”‘9@1_(w+ WCWM) g @TFhJ‘FnT(h ”BJQ—@T{-HJ} B-=20

= 850 § AR rny + V“" » 3 @rFﬂH.Q‘rfmmR;B:{-mJ

jﬂ

— G- 1,3(“; 5:5‘3 @ 4 _(2]-(11)3‘%@}-}- -CT.(-PL)" HEY @r 6 |

for A5{n),
[aa]

F A0V ={{- 2 g S BB mgs(ro}

. o

1
t Sy opt OsCW K (nm@s(micosp] + B GEmDserrBuef
~1ns(n— Tl e

— @ § ‘a"‘mf’;”” Osen)+ VL oin) 4 Bt
+ B { I U g6 ) O 20t + RfrryB 06

_ Vrm &
- @ { W f 356 + SumE8} + LB Hsompaen |

for AZ,

AZ <- am? {OW)@‘{"‘ P{é#ﬂ(")‘@}

+ 0 { V(U}ﬁg?'@ + 20 @} mz[aw?%

o

B-22

FUCOEI} + 5 spt0 oW@beng]

+ B0 0} - B B2 27 0 2}
Vif-m) 5 &% o =
~ 60 { G AT s Drem2 pF] + o Hwd™ >

e 50



The above energy equations will be further in-
tegrated for a region bounded by two isobaric surfaces
10 mb and 100 mb, and two constant latitudes 30°N and
85°N.  After Muench(1965a,b), Perry(1966,67), etc.,
the various energy conversion or transfer terms in
the righthand side of the energy equations may be
written in the symbolical form presented in the section
IT [egs. (), (3), (#), (5), (7) and (8)]. Their energy

exchange bLerms are given as follows:

BKZ - o< [ LU + f ® DR, >
J<[ Z U(o)V(-mJUrmg 2
Fl

'-HI

B-23

BRI — f 2k ':,EN{ GHm R U A nmmww}];’

B-24
fo

1 (Fongp () Virem) Ut + VB VGr-mVFom)] ”’il’—;f
ol DAL s

w0 _ R
BRSm =~ TW“_L{H%,,{ [ (- r-rOU () 4 Vi) (2 (-9 Uit} ], B-2%
R 0 __. ) X
vl Sveso 3w+ BE B30} |2
862 - - <A2eacoT S et vozelf4> vz

BT =— Ql[ 51F [Zr(n)ﬂr%n)],{ + jﬁ‘Sl,[:C—“'ﬁWEn)zfﬂzL PE  pr

500~ ~{{A BRI EFROZOTE o

—— 51 —



KT = ~ { Trerd YL }% U+ Q7 (s Uto)

— 208 Ur (Vo) ] + Ve[ X2 0s)
3 ﬂT(“).a-WaH .f'l&o ICY Ur(‘ﬂ)] Ff

kSt = = Ts () %ﬂ@ﬁ@ + Qs Ue)

— 228 Ustn) V] o+ Va6 - B ) 21%0)
+ V@ + 2L UG TeY) |
1 —
D7 = <2'Fjﬂ{ U@ + VTt 2>
DTmW= §{ L j FCTE0E 60 + Veen P12
DS ()= ﬁf_g,j, j TR0 4 VewFEen} g
ez = <z [FrsSPacd 873 >
CAKTM)= .H thf Yy a—af; (&) (- @Tf"*))-r—éﬂ }?
| PJ . ny "
CMSED= 28 [S5210)0s( Bst) J 2 )7

pAZ= - < 9—2}7 [F5800+5 5 Faew @wj”*

cws» 5§67V Tf 6V G} | 22

BAT(M = §,§ f S z . G @(m)jp

1 A—Y

— 52—

B-2%

B=30

B-31

B=3%2

B-33

B-34

B=35

B~36

B-37

B-38



BAS(w =~ é{ -—'——[S f &% (-n)Lstn-m) Ef)s('.ofw}};:l

o B-39
+ 4] TS Qe Worme

CATM) = ﬁf{ép jP‘,S‘[@T( ?t){"vr{ﬂ) 9’@ + §3r () @_U_Ej’j’ B~40

cAs =~ L j "sl e B2 674 05 i3 FER Bw

6Z= <z SRS 6 HTdE > B42
GT(“) = '}E #‘Sﬁ_cf'—-( 'P—) Ern) He(n) ﬂ—- }f ' B-43
G 9(‘1’1)" - gf 3}" jh:crf('g,_) @,s‘ {- n) Hs ('VL)%_E' H B-44

ey (1 (P — in Tin- fr-rn)
LKT¢= 025 f, Z[U,(wfr L O )+ Yerd 2 ten)

4 ﬂ(“‘mﬂpw(-n}— 2ol ineryVeemd} 4 Veeof

~ ﬁ;‘“-—)m )+ YO B VRCr) 2 m) S Wen)

b L&2 ytnem) U () ] j %L ¥
LkSCn = §f -] S Z [U(m){ ‘”Uff"‘"”‘)Usc n)+ "'Ef”"_ig(n)

B-45

+ y&(-m)[f-——-—"‘ n Un ’")V's( n) + -—-—-3“7“'("“"“ —%—VF”‘)
4+ Nglm- W..E)_‘Vs(-n)-f ——QD‘%(TL-WJIB( n} }J%K

B-46



—_ P. 3 US ) im H—H
LAT=-{{_L jP S gﬂ[ Brer0p-ZEDim Br(m) 4 Vo0 o)
+ ﬂsh«cm}i@r )] ~ @rm)i- L"-‘%L@ -n} B-47
\,l;(‘n M-]' -1 O_r(:ul‘l) -+ _Q ('n m)._. @T[—h)} ]?.E f

LASO = ﬁéi}"jp S é_,g‘ @S(m){-—:“lvsfww Qs e

B-48

s Ber20cn s Qs(rr@en) 4 Y

'cm(n m) = ’—j LG omif ST )

5 Yioom 2500 + DrCnmry c; Tr=n) - ﬂ&ufwm)mn)}

+ B S Ty o SE S Vo) + Bibengi e
P

+ 2 UrnemyUref ]9 R B-49
— 1 (A - —inUronr) ~ -
CATSCym= Hap ) S[OEITEET 66

. ol
L Ve SO + s’.zrcn-m)g?@ren)}-gf-}}

Here, the energy exchanpge terms between the quasi-stationary
wave and the travelling wave CKTS{n,m) and CATS(n,m) express
the energy-flow from a quasi-stationary part of wavenumber m
to the travelling part of wavenumber n, when the terms are
positive.

For the computation of the above terms, a few semi-em-

pirical approximations are adopted here as follows:
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i} Zonal ard meridionnsl component of the wrin
U(n) and ¥{n) sre computed from the geoncten-
tial hei;rht 2(n) under the auasi-geostrophic
assunpbion,

ii) Ytutic stubilivy facior 4 is a funcvion of
time and heicht, and calculated every duy.
However,.the nffect of 5%‘8 is neglected in
this work, vecause the magnitude of time-change
is considerably small.

iii) Aalthough the ovnerutor< > defined in B-7 shouléd
be of the same w5 thnt used for separating the
waves into the quasi-stutionary and travelling
parts, 3-day running mean is used for estimation
of the enerpy-exchange terms because of small

number of data.
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Fig.

Fig.

Figo

Figt

Fig.

Fig.

Fig.

Fig.
Fig.

2a

2b

6a

&b

Iegends

Computational procedure for kinetic and
available potential enerpies and their
conversion or transfer terms.

Mean meridional circulation for the period
from Dec. 23 to %t, 1967. Vertical exa-
ggeration is 100 : 1.

Same as Fig. 2a except from Jan. 1 to 8,
1968.

Deviation of the zonal-mean potential tem-
perature (b.) from the zonal-meridional
mean one ([8]) at 10 mb and 100 mb,
Time-change of the zonal kineticn (K2),
eddy kinetic (KE), zonal available poten-
tial (AZ) and eddy available potential (AE)
energies. Unit is 1073/w°/sec.
Time-change of the energy conversion snd
transfer terms in units of 40 ¢J/m°/mbisec.
Energy flow diagram during the period from
Dec. 2% to 31. Unit is 10~33/n%/mb/sec.
Arrows indicate the direction of energy
transfer or conversion.

Same as Fig., 6a except from Jan. 1 to 8.
Time-change of spectral kKinetic energies
for wavenumbers one to three. Unit is

10 23/n2/mv.
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Fig.

Pig.

Fig.
Fig-
Fig.

Fig.

Fig.

Fig.

Pig,

Fig.
Fig.

8 Time-change of spectral available potential
energies for wavenumbers one to three.
Unit is 10°3/m%/mb.

9 Energy process for wavenumber one. Circles
indicate the rate of time-change of energy.
Unit is 10”23/m°mb/sec.

10 BSame as Fig. 9 except for wavenumber two.

11 Bame as PFPig. 9 except for wavenumber three.

12 Time-change of the kinetic energies of the
travelling and quasi-statbionary ultra-long
waves for wavenumber one and two and of the
zonal kinetic energy. Unit is 10*33/n/ub.

13 GSsme as Fig. 12 except the available poten-
tial energy.

14 Vertical distribution of the kinetic ener-
gies for the travelling and quasi-stationary
parts of wavenumber two. Unit is 10*25/u®/ud.

15 Same as Fig. 14 except the available poten-
tlial energy of wavenumber one.

16 Energy processes for kinetic energiss of the
travelling and quasi~stationary ultra-long
waves of wavenumber one. Unit is 10”7 °3/m2/
mb/sec.

17 Same as Fig. 16 except for wavenumber two,

18 Energy processes qu the available potential
energies of the travelling and quasi-statio-

nary ultra-long waves of wavenumber one,

—_— L2 -



Fig. 19 Same as Fig. 18 except for wavenumber two.

Fig. 20a Energsy fiow diagram for the zonal flow,
traveiling and quasi-stationary ultra-
long waves during the period from Dec. 23
to 31, 1967. The thickest lines indicate
the energy-flow with magnitude greater than
5.0x10” 23 /m%/ub/sec, the second thick lines
for the enerpgy-~flow from 2.0X10-5to 5.03(‘10-5
J/m°/mb/sec and the thinnest omes for that
less than 2.0x10”23/m°/mb/sec.

Fig. 20b Same as ¥Fig. 20 a except from Jan. 1 to 8,
1968,
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