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Abstraet 

A spectral ena.J.ysis of northward beat transport in the northem 

hemisphere vas perf'ormed by the Fourier a.nalysis metbod. This method 

was applied at 500 mb, lOO mb aD.d 25 mb for fi ve-day intervals from 

October 5, 1959 througb March 28, 1960. A comparison of stratospheric 

warmings of this period wi tb tbose of the previous year · studied by 

Boville ( 1961), revealed that the he at transport could be accompli shed 

mainly by wave numbers one md/ or two. From 500-mb, 100-mb sad 25-mb 

ttme-sections of northward beat transport, divergences were determined 

to calculate the local temperature time derivatives. The se derivatives 

vere in tum compared witb the aetual time-sections of meen tempera­

ture. This comparison showed tbat, due to strong eœvergenee of north­

ward beat transport, the winter stratosphere at high latitudes bad a 

net aseending motion. 

(vii) 
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1. Introduction 

The general circulation of the atmosphere is maintained by energy 

exchange processes which provide energy to compensate frictianal losses. 

To ba.l.aace this dissipation of energy, three ma.in energy exchange pro­

cesses bave been def'ined (Lorenz 1955 and others) which essentially 

account for the observed prevailing currents that canstitute the general 

circulation. Heretofore, studies have empbasized only two of the se 

processes, the conversion between eddy available potential energy and 

eddy kinetic energy or between ed~ kinetic energy and zonal kinetic 

energy. A measure of the :first mentioned process is proportional to 

the covariance o:r temperature and vertical veloci ty, the second is pro­

portional to the tra.nsf'er of angular momentum. 

This stuey is concerned prima.rily wi tb the third energy excha.nge 

process. This process, the conversion between zonal available potential 

energy and eddy available potential energy, is more directly related to 

the differentia! radiational heating of the atmosphere from the equator 

to the pole. To minimize extreme temperature differences that would 

thus develop, the available potential energy is transferred from zonal 

to eddy flow and is ref'erred to as beat transport. The main transfer is 

accomplished by horizontal eddies, wbich are most effective between lati­

tudes 3<ll and BOB. The actual conversion is proportiona.l to the product 

of beat transport and the mean polew.rd temperature gradient. This 

study is :f'oeused maiDly on a detailed study of northward beat transport 

and related aspee.ts. No attempt is made to arrive at energy excbange 

values. 
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Relatively f'ew spectral studies of' beat tra:DSport are f'ound in 

scientif'ic li tera.ture. The re qui red bemispheric specification involves 

processing vast quaatities of data; bence only a f'ew selected levels, 

at short intervals of' time constitute most studies (MIR'l'Z 1955), (Benton 

and Kalm. 1958) and (Van Mieghem, Def'riese and Van Isacker 1959). Most 

of the existing articles present somewhat isolated findings and are 

theref'ore dif'fic~lt to compare, bence the resulte fail to establisb a 

eontinuous record. ODly reeently bave meteorological bemispberie cbarts 

be come available to f'acili tate beat transport studies in the stratosphere 

(Boville 1961 and Murakami 1962). Thus to obtain a more comprehensive 

description of the beat transport spectrum, the 500-mb, 100-mb and 25-mb 

height and temperature fields were studied at 5-d.a.y intervals for the 

six montb period of Oetober 5, 1959 through M'arch 28, 1960. 

A study of only the stratospbere was originally intended; however 

in view of our seant knowledge of' the upper atmospbere, i t seemed rea­

sonable to include a tropospherie level. The 500-mb and 25-mb levels 

vere theref'ore selected as representa.ti ve of' the troposphere a:nd strato­

spbere respecti vely, since the se levels vertically separàte the mass of 

the stratum wbich they represent by nearly equal amounts. The 100-mb 

level was included to provide · some vertical continuity a.ud to represent 

the lower stratospbere, which is generally true for latitudes north of 

4ol'. 

'ro gain added insight on the dynamics of the atmosphere, the phe­

nomenon of stratospberic warmings vas examined by the spectrum of' beat 
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transport. The se wa.rmings are pe.rticularly interesting in that tbe 

stre.tospheric flow caB reverse from a winter polar-night low to nearl.y' 

typical wa.rm summer polar high pressure circulation Wi thin about two 

weeks. At times, after strong stratospheric wa.rmings, the polar low 

pressure center never fully regains i ts normal Vintertime inteasi ty. 

The folloWing chronological listing of recent stratospheric warmings 

(:Beville 1961) indicates the rSDge of time in wbich tbese warmings can 

occur: 'l'he 1956-57 and 1957-58 winter warmings began in la.te January, 

in the Win ter of' 1958-59 the warming begen in early March 1959 • 'l'his 

stu~ shows that the 1959-60 warming was delayed until late March 1960. 

However the se warmings may occur a.s la te as the mon tb of May. 

1.1 Data 

'l'he data were seleeted f'rom the 500-mb, 100-mb, and 25-mb OOOOZ 

constant pressure hemispheric charts for the interval of f'i ve days from 

October 5, 1959 through March 28, 1960. The se charts vere obtained 

from two sources; the 25-mb charts in "An Atlas of' Stratospheric Circu­

lation April 1959-Ma.y 196o" (McGil1 university 1962), 100-mb charts 

analyzed by the McGill University Arctic Meteorology Group (unpublisbed) 

and 500-mb charts f'rom tbe Canad181l Department of 'l'raD sport. Al. though 

these charts were hemispberical, the plotting of additional data was 

necessary for complete coverage extending down to latitude 3011. The 

source of data for extended regions and late data was the 'Xorthern 

Hemisphere Data 'l'abulations ' of the U. S • Weather Bureau. 

'fo complete the set of 500-mb a:nd 100-mb charts the author ex­

tended and revised the aaalyses where necessary and analyzed all or 

the correspondiag temperature ·fields for tbe period of the study. It 
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would bave been desirable to pertorm a dif':f'erential a.nal.ysis for all 

levels, however, this vas not feasible. 'fhis def'ieiency was partially 

remedied by perf'orming vertical consistency ebecks in regions of add.ed 

data. This was achieved by cbeeking the position of surface fronts 

w1 tb respect to the vortiei ty advection at 500 mb and by an estimation 

of thermal wind changes in relation to the temperature :field. In 

addition, low level charts vere consulted on a daily basis vhenever 

the positions of pressure systems and jet streams \fere questioned. 

6 
'l'he maps were drawn on hemispheric 1 : 20 x 10 polar stereographie 

charts true at la ti tude 601'. The se charts were aaalyzed :for intervals 

of 200 f't at 500 mb, 400 f't at 100 mb and e.lso 4oo :ft at 25 mb (However 

the 25-mb charts vere publisbed :f'or Boo f't intervals) • The isotherme 

0 
vere analyzed at 5 C interva.ls f'or all levels. All grid point values 

0 
were reeorded and punehed to the nearest lOO ft. and l C. 

In upper air work pressure, P, is a:n independent variable and geo-

potential heigbt, z, is the dependent variable wbieh is compûted :from 

the byd.rostatic equation of' the form 

Po 
2: =L(TJ1.,p 

~ Jp 
where R • gas eOD.sta:nt 

g = gra.vity 
T • temperature 

This equation is readily solved with values received :from radiosonde 

instruments, the accura.cy of vhich is usue.lly gi ven as pressure, P .± 3 mb, 
. 0 

ad temperature, '.r .± 0.5 C. At e:ay particular level the aecuracy of Z 

depends . on the emount of systeme. tic error in P and T. The accuraey is 

a :f'urlction of P aad i ts standard error is usually coasidered to have 

the following approximate values: 500 mb, 50 ft; 100 mb, 125 ft and 
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25 mb, 300 ft (Baville 1961) • Solar radiation incident of radiosœ.de 

instruments also contributes to instrumental error ('l'eweles aad Finger 

1960). 

lUnd reports contain va.rious instrumental errors, auch as target 

hunting, but tbeir main limitations in t~ stratosphere are due to 

range and elevation angle • 'l'he standard vector errors f'ollov:Lns Muench 

( 1958) are approxi:JBately-: 

RaWinsonde, approxima te vector error (kt) • 

Lower and Middle Upper 
'l'roposphere Stratosphere Stratosphere 

strœg winds 

1 

1- 5 1 5 - 10 1 10 - 30 

Light winds 1 - 5 

Van Mieghem ( 1960) bas pointed out that aJlY' spectral 8.1lalysis is 

very sensitive to· averaging processes since dail7 values cSD vary ex-

cessively 'from àay~to day. Thus a compe.risœ vith other studies must 

be aecepted wi th caution, espeeially in the case of different time 

intervals • Bence i t vas dif'f'icul t to coapl3."e the prelimiD.ary' phases 

of this work vi th the few existing beat trsusport studies. 

For a meSDingf'ul study of the stratosphere, eurrent studies sug­

gest that geœral eirculatioa work should be eonducted over a period 

of more tha:a. one year. That is, the intercbaage of energy betweea the 

large seale atmospheriè waves re sul t in a different spectrum. fran year 

to year. 'lo meet this need the Meteorologr Department at MeGill 

1 

University is direeting mucb of i ts researeh toward en extensive strato-

spherie study for the period 1958-61. This stud:y, for tbe period 



6 

1959-60 is in essence a continuation of the lang r&Dge researeh program 

at McGill University and where applicable it is statistically comparable 

to Boville 's ( 1961) work for the 1958-59 period. 

1.2 Metbod 

'l'he meteorological parameters, beight and temperature of a constant 

pressure surface, are treated as a function of loagi tude, ~ • Height 

and temperature are single valued functions speci:fied :for a gi ven lati­

tude, (/> , and can be represented by the sum o:f sine sad eosine :func-

tions. For such a distribution about a closed la ti tude circ le, tbe 

treatment o:f these meteorological parameters by Fourier SDalysis bas 

beea sbovn applicable by Boville and Kwizak ( 1959), Godson ( 1959), Van 

Mieghem ( 196o) and others. 'l'his metbod provides a spectral analysis of 

the atmospbere wbereby the contributions of a parameter can be examined 

by harmoD.ics (or wave numbers) • 

'rhus the se para.meters are represented by a Fourier series and wri tten 

N-1 
~ 

f (~) = a()+ L (a.~ Cos ,4 + b,.. si~ ~~t) 
tn :: ,, 2., '3 ••• 

(1) 

wbere l' • number o:f equally spaced data points on a la ti tude circ le 

n • wave number, the number, o:f iDtegral waves aroUDd a la ti tude circ le • 

'l'hus n • 2.IR , where R is the radius o:f the la ti tude circle and L 

is the wave lengtb, and i>l is longitude, expressed in radians. 'l'he 

maximum number of waves depends on the data points and is gi ven by 

Ni 1 
(the so-called Byquist frequency) • 
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To evaluate the coefficients, the integrals are converted to sum-

mations in the normal mam1er. Starting at Greenwich meridian, the 

la ti tude eircles are di vided into 10 degree intervals {~;!) = jf ) of 

36 3' longitude. Thusl2.. "ii 
f f 11 A/\ z;rr (7,) 4}) = 2-~ ~1 f (71))\1 = ~ f, f (?l)tJ 

0 

Renee the Fourier coefficients become 
3~ 

:fei:_ f()))N 
N:;.l 

'3b 

--a' L f (4)(\J CoS m/) 
l N=-1 

n • 1, 2, 3 ••• 

n • 1, 2, 3 ••• 

Be cause of the orthogonal! ty of the trigonanetrie terms, all sets 

are integrated over the interval 0 -"2...-;-r to eliminate cross product 

terms. Tbus the series ( 1) can be wri tten 
l:l=L. 

2. 

fr~) :: ao +~,cc,., ~os(')')?l -e~) {2) 

where 

( C.~ is the empli tude) 

and 

( e~ is the phase angle) 
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2. Problem 

The northward transport of sensible beat now ean be eomputed from 

the given fields of temperature, T, and geopotential beight, Z,. 'l'he 

use of the geostropbie approximatioa restriets the computation to the 

horizontal eddy' eomponent of the northward transport, i.e., to the 

covariance Tv where v is the northward eomponent of the geostrophic 

wiDd. The expression for northwa.rd beat transport, BT, througb a ver-

ti cal strip of one millibar, at pressure P, extending over all lon.gi-

tudes alom.g a given latitude now may be evaluated and is written as 

ZïT 1? c.p T\r A p 
~ 

where R • radius of latitude cirele, cp • specifie beat at constant 

pressure and g = gravi ty. To evalué.te Tv, the temperature is approxi-

mated by the Fourier series 

and the meridional wind is represented geostrophically by 

where f • coriolis pa.rameter and x • di stace along latitude eire le 
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and tbe Fourier series of Z is 

Bence 2?/ 

Tv-=2.Jfrf_ ~_, [(q_, cos.-.,)) t-h, si-., ~~m cos,~-A,., st;., 11M~ 
0 

and 

(3) 

Substituting (3) into (2) resulta in beat transport for a given wa.ve 

number end is vritten 

:a__. o .. ~'0 X lO 
10r m fa f3 - b A \ joules sec-1 mb -l (4.) 

-~ ..5 L"'"" fl1 ~ \"" m lh ......, '".J 

Data were extracted from a polar cap grid that extended from lati­

tude 301' to 80N wi th grid points at every intersection of 5 degrees 

la ti tude a:ad 10 degrees longitude. The same grid was used at 500-mb, 

100-mb and 25-mb levels for the fields of geopotential height and tem­

perature gi ving a total of 85, 536 pie ces of input data. The se data 

vere punehed on cards and programmed on the I.B.M. 1410 digital computer 

at McGill university. 'l'he program was written by Capt. Charles E. Hill, 

USAF. 'l'he output consisted of tbe mean, A , total variance, o-'2., for 
0 

each latitude; and the Fourier coefficients An' Bn' and en, plus the 

phase a:agle, -9- . Al though this stud.y perte.ins mainly to long waves, 

wave numbers were computed out to n • 12 as a control on the accuracy 

of the data. 
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A signi:ficance test was not run on the se data. But the signifi-

canee of wave number vas not eonsidered crucial, siace this study wa.s 

restricted to long waves. Boville ( 1961) :round, from a Fourier snalysis 
\ 

of similarly assemb1ed data for 1958-59, that the va.ve numbers were 

significant down to number 8 a.t 500 mb, number 7 a.t 100 mb and number 4 

at 25 mb ( see Godson 1959) . 

2.1 Speetrum of Heat Transport 

At various stages of this study it became evident that, while the 

integra.ted beat transport over the globe sbould be nearly constant from 

yea.r to year, significant variations in the beat transport speetrum 

existed wi th respect to time and beigbt. 'l'he similari ty in ma.gni tude 

of yearly total beat transport at stratospberic levels is suggested by 

the eompe.rison of the two 25-mb curves that appea.r in fig. 1, wbere 

the dasbed curve is for the 1958-59 period ('Beville 1961) and the solid 

curve is :for the period of this study. The eurves of fig. 1 are all 
11 -1 -1 

in uni ts of 10 joules sec mb and a t'unetion of wave number 

averaged over the same six montb period. 

'l'he beat traDsport values of fig. 1 were constructed from tabula­

tions entered in table 1. The tables l(a.), l(b) and l(c) are average 

monthly northward beat traasport values duriD.g 1959-6o at 500 mb, 100mb 

and 25 mb, respectively, for waves 1 through 9· From computer output, 
10 -1 -1 

these monthly values in units of 10 joules sec mb were obtained 

at intervals of 5 degrees la. ti tude by averaging over the 9 la ti tude 

eircles from 4oN to BON. Each month was a sa.mp1e tba.t eonsisted of six 

da.ys at 5-da.y interva.ls. In table 1( ~), the caleulations were extended 

to wa.ve 10. 
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Fig. 1. Average northward beat transport (10
11 

joules sec -l mb-
1

) at 

500 mb, 100 mb and 25 mb as a funetion of' vave number for the period 

Oetober 5, 1959 throu.gh Ma.rcb 28, 1960. TraD.sporta were averaged 

Q\f'er latitudes 4olf to Bat. Dasbed line is 25 mb average transport 

from Boville (1961) for prerioua aix JDCDtb period of' 1958-59· 
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Table l(a). Average monthly 500-mb northwa.rd beat transport 

(10 
10 -1 -1 joules sec mb ) by wave number. Values 

were averaged over latitudes 401' to 801'. 

1959 1960 

n Oct. lfov. Dec. Jan. Feb. Mar. Average 

1 39.1 43.4 50.0 2"(.1 37.0 2.0 33.1 

2 41.5 64.4 70.0 121.5 43·7 51-7 65.5 

3 35.2 21.5 10.1 68.4 63.3 2'{.6 37·7 

4 43.3 21.9 40.6 5·5 45.8 2'7-2 30.7 

5 16.4 2'(.8 33.8 5q..l 25-3 6.2 2'7·3 

6 2'(.1 14.0 33·4 25-5 30.3 28.6 26.5 

7 6.0 9·9 9-3 22.5 18.1 13.1 13.1 

8 6.0 9.6 1·9 10.4 18.5 12.3 10.8 

9 15.7 5.2 6.6 4.7 5.4 7.2 7-5 

10 2.5 1.7 2.7 3.0 2.4 4.0 2.7 
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Table l(b). Average monthly 100-mb northward beat transport 
10 (10 joules sec -1 -1 mb ) by wa.ve n~ber. Values 

are averaged over latitudes 401' to 801. 

1959 196o 

n Oct. Nov. Dec. Jan. Feb. Mar. Average 

1 28.4 114.3 155·5 174.7 189.8 46.8 118.3 

2 21.0 9().9 89.3 105.1 39·7 103.0 75.8 

3 12.0 34.9 38~3 73·4 26.5 2.8 31.3 

4 21.3 9-8 2.8 20.0 5·9 24.6 14.1 

5 5·5 -4.0 13.5 0.9 6.7 2.8 4.2 

6 3·1 4.0 13·7 15.0 -1.3 1-7 6.0 

7 -1.3 2.7 3·3 6.6 -2.1 2.2 1.9 

8 -0.6 -0.8 -0.4 4.1 -2.3 2.7 0.5 

9 1.0 1.7 0.1 2.9 1.2 2.1 1.5 
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'.fable 1( c). Average montbly 25-mb nortbward beat transport 

10 -1 -1 
( 10 joules sec mb ) by wa.ve number. Values 

are averaged over latitudes 4ox to BOB. 

1959 1960 

n Oct. Bov. Dec. Jan. Feb. Mar. Average 

1 24.6 165.1 327-7 603.6 363.0 159-9 274.0 

2 31-3 169-3 146.5 84.2 111.5 141.7 114.1 

3 8.3 59.2 19·9 23·9 26.6 0.5 33·1 

4 12.2 37·5 -5-9 70·9 0.9 24.5 23.3 

5 1.2 11.3 4.5 1.4 1.3 -3·7 2.7 

6 0.9 -1.4 5.6 o.o 1.9 5.1 2.0 

7 -0.6 -1.4 1.4 0.1 1.0 -1.0 -0.1 

8 -0.1 0.3 0.3 -0.3 -0.9 0.4 -0.0 

9 0.2 -0.6 0.8 o.B -0.4 0.3 0.2 
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A sligbt yearly deviation of 25-mb beat transport is noted :for 

each wave number ( f'ig. 1), however the se differences are probably 

comparable to the error inherent in the methods employed. Sin ce a 

simila.r study for 1958-59 at 500 mb and lOO mb was not availa.ble, 

this comparisoa could DOt be extended to lower levels. Bowever, masked 

in these six montb averages are salient features of' montbly beat 

transport whieh are of' considerable interest. 

A comparison of' average monthly uorthward beat transport for 1959-6o 

with the transport values of 1958-59 (Boville 1961), suggests tbat 

stratospherie wa.rmiDgs may be accomplished by severa! combinations of 

long waws. Also the ratio of' per millibar beat tra:nsport values be­

tween the stratosphere and tropospbere for a given vave number slowly 

ehanged throughout the period studied. For the levels studied these 

per millibar values of' long wave transport -vere ei ther the largest at 

25 mb, as expected, or at tines were nearly equal to the 500 mb-level. 

Thus it was f'ound that, in this respect, the mechanism of beat trans­

port may dif'fer aànually. 

Since a study of this subjeet became possible aaly recently, nor­

mal beat transport values obviously do not exist. 'rhus iD the subse­

queat discussion an estimation of variances in the beat traDsport 

spectru.m was attempted on a monthly basis by referring to the six 

month averages ia fig. 1. Such compa.risons cmmot be iDterpreted as 

representative in view of the sparse data, but are of interest since 

the degree of' spectral variabili ty is thereby suggested. 
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During the 1959-60 period, which was elimaxed by an intense 

stratospberic warmi.ng in JSDuary 1960, se veral major changes in the 

beat transport spectrum gradua.lly evolved. One sucb change was the 

continuous iDcrease of' heat transport by wave 1 in the stratosphere 

from October to Jauuary, which then unif'ormly diminisbed until the 

end of the period. Simultaneously as wave 1 increased, the contribu­

tion by wa.ve 2 in the stratosphere gradually waaed during December 

1959, dropping to a minimum in JSDuary 1960. In conjunction wi th 

the se stratospheric events, an opposite spectral pattem appeared in 

the troposphere during January. 'l'hat is, vave 1 was a strong trans­

porter in the stratospbere, but appeared less important iD the tropo­

sphere; wave 2 was a weak treasporter iD the stratosphere, but was 

strong in the troposphere. To i11ustrate more clearly the differences 

in the beat traasport spectrum, values for waves 1, 2, 3 and 4 from 

tables l(a), l(b) md l(c) vere plotted in :figures 2, 3 and 4. 

The 25-mb average montbly transport values of wave 1 in fig. 2 

show a well peaked eurve nearly' symmetrical for the period about its 

Janua.ry maximum, whi1e at 500 mb and 100 mb flattened curves vere 

suggested. A check· oa the depression of the se curves of month1y values 

vas attempted by eompe.ring them wi th the six mon th average in fig. 1. 

Considering fig. 1, the average beat transport by wave 1 at 25 mb for 

the period was about 100 percent larger than the transport at 100mb. 

Whereas the 25-mb Janua.ry transport by wave 1 shown in fig. 2 was about 

200 percent larger tllan the depressed curve at 100 mb for the seme 

mcm.th. i'hus for the mon th of' January, wave 1 tends to be weak at 100 mb. 



' / 

'm 
:E 

60 

50 

- 40 'u 
1LI 
en· 

en 
LLI 
..J 
:::> 
~ 30 

20 

10 
8 

6 
4 
2 

HEAT TRANSPORT WAVE 1 

---Â 25MB 

---À 25MB 

-----... lOOMB 

----·600MB 

Il /li 
1 

OCT NOV DEC JAN FEB MAR 

11 -l -1 
Fig. 2. Graph ot montbly beat transport ( 10 joules sec mb ) by 

wave one for 500 mb, 100 mb and 25 mb. Daahed curve tor 25 mb t.rom 

Boville (1961). 



,. 
m 
2 
ï 

&3 
0 

20 
0 
1&.1 
..J 
:::) 
0 .., 
--0 - 10 

OCT 

HEAT TRANSPORT WAVE 2 

A! .... 25MB 
- ---,l 25MB 

/â) \ -----.. 100 MS 
ft) • 500 MS 

li \ 
(J-- \ 
;~ \ 

\ 

NOV DEC JAN FEB MAR 

11 -1 -1 
Fig. 3. Graph ot JDOD.thl.J beat transport ( 10 joules sec mb ) by 

wave tvo for 500 mb, 100 mb and 25 mb. Dashed curve for 25 mb from 

. Boville ( 1961) • 



HEAT TRANSPORT 
WAVE 3 

'mS 
:16 

ï0 4 
LIJ2 
U) 

U) 
LIJ .. 25MB 
..J 

-----e lOOMB 

::l 
0 

--A 25MB --.... 500MB 
.., 
-08 - 6 

4 
2 

0 
-2 

OCT NOV DEC JAN FEB MAR 

11 -1 -1 
Fig. 4. Graphs ot monthly beat tre:nsport ( 10 Joules sec m.b ) b;y 

wave three and four each f'or 500 mb, 100 mb ·and 25 mb. Dashed curves 

for 25 m.b f'rom BoVille ( 1961) • 

1 
; 



20 

However only :ruture studies of other years ean veritY wbetber or not 

this is abaormal. 'l'he flattened 500-mb eurve of vave 1 in fig. 2 was 

dismissed as insignifiesnt beeause of its laek of amplitude. Bence, 

i t appears that as vave 1 beeame a primary trensporter o~ beat during 

mid-Wi.nter in the stratosphere, i ts strength did not iD.crease propor­

tiœ.ately in the troposphere. 

'l'he most salient part of the spectrwn vas wave 2. As deseribed 

earlier, fig. 3 shows that it waaed to a miDil:a:ull transport value at 

25 mb in January 1960. Surprisingly i ts 25-mb traDsport values beea.me 

less tban those at lower levels. Actually at 500 mb wave 2 was the 

strcmgest, followed in order by the 100-mb and 25-mb leve1s • 'l'his may 

impl.y that wave 2 originated in the troposphere during January 1960. 

Bence during Jaaua17 196o, wave 2 contributed only a small quaatity 

of beat to sustain the stratospberic varmi.ng. Whereas Boville • s ( 1961) 

re sul ts plotted in fig. 3 show that during January 1959 wave 2 was 

about three times stroager, as a transporter during this stratospheric 

warming, tban wave 2 in the following year. While dur1ng the January 

1959 stratospheric warming, wave 2 p1ayed the d011Üll811t role, followed 

closel.y by wave 1. Thus it may be eoneluded that the JSD.uaey strato­

spherie warmings re sul ted mainly from transport by waves 1 ad 2 

duri.Dg 1959 end wave 1 during 196<>. 

For the levels studied (500 mb, lOO mb and 25 mb), waves 3 a:D.d 4 

cœtributed relatively little to the beat traDsport per millibar 

tbrougbout the period. However a few spectral changes in beat trau.s­

port appear noteworthy. For instance, in fig. 4, wa.ve 3 at 25 mb 

sbows trends similar to wave 2 for the same level; partieularly duri.Dg 
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January 1960 wben wave 3 was also a weak beat transporter in eomparison 

to lover 1evels. on the other band wave 4, like wave 1, became a strong 

transporter at 25 mb in comparison to the lower levels during this month. 

The final warmin.g of MS.rch 1959 and March 1960 were not near1y 

as dramatic as the previously studied January warmings. In both cases 

the f'ina.l stratospberic warmings occurred d.uring what cou1d be consi­

dered "normal" candi ti ons, that is, in the stratosphere wave 1 was the 

strongest followed by wave 2, etc. Also during March 196o, the long 

waves vere in a11 cases the strongest in the stratosphere and gradually 

weakened at lower levels. Of course, due to the lack of information, a 

simi1ar analogy camtot be extended to M'arch 1959; but from f'igllres 2 and 

3, notbillg appears that would contradict this assumption. 

Bence it appears logical to assume that during periods of stroag 

beat transport, which produee major stratospherie warmi.D.gs, the spee­

trum of this transport may be unique for each case • 'l'be discussion 

of figures 1 through 4 c1early i11ustrates that the spectrum of beat 

transport also diff'ers markedly from year to year. These changes of 

transport between waves 1 and 2, and possibly higber wave numbers, èOU1d 

be due to yearly variations in global beat sources and siDks. 'l'hus 

i t is possible that the se long waves are related to world elima tic 

changes. 

2 .2 Total lforthvard Beat Transport 

In section 2.1 beat transport was studied as a funetion of wa.ve 

number and time. From this i t was possible to see siSDifieant changes 

in tbe speetrum as stratospherie events oeeurred. However i t is also 
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necessary to determine qu.antitatively how these long waves in toto, 

contributed to the atmospheric beat budget. This objeeti ve is usually 

aceomplisbed by plotting the net contributions by ail waves as a func­

tion o:f latitude a:nd time for a given level, wbich provides charts o:f 

total northward beat transport. Wi th these eharts, certain dynamic 

:f'eatures o:f the atmosphere caa. be apprcacbed. 

To supplement the se charts ad others, each 5-ëay iDterval of beat 

transport computations vas plotted on graphs as a f\mction of tim.e, wave 

number sad la ti tude, thus pzeseatiag a contiJluœs sequence of beat 

transport profiles. Such a seqaeuce of graphs was too volwninoua for 

publication, but ver:r helptu.l in cœdeasing aad iDterpreting these data. 

'l'bey also served as an aid in detecting erroaeous data. 

lis expeeted, these graphs demonstrated that in the stratosphere 

the region o:f strongest transport in waves 1, 2, and 3 was at or north 

of about la ti tude 50N. In the tropospbere the shorter waves were 

found south of la ti tude 6af in the are a of barocliDic acti vi ty. Occasion­

ally wave 2 at 500 mb appeared relati vely strong and persisted at lati­

tudes 6œ to 70H. A review of 500-mb constant pressure charts suggest 

that duriag the se period.s o:f strong northward beat transport, a blocking 

high pressure system in wave 2 prevailed near latitudes 60N to 70N. 

Usually there was a strong tendenc:r for tbese two higb pressure systems 

to retrogress. 

The following discussion is ba.sed on the total northward. beat 

transport ebarts in fig. 5· The charts in figures 5(e.), 5(b) and 5(c) 
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were construeted by p1ottil1g tbe net contributions of wave 1 througb 12 

as a funetion of' la ti tude and time for 500 mb, 100 mb and 25 mb, respee­

tively. A 500-mb beat transport chart by waves 1, 2 and 3 only is in­

e1uded in fig. 5( d) whieh will la ter aid in diseussiDg the vertical 

extent of the se long waves. Positive values represent nortbward transport, 

whereas negative values indiea.te soutbward transport. In most instances, 

the net cœtributioa by waves 10 through 12 vas small. This was probably 

true at 25 mb, where fig. 5( e) ca:n be compared vi tb Boville 's ( 1961) 25 .. mb 

study of waves 1 through 9 for 1958-59 without signi:f'icant error. 

The large scale f'eatures of the 25-mb global beat traDsport in 

fig. 5(e) were illustrated by a deseriptioa of strœg beat transport 

tbat oecurred during December 19, 1959 through January 8, 1960. Starting 

at the :f'irst of this period i t appeared that the latitude of maximum 

transport first retreated to lower latitudes w1 th time until the end or 

the mon th, then retumed to higher la ti tu des and reacbed i ts maximum 

value on January 8, 196o. In this case, the complete cycle required 

about 20 days. The pattern that resulted ean be largely aecounted for 

by following the action of waves 1 and 2. At this level the strongest 

transport of beat iD wave 1 occurred near latitude 601 to 70Jf, vbereas 

wave 2 usually reached a maximum north or latitude 501'. 'l'bus varying 

combinations o:f these two waves tended to produce a convex trajectory 

of beat transport as they fluetuated from their mean latitudes with 

time. 

From a study of the integra.ted total northward beat traasport from 

the surface to 200 mb, Pisbaroty ( 1955) identi:f'ied northward surges of 
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beat transport that appear comparable to the final part of the trajec­

tory just described. Accounting :for such variations in the spectrum 

of beat transport was not readily possible, sinee it is a fUnction of' 

the energy in the eddy' flow and the phase relationsbip between the 

beigbt and temperature fields. Other similar trajectories, altbougb 

not as evident, can be identified for dates lfovember 14 througb 29, 

1959 and February 12 througb 22, 1960. 

An asto.nishing aspect of' the 25-mb beat transport of fig. 5(c) 

became apparent when it was compa.red vith fig. 5(e) from 13ov11le 's 

( 1961) 1958-59 stud:y'. This comparison shows that the occurrence and 

magnitude of' transport events for the two periods were very similar. 

Bote that the 1959 and 1960 January stratospheric warmings discussed 

earlier occurred wi thin 5 days of' eaeb other. Except for the mon th 

of' March, fig. 5(e) would bave been a reasonable f'orece.st of the 25-mb 

beat transport in fig. 5(c). 

At lOO mb the cbart of' fig. 5(b) revealed a much weaker divergence 

of' beat transport than at 25 mb. However the area.s of' maximum transport 

vere rea.di1y related to those at 25 mb. The transport centers of fig­

ures 5( c) and 5(b) for lfovember 14tb and 29th appea.red nearly vertical, 

except f'or a slight northwa.rd slope Vi tb height. The strong transport 

centers of December 19, 1959 and January 8, 1960 coincided vertically 

vith the general area of transport, however the correlation of sma11 

indi vidua1 eenters was poor. On Fe bruary 12 thd 22nd the major cen­

ters were again c1ose1y related. 

Al thougb small in magnitude, southward beat transport was in most 

cases s1igbt1y stronger at 25 mb than lOO mb. However this was not 
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necessarily t:rue tor the period of December 29, 1959 tbrough Januar:r 3, 

196<>. During this interval, at latitude 65R to 8011, the 25-mb level 
12 -1 -1 

(fig. 5(e)) bad a minimum of -1.0 x 10 joules sec mb versus 
12 -1 -l 

-3 .o x 10 joules sec mb at 100 mb. These eomparisons hovever 

must be cOJ18id.ered wi th reservation in view of the 5-day i.ntervals end 

relatively small quantities measured. 

The 500mb beat transport chart of fig. 5(a) vas the most chaotie 

ot the tbree levels . 'l'his vas probably due to traasport by relati vely 

short li ved waves of bigher number. As expeeted the maximum tnmsport 

was bet-ween la ti tuàes 35N and 60Jf, the region of maximum baroelinic 

activity. The maximum values on this cbart vere usually slightly smaller 

than the upper levels. Jiowever the indi vidual eenters bad etranger 

gradients, thus produeing large, loealized divergence values. Decreasing 

in beight from the 25-mb level down to 500 mb, the transport values of 

the lover latitudes tended to increase in magnitude. 

Considering the small densi ty values of the upper atmosphere, i t 

is logical to expeet that energy proeesses at the se levels have little 

inf'luenee on the tropospbere. Bowever i t is possible that the long 

wa.ves in the Ferrel Westerlies projeet into the polevard thermal gradient 

ot the polar nigbt westerlies and amplity. 'l'hus iD a compressible tluid 

it may not be possible to a priori separate the two layera. 

A eomparison of the beat transport cbart at 500mb in fig 5(a) with 

lOO··mb and 25 mb of figures 5(b) u.d 5( e) revealed that the relationship 
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of maxima and minima beat transport centers between the troposphere 

and stratosphere was quite varied. It appeared that the correlation 

between the two layera was positive or negative for periods of about 

one mon th. However, the 500-mb beat transport ehart included the 

waves 1 through 12 and thus may not be compa.rable wi th the strato­

sphere. Also from fig. 1 i t appears tbat about 6o percent of' the 

beat was tra.usported by wave numbers larger than 3. The re fore i t is 

logical to expect distortions in the pattem of' the 500-mb transport 

ehart of fig. 5(a), sinee strong transport by the short waves oeeur 

only in the troposphere. on the other band, i t is possible that the 

analysis of' the stratospheric synoptie eharts served to filter out 

the shorter waves if' they originally existed in the higber levels. 

To check tbe relationship of the long and short waves in the tropo­

sphere, a chart of waves 1, 2 and 3 only ( f'ig. 5( d)) was constructed for 

500 mb. Compa.ring fig. 5(d) vith fig. 5(a) showed that the chaotie 

pattern of total beat transport at 500 mb was in part due to two main 

sources, that by long waves and/ or short waves. In the nortbem 

la ti tu des waves 1, 2 and 3 tended to domina te the 500-mb beat transport. 

At these higb latitudes (above 70N) a positive correlation appeared to 

exist in most cases between the maxima and minima transport eenters 

of the tropospbere and stratosphere . However in most cases at mid­

latitudes (50li to 70B) a negative correlation between the two layers 

was suggested and appeared assoeiated mainly w1 tb the long waves. 

'l'hat is, for the more significant cases, the beat transport by short 

waves was of the same sense as the long waves in the tropospbere and 
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thus served to cOD tri bute posi ti vely to the total transport. Whereas 

the short waves bad little influence in the higher latitudes througb­

out the atmosphere, they appea~d dominent in several cases at low 

latitudes (south of 501). At the se latitudes the transports by the 

shorter waves wa.s traced from the 500-mb to 25-mb level. 

The correlations of maxima and minima transport centers between 

the stratosphere and tropospbere were obtained by comparing the 25-mb 

transport of' fig. 5( c) wi th the 500-mb transport for waves 1, 2 and 3 

of f'ig. 5(d) and the resulta vere indicated in fig. 5(c) as œ :for 

po si ti ve and E 1 :for negative. 'rhat is, by this empirical method the 

vertical correlation of' waves 1, 2 and 3 vas tested: If the 25-mb 

beat transport was a maximum and is indicated e ' a minimum existed 

at 500 mb; i:f the 25-lllb he at transport was a minimum and is indicated 

r;J, a maximum existed at 500 mb. Likewise for an area indicated EEJ at 

25 mb, a corresponding maximum or minimum existed at 500 mb. 

At northern latitudes :fig. 5(c) shows that positive correlations 

prevailed except on Hovember 29, 1959 and February 22, 196o. From 

this presentation of he at transport tbese negative correlations may 

be due to two sources; 1. ) northward slope of transport maximum, 

2.) long waves originating in the upper stratosphere and phased w1 th 

events of lower levels. The correlation of the strong warming o:f 

Jsnuary 8, 1960 ca.rmot be determined due to the complicated structure 

during this period. However a comparison of' 5(a) and 5( d) suggests 

that the short waves at 500 mb were trsnsporting in the same sense 

as the long waves, but did not dominate the transport role. 
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At mid-latitudes (5011' to 7011') the correlation of transport centers 

vas predomiDa.Dt1y negative in fig. 5( c) • As ide from the period near 

October 30, 1959 to Bovember 9, 1959 the short waves in the tropospbere 

were not intense enougb to chaage the correlation sign of the two 

leveis. Strong transport througbout the atmosphere by vaves 1, 2 and 3 

on December 19, 1959 through Decem.ber 29, 1959 however resulted in a 

positive correlation, typical of northern latitudes. The beginning of 

the stratospheric warming on January 3 bad a negative correlation and 

possibly co.ntinued through January 8, 1960 at higher latitudes. The 

best example of negative correlation in :t'ig. 5(e} appeared from Feb­

ruary 12 to March 3, 1960. This vas also aecompe;nied by- a 10 to 15 

degree northwa.rd slope of the transport centers from 500 mb to 25 mb. 

South of la ti tude 501', the vertical correlation of transport 

centers vas usually pos.i ti ve due to the shorter vaves { that is wave 

number larger than 3) extending into the stratospbere. However, one 

case of' mode rate long wave transport vhich re sul ted in a positive 

correlation was detected. On January 23, 1960 a comparison of figures 

5( a) ad 5( c) shows that for this case, the loag waves at 500 mb 

were stronger transportera than the short waves. SUrprisingly the 

tr&Dsport values for this center in fig. 5{d) of 500 mb nearly equals 

the value of' 25 mb in f'ig. 5( c) • Other dates during this period 

however revealed tbat tbe 500-mb short waves were very intense in the 

low latitudes and were traced to 25 mb. 'l'he low la ti tude transport 

maxima at 25 mb in fig. 5(c) for dates Ifovember 29, 1959, December 14, 

1959 and Marcb 23, 1960 vere due largely to the intense short waves 

at 500 mb. On o:ther oeeasic:ms, Bovember 9, 1959 and January 13 1960, 
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the short waves were intense at 500 mb but they failed to reach 100 mb 

of fig. 5(b). 

'rhus three general classes of vertical structure were defiDed for 

beat transport: ( 1) posi ti vely correlated long waves, usually' at 

higb latitudes, (2) negatively correlated long waves of mid-latitudes 

{ 501i to 701') wi th transport by the short wa.ves in the same sense as 

the long wa.ves in the tropospbere, (3) positively correlated short 

waves in the lo'Wer latitudes (below 50ft') tbat penetrated upward to 

the 25-mb level. 

As previously pointed out, good exemples of the se out of phase 

relationsbips of class (2) vere observed on February 12 througb 22, 1960 

in figures 5{a) or 5( d), 5(b) and 5( c). Physicall:r, this negative 

correlation means that in a baroclinic atmospbere the phase angle be­

tween the sinusoidal height and temperature patterns reverse w1 th ele .... 

vation. That is, if the cold air follows the trougb in the beigbt field 

at lover levels, a large positive beat transport resulta end in the 

stratosphere the trough tends to coincide or follow the cold air which 

produees a zero or negative transport. 

How this negatively eorrelated ( elass (2)) beat transport struc­

ture of the mid-latitudes (50N to 70lf) came about was suggested in a 

multi-level study by Hill (1963). In fig. 6 Hill depicts the daily 

total beat transport for the period January 12 througb 16, 1959. 'fhe 

end of this fi ve day period coineided wi th a climax of low level cy­

clonic acti vi ty. From this study Hill concluded that the re wa.s a 

level of minimum beat traasport in the atmospbere that was displaced 
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to higher levels as tropospberie cyclones intensif'ied. Simultaneously 

the beat transport in the stratosphere decreased to minimum values as 

tbe low 1eve1 deve1opment reached its maxinru.m. Little diff'icu1ty wou1d 

be encountered in app1yi11g this 5-day study as a mode1 to the cases 

for elass (2) of' the mid-latitudes. llote that fig. 6 corresponds with 

the period January 12 through 16, 1959 in fig. 5( e) from Bovil1e ( 1961) • 

From Hill' s ( 196 3) study, January 16, 1959, (fig. 6) a example 

of maximum transport in the troposphere and a miDimum in the strato­

sphere ca:n. be seen; wbile on January 13, 1959 a reverse case existed 

with a maximum im. the stratosphere sad minimum in the tropospbere. 

'l'his implies that a level of maximum transport varying in time by 

about 4 daye from the minimum pressure-day locus may exist in the at­

mosphere. Several examples that fit a maximum pressure-da:r locus are 

found in fig. 5, however the final stratospheric warming of March 28, 

1960 appears most evident. 

Preceding the final stratospherie warming, the beat transport of 

March 13, 1960 was weak or southward at all levels, except for a narrow 

band of acti vi ty in the mid-la ti tu des at 500 mb. Actually the strato­

sphere bad been in this state for about 10 days, wbile in the tropo­

sphere wealt or southwarct transport existed mainly in tbe northem 

latitudes. During the m.onth of Mareh a gradual latitudinal inerease 

of northvard beat transport took place at 500 mb sad culminated on 

March 23, 196o (fig. 5(a)). A eomparison of fig. 5{a) with fig. 5(d) 

indicated that this acti vi ty started in the short waves at about 
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la ti tude 551' on Ma.rch 8th and gradually progressed southward un til 

March 23rd. Starting 10 days la ter, on Marcb 18th, transport by the 

long waves strengtbeaed until M'arch 23 at about la ti tude 55R. 'l'hus 

the long waves were active simul taneously wi th the short waves during 

the final warming at 500 mb ( f'ig. 5 (a) ) on March 23, 196<>. Fi ve days 

la ter the final stra.tospheric warming of' 1960 was in progress wi tb 

strong nortbward transport at 25 mb ( f'ig. 5( c) ) , while at 500 mb a 

weak southwa.rd transport bad developed. The day of' maximum northward 

transport a.t lOO mb in f'ig. 5(b) was hard to determine because of the 

5-day interval, bowever it would be easy to adjust tbe analysis of 

the beat tra:asport cbarts of fig. 5 such that the slope would fit the 

maximum pressure-day locus inferred from fig. 6 of Hill 's (1963) 

study'. Thus a reasonable slope of maximum transport vas observed 

from la ti tude 55N at 500 mb to la. ti tude 6511 at 25 mb for the period 

March 23 to 28, 196<>. A similar description of the January 196o 

warming is not as stra.ightforward. 

2. 3 Mean Temperature Changes and Related Atmospheric Phenomena 

The relatioa of œan temperature to nortb:ward beat transport wa.s 

examined from a plot of la ti tudinal mean temperatures computed for 

the Fourier series. In fig. 7 a selection of the se meaD. temperatures 

was plotted for latitudes 651' sad 35N at 500 mb, 100 mb ad 25 mb as 

a t'unction of time • A comparison of temperature profiles in figl.lres 

7( a) and 7(b) w1 th comparable la ti tu des ud levels of beat transport 

of figures 5(a), 5(b) and 5(e) shows that the January md March 

stratespberic warmings of 1960 csn be followed reason.ably well f'rom 
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the mean temperatures. Fig. 7{b) shows that f'rom. January 3 to 13, 196<> 
0 

the 25-mb meaa temperature at 1ati tude 65lf warmed about 9 C 8Dd re-

mained relatively warm throughout tbe month. During this period, f'ig. 

7( a) shows that the 25-mb mean temperature at la ti tude 35W eooled 

0 
about 3 c. 

These temperature ehaages can be aceounted f'or by synoptic eveats 

iD the stratosphere. From the 25-mb charts of • An Atlas of Strato­

spherie Circulation April 1959-May 1960' (McGil1 University 1962) 

se veral of' the se events are f'ollowed. Starting January 3, 1960 a 

0 relatively warm high pressure center with air temperatures of -35 C 

over Korea and northern Japan pusbed into eastern Siberia during the 

following 10 days, wbieh re sul ted 1D a general warming of' the strato-

sphere iD the northern Pacifie region. During 1 ts northward excur-

sion this warm air eenter warmed by subsidence (Craig at'ld He ring 1959), 

(Boville 1960) and brough~ temperatures of - 30°c iD.to the la ti tude 

701' region, tbus accounting for the northem 25-mb wa.rming. 

Simttl taneously the stratospberic polar night lov was centered 

over aorth central Asia on January 3, 1960 and be gan to regrogress. 

By Januaey 8, 196<> the polar low was over lfovaya Zemlya, Russia witb 

a weak cold trough drif'ting southward over northern China and a second 

cold trough approaching eastern Canada as i t too retrogressed. 'l'he 

trough over China weakeaed rapidly f'rom Jaauary 8 through January 13, 

1960 as 1 t :filled vi th wa.rm air, however over Canada. the trough inten-

sified and developed a lov circulation as 1 t continued to retrogress 

vith the polar low. on January 18th the polar low passed over the 

northern Xorwegian coast and bad moved slightly north; while the lov 

iD C&Dada gradually filled over Manitoba, haviDg brought cold air to 
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most of the middle stratosphere over l'orth Aœrica. Bence the beat 

transports were accompliShed by a warm high pressure region moving 

into the high latitudes and cold lows drifting into the lover la ti• 

tudes. 

Further exavtination of figures 7(a) and 7(b) suggest that tbe 

Jaauary varming did not have much influence on the 100-mb level, but 

occurred mainly in the middle and possi bly upper stratosphere • As 

described earlier, the speetru:m of 25-mb beat tre:nsport in fig. 2 

revealed that most of' the beat transport during JSDuary 1960 oceurred 

in vave 1, but weakened at 100 mb and below. 

As previously pointed out. the final stratospheric warming oc-

curred in late Ma.rch during 196<>. However, by la te March the atmo­

spheric radiation balance is probably auch that any change in the strato­

spheric circulation would re sul t in a permanent regime of easterly 

thermal winds due to the lack of a restoring force. In tbe earlier 

spectral comparison of' the January 1960 warming wi tb the Ma.rch 1960 

warmiag, the beat transport accom.pa.nying the latter vas f'ound more 

uniformally distributed at all levels in waves 1 and 2. This possibly 

explains vhy the wbole atmosphere responded to the final warming as 

seen iD figures 7(a.) and 7(b). An expla:nation similar to that of 

the January warming also aceounts for the final stratospberic warming. 

The above qualitative discussion pointed out several interesting 

synoptie features, however the re is no measure of' how effective the 

beat transport was in beating the atmospbere • Aside from bea ting 

the atmospbere, i t is possible that this beat transport vas eoupled 

vi th other thermod.ynamic processes; 1) vertical transport or beat; 
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2) adiabatie vertical motion, 3) release o~ latent heat at tropo­

spberic levels, 4) f'luetuatiœs of' the atmospheric radiatiœ balance • 

An iadi vi dual evaluation of these parameters vas not attempted, bow­

ever the net contribution ean be de ri ved 1'rom the eoasideration of' 

atmoapheric temperature changes due to di vergence o'f the beat trans­

port aDd the change of' mean atmospberic temperatures. 

2.4 Divergence of Heat Transport SDd l&!a:a Temperature Changes 

'l'he qu.az~.ti ty o'f beat available to the atmosphere by a "so called" 

warming is a f'uàction of' the di vergence o'f northwa.rd beat transport. 

From this ealeulated quanti ty of beat the expected temperature change 

is readily compu.ted. The mesa temperatures obtaiDed from tbe Fourier 

series aaaly'ses vere used to compute the observed rate of' temperature 

chaRge • Bence for a conservation of' energy, 8ZJ.1' difference between 

the expected temperature change and the observed temperature cb.aage 

must be balanced by the net ef'fect of' the four previously listed 

tbermodynamie proeesses • 

Se veral addi tional charts are necessary before the net contri­

bution of' the se processes ca:n be evaluated. 'l'he mean temperatures of' 

the Fourier series are plotted as a :f'unetion of' latitude and time 

for 500mb, 100mb and 25mb and appear in figures 8{a), 8(b) and 8(e), 

respectively. (Note that the profiles of fig. 7 are of the same 

data source) • Several interesting f'eatures of the atmosphere were 

observed when the se tbree mean temperature charts were eompared vi tb 

the beat treasport cbarts of :fig. 5. 
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Worth of la ti tude 5aJ, 25-mb temperature changes of large magni­

tude were f'ound at nearly all latitudes. Fig. 8( c) shows tbat the se 

large 25-mb temperature changes tak:e place from December 214-, 1959 to 

February 12, 196<> end again at the end of March 1960. As ide from 

tbese large cellular features, the temperature gradient, -VT, was 

direeted generally toward the Borth Pole. Tbese large temperature 

charlges at 25 mb appeared associated wi tb strœ.g beat tra:a.sports. 

The 25-mb temperature ehart of fig. 8( c) also reveals large scale 

temperature patterns in wbich the isotherms di verge or converge tor 

a gi ven day. 'l'he se thermal patte ms also correspond wi th beat trans­

port and at times extend from la ti tude 401' to polar latitudes. Examples 

of these are f'ound on l'ovember 19, 1959 and February 12, 1960; the 

first occurred during southward transport (fig. 5( c)), while the latter 

was a case of' strong northward transport. Thus as implied, a cooling 

oceurred at high latitudes and a warming took place in lower latitudes 

œ llovember 19th as beat was transported southward. 

February 12, 1960 was the reverse situation and is the best ex­

ample of a di vergent temperature pattern. In this case tl:le nortbward 

transport (fig. 5( c)) was clearly extracting beat from the lov lati­

tudes sad crea ting a warming at bigb latitudes. Other similar, but 

smaller scale, f'ea~res in the mean temperature field can be likewise 

described. 'l'he se f'eatures vere less def'ined at lower levels and thus 

they appear to be cbara.cteristic ot the middle stratosphere. 
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At 100 mb the mean temperature chart in fig. 8(b) shows three 

distinct temperature features: 1) a strong uaiform low la. ti tude 

equatorward temperature gradient, 2) a broad zonal warm belt at lllid­

lati tudes and 3) cellular temperature patterns of moderate intensi ty 

in the northem latitudes. South of latitude 451 was a region vith 

0.7°C/lat. deg. equatorward temperature gradient, -V T . 'l'his 

gradient existed because north of this latitude the tropical tropopause 

VSDishes and the atmosphere becomes a relati vely warm barotropic region, 

thus establisbing a strœ.g temperature gradient in the lover latitudes 

Yi th colder temperatures in the equatorial regions • 

'l'he warm region at latitudes 501' to 60N of fig. 8(b) is commonly 

called the stratospberic warm bel t. It is usually a barotropic region 

that exista between the Ferrel westerlies 81ld the vesterlies of the 

polar nigbt low. Depending upon the position of these westerly currents, 

this region of relatively warm air, -50°C to -55°C, can extend northward 

into polar latitudes during stratospheric warmings. 

At bigher latitudes, north of tbe stratospberie warm belt, the 

100-mb beat transport (fig. 5(b)) appears related to most of the cellular 

temperature patterns. Usually tbese pa.ttems at 100 mb were lesa in-

tense than the related pattern at 25 mb. For this period the mean 100-mb 
0 0 

temperatures of :fig. 8(b) ranged from -54. C to -66 C in the polar regions. 

In most cases the 100-mb and 25-mb events appeared related. 

'l'he 500-mb mean temperature chart suggested only two temperature 

regimes. 'l'he main feature of tbe 500-mb temperature chart in fig. 8( a) 



was the seasonal variation in differentia! radiational heating of the 

atmosphere. 'l'his heating contributes mainly' to ma.intain a temperature 

gradient also of about 0.7°C/lat. deg. in tbe lower latitudes. During 

October this temperature gradient extenàs f~ the equatorial regions 

up to latitude 6oft', then drops to about latitude 501 in the winter 

months • 'rhis region showed little response to beat traas:port. 

In the northem latitudes fig. 8(a) shows tbat, outside the region 

of strong, low la ti tude temperature gradient, the 500-mb temperature 

gradient vas weak and irregular Vi th ce lls of temperature maxima and 

0 0 
minima. 'l'hese 500-mb mean temperatures nmged from -32 C to -44 C and 

appeared vea.kly related to the beat transport chart of' fig. 5{a). 

During periods of broad scale changes, about 10 daye or longer, tempera-

ture fluctuations occurred in response to the beat transport. 

Wi thin the la ti tude zone of 501' to 70Jf several temperature chaDges 

of about 5°C exist. An attempt to account for the se temperature chaages 

by comparing the chaotic transport pattern of' 500 mb vith the relatively 

simple 500-mb mean temperature field resulted in several unaecountable 

singulari ties. However a com.pa.rison of the 500-mb mean temperature 

ehart of' fig. 8(a) with the beat transport cbart for waves 1, 2 end 3 

only in fig. 5( d), revealed that these sma.ll changes iD the mean tem-

perature field were probably due to long wa.ve beat transport. Possibly 

this long wave phenomenon could also be detected at 100mb if the short 

waves were similarly fil te red from the total heat transport values. 

Bowever the mea.Jl temperature changes in the mid-latitude belt at lOO mb 

(fig. 8(b)) are smaller theD those of the 500-mb temperature ehart 
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:fig. 8(a}). Renee if' the 100-mb beat transport and 100-mb temperature 

field vere compared, the 5-day interval of' this study' probably would 

be too cru de to ob tain reliable re sul ts. 

The horizontal divergence of' beat transport, div2 BT' was determined 

f'rom charts of' total northward beat transport in f'ig. 5· The d1v2 HT was 

aceomplished by a 5° latitude displaeement of ET values northward and com­

puted f'or 1-day interval, whieh is expressed as .61I.r· The chè.rts of 

f'ig. 5 must be corrected for northward convergence of area and this 

was included in the divergence computations. From the the~ic 

expression for beat transfer per unit mass 

CP • specifie beat at constant pressure 

it follows that 

-1'1-= o .. o3 x to ll H 
5l7! SZJ~ - J{'t'J )i1 T 

0 
C per day (5) 

where sin~2 -sin~1 is the northward la ti tude shrinkage term at 5-degree 

intervals. Thus ~f is the temperature change expected for one 

day of beat transport. These divergence values for 500 mb, 100 mb and 

25 mb are shown in figures 9(a) or 9(d), 9(b) az~.d 9(c) respectively, 

and were obtained by computing point values. In f'ig. 9 the convergence 

of beat transport is shown as positive, while divergence is indicated 

as negative. The cbart of' fig. 9( d) was constructed from the beat 

transport chart of fig. 5(d) wbich is for waves 1, 2 and 3 onJ.y. 

Having developed a:n expression to determine the expected change 

of temperature, the actual change can be readily arrived at by deter-

mining of the mean temperature, T, charts in fig. 8. The 
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actual mean temperature ebange vas determined graphiceJ.ly from T fields 

of eaeh respective level (500-mb, 100-mb and 25-mb). These charts were 

not published. Bence the di:ff'erence of the eomputed (fig. 9) ,! T and 

aetual mea:n temperature changes (or AAT _ llT ) at eaeh level (5oo-mb, 
t At 

lOO""mb and 25-mb) gives a quantitative measure of' the other the~e 

proeesses whieh must act if this differeace is non-zero. 'l'he se eharts 

of beat transport "budget" vere a.Dalyzed for 500 mb, 100 mb aDd 25 mb 

aad appear in figures 10( d), 10(b) end 10( e), respecti vely, uni ts are 

in °C per day. That is, fig. 10 shows that for an existing beat traas-

port, a dissipation of beat is required in positive regiœs and beat 

must be added in negative regions in order to main tain tbe observed 

mean temperature changes. 

At 25 mb ( f'ig. 10) rather large plus and minus valttes were observed 

as a result of' beat transport and must be aceounted for. One possible 

source of beat loss in the winter stratosphere is terrestrial radiation. 

'l'his however appears insigaif'icant compared to the magai tude of the 

values in fig. lO(e). Most authors (Ohring 1958, Murgatroyd and Goodjr 

1958 and others) f'ind cooling rates of about 1°c per day'. 

The release of latent beat in the stratosphere is also insignifi-

cant. In· the troposphere however 1 t probably eontributes considerably 

a.t times and sbou1d be ineluded in this type of' study. But sinc:e the 

original intention of the author was a treatment mainly of the strato-

sphere, the latent beat problem is dismissed as beyond the seope of 

this study'. 
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Part of this bea ting difference may be the resul t of vertical 

beat tra:asport due to tbe covariance TW wbere w • vertical veloci t7. 

But this term is di:rticul t to ascertain and is probably sms.ll in viev 

of the nearly isothermal lapse rate in the winter stra:tospbere. 

'fhe most likely explanation is adiabatie vertical motion. 'l'eweles 

( 196 3) :fOUDd from vertical JllOtion ca1cu1atioas tbat the winter strato­

spbere bad relative !y strong ascending motions in the polar regions. 

He tbere:fore conc1uded tbat i:f the radiation losses were sma.ll, there 

must be strong northwa.rd beat transport into this region to support 

the ca1cu1ated positive vertical motion. 'l'hese findings by 'l'eweles are 

in agreement wi th this stuey, if adiabatic vertical motion is co.o.sidered 

the primary means of balaaeing the beat transport "budget" • In view 

of the information availab1e, vertical ve1oci ties are assumed the 

necessary meehaaism to explain the differences between the expected 

temperature ebanges and the observed mean temperature changes as given 

in :fig. 10. Mesa aseending motion in the polar WiDter stratospbere 

is contrary to the merid10J18.l. circulation suggested by Mlrgatroyd and 

Singleto.a. ( 1961) • 

2. 5 Stratospberic Vertical Motions 

'l'he previous discussion of beat transport and mean temperature 

change bas imp1ied that these atmospheric pe.rameters -were close1y 

related in the long waves. 'rhe degree of this correspondence vas the 

largeat in the stratosphere. It appears that vertical motions were 

a1so associated vi th beat traasport aad temperature chaage, tbus 

serving as 811 importaat uecha.uism that contributed to stratospheric 

temperature cbanges. 
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From fig. 10( c} it is evident tha.t large organized fields of' plus 

and minus isopleths of ° C per day existed at 25 mb, which was assumed 

to represent mainly vertical motion patterns. A comparison of the se 

va.l~es at 500 mb, lOO mb and 25 mb of' :fig. lO(d), lO(b) and lO(c) 

reapecti vely, shows that the stratosphere eontained the strongest of' 

tbese fields. These values are in turn more meeningful if' converted 

into vertical motion values. Hence, from the adiabatic lapse rate of' 

0 0 
9.8 C per km and assuming a radiation loss of' 1 C per day :for the 

0 . 
nortbem latitudes, tbe 8 C per-day isopleth of' the beat budget chart 

in fig. 10( c) representa a vertical veloci ty of' 1 cm per sec. Since 

this ia a linear relationship, the charts in figures 10( d) and lO(b) 

for the 500-mb and 100-mb levels, respect! vely, caa be likeWise con-

verted to fractions of vertical motion in cm per sec. 

In terms of vertical motion, the beat budget cbart of' fig. 10( c) 

suggests that the stratospbere was influenced by periods of al te rna ting 

cella of meridional circulation. Comparing the 25-mb beat budget chart 

of fig. 10( c) wi th the mean temperature cbart of' the same level of 

fig. 8( c) indicated the important role vertical motion bad in the strato-

spbere. It appeara that the vertical motion ean act to ei ther inhibi t 

or reverse the temperature changes due to beat transport at 25 mb. 

From earlyBovember 1959, until the first part of December 1959, 

the higb la ti tude meridional cells at 25 mb al temated in direction of 

circulation and at the same time served to dampen the temperature 

change tbat should result from the beat transport. 'l'hat is, as beat 

vas transported nortbward over the globe, subaidence occurred in the 
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southern latitudes, coupled vith positive vertical motion iD the northem 

latitudes. For soutbward transport the converse description applies. 

Bence fig. 9( e) shows that duri.ng .the se events the warming occurred wi th 

convergence of beat transport and divergence of beat transport resulted 

in eooling. 

However 1 t appears that the vertical motions of the stratosphere 

can vary vi th respect to the thermal field. 'l'his be came noticeable in 

mid-December, 1959 and co.ntinued throughout the period. During the 

· period of December 14 througb 19, 1959, the 25-mb beat budget chart of 

fig. 10( c) shows ascending air o'f about 0. 5 cm per sec at la ti tude 70ff. 

From fig. 8{ e) 1 t vas evident that the 25-mb mea:n temperature rose only 

sligbtly. However the vertical veloci ties subsided atter December 19th 

and i t was then that the 25-mb mean temperatures of fig. 8{ e) showed a 

higb latitude wanning that oceurred througb Deeember 24th. Note that 

in previous cases, the warming occurred d.uring strong convergence of beat 

transport ( see figures ·5( e) and 9( c)) accompanied by ascending air. 

In a second exemple, during the stratospheric warming of Januaey 

196o, the vertical motion appeared to lag the beat transport. In 

fig. 10( c) wbat appears to be a stratospherie meridional circulation 

started from low 1ati tudes on December 24 to 29, 1959 and moved north· 

ward until mid-Jsnuary, 1960. A suggested schematic representation of 

this meridional ce11 for Ja:nuary · 8, 1960 is shown in tig. 11. Comparing 

the 25 mb beat budget ehart in fig. lO{c) Vith the mean temperature in 

fig. 9·(e), the origin of this eell was found to be the type described 

during lfovember througb early Deeember. However 1 t appears that this 
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pattern switcbed in early January 1960 and as it moved nortbward became 

similar to the circulation during December 14 througb 24, 1959, wbereby 

the aseending air produeed a net eooling in the early stages of t'he 

strœg beat transport. 'l'he strongest 25-mb positive vertical motion 

of about 1 cm per sec was reacbed about 5 d&ys before the warming eul­

minated. Al thougb the maximum subsid.ence of about 0. 5 em per sec vas 

reacbed earlier, simu.lta.Deously w1 tb the maximum ascending air, the 

final warmiDg at the high latitudes oeeurred in regions of subsidenee 

or weak positive motion. 

This phenomenon vas accounted for by compariDg the divergence 

ehart of f'ig. 9(c) and beat transport chart of f'ig. 5(c) vith the ver­

tical motiœs of f'ig. 10( c) • The se cbarts indicate that both the warming 

and meridional circulation were dissipating. Bowever, i t appears that 

tbe warm.ing reaehed the observed peak inteasi ty be cause the meridional 

circulation 'W8.S waaing more rapidly than the rate of' beat transport. 

'l'hroughout the remainder of the period, this same pattera of vertical 

motion and temperature change vas the usual case in the stratosphere. 

'l'he exact nature of' the final stratospheric ve.rming in March 1960 could 

not be determined since 1 t falls at tbe end of the period studied, how­

ever i t probably' follovs the same course of events as the Janua.ry 1960 

warming. 

Al thougb the tunetion of the vertical motion wa.s f'OUJad to differ 

With respect to temperature ebange, the eenters of' maximum positive 

vertical motion continued to correspond wi tb the area.s of maximum 
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convergence of' beat transport. Thus iD view of' the variations found 

betwen vertical motions and temperature changes at 25 mb, it appears 

that the subject is worthy of further study and may shed added light 

on the d:ynamics of the stratospheric warmiDga. 

'l'he 25-m.b beat transport at bigh latitudes during February 22 

through zr' 1960 appeared to be 88 unusua1 case. 'l'he di vergence ebert 

of fig. 9{ e) shows that bea ting for this period was the most intense 

near 1ati tudes 7511 to 80JJ. Hovever, the mean temperature chart for 

this 1evel iD. fig. 8( c) shows a slight cooling in this region. From 

tbe b~at budget chart of fig. 10( c) this wa.s aeeounted for by strong 

positive vertical motioas tbat exeeeded 1 cm per sec. 'l'bus during 

this interval of strong beat transport, the net result was a cooling 

in the region of strong coavergence due to large aseending motioa of 

air. 

General features of the stratosphere show that the polar nigbt 

air was usually ascending, interrupted only occasional1y by slovly 

subsidi.Dg air. At times, 5-day to 10-àay periods of major upward 

motion developed in wbich the mean motion of the air attained 1 cm ,per 

sec. 

South of la ti tude 6œ the lûO-mb and 25-mb ebarts of :figures lO(b) 

&D.d 10( c) respectively, have :maiDly negative values; indieating that 

addi tioaal beat was required to aeeount for the observed temperature 

eha:D.ges. Ho-wever, radiationa1 beating probabl.y contributes largely 

to the required beat balance qd thus vertical motions south of lati­

tude 4oll are undeterminab1e. ~e region of largest negative values 
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occurred near latitudes 5011 to 601, wbich was directly over the strato­

spheric wa.rm belt of the lover stratosphere. This belt of 25-mb subsi­

dence at these latitudes extended to lower levels and was probably 

related to the persistent warm bel t seen in the 100-mb mean temperature 

field of fig. 8(b). At lOO mb, f'ig. lO(b) shows that the regions of 

strong subsidence from higber levels were well dsmpened in the lower 

stratospbere • 

A continuous warm belt vas not detected at 25 mb, possibly because 

the strong beat traasport at this level was of grea ter magnitude than 

the bea ting due to subsidence and thus tended to ob li te rate this phe­

nomenon at bigher elevations • liowever beginning in mid-Januaey, fig. 

8( c) shows that a. broad warm bel t d.eveloped at 25 mb and existed througb 

March. 'l'his partial 25-mb warm belt vas located at about latitude 451f, 

which · is 10 degrees of la ti tude south of the 100-mb wann bel t. This 

implies that, for the period studied, the mean thickness of the subsiding 

layer 11:1 this region of the stratosphere vas thicker during mid-January 

througb March than October through mid-January. 

'l'his correspondence of vertical motion and temperature change in 

the stratosphere extended down to the 100-mb level for only the cases 

of strong vertical motion. For the most part, the correspondence fOl.Uld 

at 25 mb vas still true at the 100-mb level, however, a comparison of 

figure 10( c) wi th 9( c) suggested that several distortions existed in 

the 100-mb beat budget chart. This was probably due to the influence 

of short waves (four and smaller) extending up from the tropospbere • 
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Earlier i t was shown that the correspondence betweea the 500-mb 

beat traasport sad meaa temperature changes ot this level was possible 

by restrietiD.g the beat transport values to the long waves. However 

this technique gave poor resulta vben applied in relating the vertical 

motion (fig. lO(d)) sad meaa temperature chaages (fig. 8(a)) in the 

tropospbere. On tbe other haad, the meaa vertical motion of the tropo­

sphere is a very small quanti ty and usually' an order of magnitude lesa 

than the other perameters used to as certain i t. The re :fore, cœ.sidering 

tbat several thermod:yDamic processes wre assumed nearly' zero for this 

study, a complete sueeess in relating vertical motion and temperature 

should not be expected in the troposphere. 
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3. Conclusions 

'rbis stuq bas àeJDO.Dstrated that based on constant pressure cbarts 

of 5-day intervals, large seale features pf horizontal stratospheric 

beat trasport in the eddy flow ean be àescri bed wi th considerable 

detail. A study of waves 1 through 4 at this resolution appears ade­

quate in that tbese waves car17 most o:r the available potential energy 

in the stratosphere as i t is converted from zoaal to eddy flow, or 

vice versa. However, problems of vertical correspœ.denee could not 

be completely resolved in a study' of only three levels. 

The construction of 500-mb beat transport ebarts possibly' requires 

smaller iD.tervals between days or some form o:r graphical smoothing 

should be per:formed. It appears that strœ.g contributions from short 

waves wi th a duration of only a few days was the source of the problem. 

An attempt was made to simpli:fy the eomplexi ties of the 500-mb 

beat transport ebart. It was :round tha.t by constructing this cbart for 

only the long waves (1, 2 and 3) the pattem was sligbtly improved and 

afforàed a better working tool. Possibly otber combinations of waves 

would give still better results. However it was noted that within 

certain groupings of wave num.bers, one wave will tend to eon tri bute iJI. 

an opposite sense from the other waves in the spectrum. 'l'his is pos­

sibly a manifestation of' the Fourier m.ethod. For example, wave 3 

appeared to assume the difference in variance tbat corresponded wi tb 

cbanges in waves 1 end 2. 



The f'indings f'rom this spectral treatment of' the beat transport 

in the atmospbere has de:fined bow the stratospbe:re therma.lly responds 

to di vergence of' beat transport and vertical veloci ti es. From the 

large scale phenomena. studied the f'olloving results were f'ound: 

1.) The spectrum of' beat transport was subject to major changes 

wi tb respect to time ad heigbt. During 1959-6o, wave 

nwriber one dominated the stratospheric beat tr&Dsport, 

however (Baville 1961) waves number one and two were both 

large contributors in the previous year. These spectral 

changes of' trsasport varied slovly end systeme.tically 

during the period studied. 

2. ) 'l'he correlation in the vertical of' the maxima and minima 

beat transport centers was usually negative ia mid•lati tudes. 

At high la ti tu des the long waves were f'ound strongly related 

vertically tbroughout the atmosphere, wbereas in the low 

latitudes tbe sborter waves occasionally extended from the 

troposphere upward to the 25-mb level. 

3.) lforthward beat transport corresponded wi tb cbages in the 

mean temperature :field and this correspcm.dence was most 

evident at 25 mb. 

4.) 'lbe expected stratospheric temperature changes stemming 

from the divergence of' beat trs:nsport were eitber d.ampened 

or reversed by vertical motion. 
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5.) The air of' the polar night low at 25 mb was general1y 

asceDding 8J1d oecasione.l1y attained a max:i.mum ve1oci ty 

of about 1 cm per sec. The strongest subsidence at the 

25-mb leve1 occurred near latitude 551' and the maximum 

velocity was about 0.5 cm per sec. 

6.) At bigh latitudes the stratospheric vertical motion 

patterns e:xtended down to the 500-mb 1evel. 

7.) 'l'he beat transport and vertical motion patterns vere 

usua117 of at 1east 10 to 15 days duration in the 

stratospbere and during strong warm.ings extended from 

low latitudes northward to the polar regiœ.s. 
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