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ABSTRACT 

Extratropical eddy distributions in four months typical of the four 

seasons are treated in terms of temporal mean and temporal r.m.s. values 

of the geostrophic relative vorticity. The geographical distributions 

of these parameters at the 300 mb level show that the arithmetic mean 

fields are highly biased representatives of the extratropical eddy 

distributions. 

The zonal arithmetic means of these parameters are also presented. 

These show that the zonal-and-time mean relative vorticity is but a 

small fraction of the zonal mean of the temporal r.m.s. relative vorti

city, K. The reasons for considering the r.m.s. values as the temporal 

normal values of vorticity in the extratropics are given in considerable 

detail. 

The parameter K is shown to be of considerable importance in 

locating the Extratropical Frontal Jet Streams (EFJ) in time-and-zonal 

average distributions. 

The study leads to an understanding of the seasonal migrations of 

the EFJ which have not been explored until now. 
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1. Introduction 

In an earlier paper (Srivatsangam, 1973; hereafter referred to as 

Paper A) the author presented the results of a study of the distribution 

of geostrophic relative vorticity in the Northern Hemisphere in Jan. 1970. 

There vorticity distribution was studied in terms of arithmetic means and 

root mean square values. The arithmetic zonal-and-time mean values were 

thereby shown to be but a small fraction of the normal vorticity of the 

atmosphere. The values of the parameter K given by 

(1) 

(for an explanation of symbols please see Table 1) were considered to be 

the normal values of vorticity in the atmosphere, as opposed to the 

arithmetic zonal-and-time mean values which represent only the vorticity 

associated with the long-term zonal circulation, or the field of [U](t,A) 

(See, for example, Lorenz, 1967, p. 32.) Since the greater part of the 

vorticity associated with extratropical jet streams is in eddy form, the 

consideration of a 'normal' field of vorticity leads to a better under

standing of the time-and-zonal mean locations and intensi~~ies of jet itreams 

especially because of the great concentration of vorticity just below the 

tropopause. Above the jet-stream level the concentration of the K isopleths 

is much greater and helps in distinguishing between the troposphere and the 

stratosphere. 

These encouraging results urged a study of the distribution of K in 

different seasons and resulted in this report. 

1 
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Table 1 

Definitions of Symbols 

a mea~ raciius of the earth. 

f(x, ••• ) mathematical function, not the Coriolis acceleratio~. 

f = 2 Q sin ¢ Coriolis acceleration. 

II geopotential height 

K [{t;g} (\)] (t) '" [{ Sg} (t)] (\) 

'" {Sg}(t,\) '" {Sg}(A,t) 

r.h.sc 

t 

u 

u 
g 

S = Clfld (a~) 

(J 
x 

[f] ex) 

the right hand side of an Equ. 

time. 

zonal component of the observed wind. 

zonal component of the geostrophic wind. 

the Rossby parameter. 

relative geostrophic vorticity. 

lO:1gitude. 

the standard deviation of parameter x :~n some 
arbitrary independent variable k. 

latitude. 

angular velocity of the earth. 

the arithmetic mean of f(x, ••• ) in x. 

[ [f] ex) ] (y) = [fJ (X,y) 

(f) (x) fex, ••• ) - [f] ex) 

{£lex) the root nean square value of f(x, ••• ) in x. 

{£l(x~y) '" {f}(y.x~ 



[xl 

< f (x,y) > 

3 

the deviation of zonally and temporally averaged 
geopotential height of an isobaric surface from the 
hemispheric time-mean value. 

modulus of x 

matrix of f in x and y. 
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2. Data and Analytical Procedure 

In this study the distributions of [~g](t'A)'[{~g}(A)] (t)' 

[H](t,A) - [H](t,A,~) and the geographical .distributionsof [~g](t) and 

{~g}(t) for the months July 1969, October 1969, January 1970 and April 1970 

are presented and discussed. The data for the study was the daily geo-

potential height distributions of the 700; 500; 400; 300; 200 and 100 mb 

surfaces as obtained from the National Meteorological Center (NMC) data 

tapes. All months except October 1969 had missing data for a few days. 

But for every month studied here we had more than 20 days of data. Thus 

the values presented here must be reasonably representative of monthly 

averages obtained by including all data. This is not equivalent to 

stating that the results presented here are true climatological averages. 

This is certainly not the case. Some deviations of these results from 

long-period averages will be discussed in later sections of this report. 

The analysis for the four months was carried out by Mrs. Alice Fields. 

The CDC 6400 computer at the Colorado State University was used for all 

calculations. While the daily geopotential height data were being converted 

to geostrophic relative vorticity and put on tapes the zonal r.m.s. values 

of ~ were calculated thus providing us with data for checking the equivalence 
g 

of the parameters in Equ. 1. Initially the geographical distributions were 

hand analyzed. But later analyses were carried out by the computer. 

3. Averaging Conventions 

These were discussed in detail in Paper A, and are summari2ed in Table 

1. The averaging conventions followed here are those due to Reiter (1969a; 

1969b, p. 6-8) and Srivatsangam (Paper A) co As discussed in Paper A, in 

general 
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(2) 

since the <Is (A,t) I> matrices are non-square and do not have identical 
g 

values for each matrix element. But apparently the Is (t"A) I values are 
g 

sufficiently homogeneous so that the inequality sign in Equ. (2) above 

may be replaced by an "equal" sign. This was shown to be the case for 

Jan o 1970 in Paper A. In the present paper we present the values for 

the other three months of [{Sg}(t)J(A) and [{Sg}(A)](t) in Appendices 1, 

la and lb. From these data it is seen readily that for each of the 

month considered the approximation of Equ. 1 holds. 

4. The Distribution of [Sg]Ct,A) 

In Figures la to ld the distribution of [Sg](t,A) during each of the 

4 months considered is presented. There is considerable similarity between 

the distributions of July, October and April, especially in the middle 

latitudes (40N to 60N). In these latitudes mild cyclonic conditions 
-5 -1 

(s ~ 1 x 10 s at the jet-stream level) prevail. In the subpolar lati
g 

tudes (60N to 75N) cyclonic velocity of smaller magnitude prevails in Octo-

ber and April, and anticyclonic mean conditions are obtained only in July. 

The major difference between these 3 months is the July intensification and 

northward displacement of the subtropical high pressure systems. The move-

ment is seen to be some 10 Deg. latitude northward. The intensity nearly 

doubles in the 200 mb-300 mb layer. From Appendices 3 and 4 it might be 

seen that the intensity of the subtropical high pressure systems at 2SN, 

200 mb in January exceeds the July maximum at 200 mb at 3SN. The January 

distribution of [Sg] (t,A) is also of interest because of the occurrence of 

the absolute maximum of [SgJ(t,A.) among all the 4 months considered. This 
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is located at the level of the Subtropical J~t Stream (200 mb) but to the 

north of the STJ axis, which is at about 27N (see Krishnamurti, 1961). The 

poleward displacement of the [~g](t,A) maximum relative to the STJ axis is 

due to the fact that the isotach maxima imbedded in the STJ are some 5 to 

10 deg. latitude poleward of the STJ axis (see Krishnamurti, op. cit.) 

Since the distribution of [~g] (t,>") represents the vorticity distribu

tion due to the zonally and temporally averaged zonal geostrophic motion 

or [ug]Ct,>..) this field offers a valuable check into our calculations. 

[ugJCt ,>") is readily computed from the [H] (t,>") field by the geostrophic 

relationship: 

(3) 

The values of [H](t,>..) for the 4 months considered here are presented in 

Appendix 2. From these the geostrophic wind and geostrophic relative 

vorticity were computed, the latter from the expression 

+ L L r,,] (4) 
f2 3y Il1 Ct,>") 

and are presented in Appendices 3 and 4 respectively. It might be seen 

that Equ. 4 includes both the meridional shear of (Ul
Ct

,>") and the effect of 

the convergence of meridians on [U]et,>..). A comparison of the values of 

[~g]Ct,>..) in Appendix 4 and the values in Figures la to Id shows that the 

two are quite comparable. 

In order to check the correctness of our results further and to compare 

the properties of the circulation systems of the 1969-1970 period with those 
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of more truly climatic averages, the S-year mean geopotential height data 

presented by Gort and Rasmusson (1971, p. 84) were converted into 

[ug1(t,A) and [l;;g] (t,A) values and presented as Appendices 5 and 6 

respectivelyo Oort and Rasmusson did not present such computed results 

except for rUg] (t,A) at the 200 mb level (Oort and Rasmusson, 1971, 

po 18). 

A comparison of [Ug](t,A) in Appendices 3 and 5 shows that the monthly 

means for 1965-70 did not differ very much from the S-year means, except 

in January. The maxima in July, October and April are in good agreement 

with regard to magnitude. In July 1969 the maximum is at 42.SN and has 

-1 a value of 22.6 rns ; the corresponding values for the S-year period are 

42.SN and 21.8 ms- l . In October 1969 the maximum is at 42.SN and has a 

-1 value of 27.7 ms ; the corresponding values for the S-year period are 37.SN 

-1 and 28.6 rns • indicating a northward displacement of the maximum in 1969. 

In January and April the maxima of [u g] (t, A) are spread out latitudi

nally. (This is also true of October.) Table 2 gives the magnitudes. 

and the latitudes of occurrence of maxima for these two months from which 

it is seen that the April 1970 maximum was relatively more spread-out and 

that the January 1970 maximum had a higher value than the S-year data 

-1 
maximum, the excess being some 6 ms at 32.SN. This excess is probably 

due to the anomalies of the geopotential height fields in January 1970 which 

amounted to -100m and -170m over the Pacific and Atlantic Oceans respectively, 

at the 700 mb level. (For further discussion see Paper A.) 

It should be mentioned here that the geostrophic zonal wind is generally 

an overestimate of the true zonal wind in the zones of strong westerly 

winds. This is due to the fact that the geostrophic wind is a non-accelerated 

wind whereas zonal winds with trajectories similar to latitude circles must 
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be decelerated, and this is approximately true of winds in the vicinity of 

the STJ (see Lorenz, 1967, p. 33). Hence in general 

(5) 

(see also Oort and Rasmusson, 1971, p. 17-18). 

The effect of this on the relationship between [1;](t,A) and [1;g]Ct,A) 

could not be studied for the 1969-70 period since we were not computing 

[u] (t,A)' But a check was possible through the Oort and Rasmusson (op. cit.) 

data. 

In Appendix 7 we present the values of [1;](t,A) obtained from the 

[u]et,A) data of Oort and Rasmusson (1971, p. 76-77). A comparison of 

these values with the [1;gJ(t,A) values for the same period (see Appendix 6) 

shows that the geostrophic vorticity is an overestimate of the vorticity 

associated with the observed zonal wind. Thus, in general 

(6) 

Hence the values of the different vorticity parameters presented in this 

paper must all be considered to be slight overestimates of the observed 

values. (See also Reiter 1963, p. 18.) 

A consideration of the [1;g]Ct,A) distributions of Appendices 4 and 6 

shows that the magnitudes of [1;gJ(t,A) in the period 1969-70 were comparable 

to the mean vorticity in the 5-year period analyzed by Oart and Rasmusson. 

The ratio of our data to the Oort and Rasmusson data at the 200 mb level at 40N 

in January - where the annual maximum of [1;gJ(t,A) occurs - is approximately 

11:9 which is comparable to the ratio of the [Ug]Ct,A) maxima which is 10:9. 
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Table 2 

The Magnitudes and Latitudes of Occurrence of 

[Ug](t,A) Maxima in January and April 
Units: ms- 1 

LAT. JAN APR 
DEG. 
NORTH ORa SRI ORa SRI 

27.5 45.3 48.1 33.3 30.8 

32.5 44.8 50.9 34.2 33.5 

37.5 31.0 

NB: ORa stands for Oort and Rasmusson (1971). 
SRI stands for the present report. 
All maxima are at the 200 mb level. 



10 

The Distribution of Mass or [H] (. _.) - [H] (-'_ , ') 
1:,/\ ,-,,'I.,<P 

5. 

Because of the inter-relationship between the distr:Lbution of 

[rIJ (t,A.) - [H] (t~A..¢) and the field of LUg] Ct,/..) (see Equ. 3) the former 

is of considerable meteorological interest. Although the literature abounds 

with statistics of the latter parameter (see, for example, Lorenz, 1967, 

p. 32-39) the related distribution of mass has never been presented in the 

form [H]Ct,A.) - IH] (t,A.,¢)' as far as the author knows. This might be due to 

The the difficulty in establishing an acceptable value of [H] (t,A.,0)" 

difficulty arises because of the observed fact that the therma:. equator of 

our planet does not coincide with its geographical equator. The thermal 

equator is a surface which has considerable variability in the ¢,/l,t 

coordinates and also to a lesser extent in p over abel t of (~l'A., t). Thus 

the true value of [H](t,/..,¢) which could only be obtained by averaging the 

values of (t,A,q),p) in a "meteorological hemisphere,trI i.e., a hemisphere 

defined with respect to the meteorological equator, becomes a considerable task. 

If the value of {H](t,A.,¢) were not exact, the zero isopleth of the 

[H](t,A) - [H](t.~,¢) distribution will be misplaced and so also all the other 

isopleths. 

On the other hand the [ugJ(t,A.) distribution depends only upon the 

local geopotential height gradients measured over isobaric surfaces, and 

does not involve assumptions about the mean mass field. 

Despite all these considerations the author chooses to present the 

mean mass fields for the different months considered in Figures 2a to 2d. 

Here the value of [H] (t,A,¢) has been assumed to be [H] Ct,A) arithmetically 

averaged over the latitudinal belt equator to SON. The magnitudes of the 

isopleths in these diagrams could not be given much significance in view of the 

above considerations, especially in July when the meteorological equator is 
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well into the northern hemisphere continents. However, Figures 2b to 

2d are probably representative of the actual mean mass distribution in 

the northern "meteorological hemisphere" because the meteorological 

equator is southward of the geographical equator~ thus equalizing the 

effects of ~ack of data north of BON. 

The relative concentration of the isopleths of [H] Ct,A) - [H]Ct,A,¢) 

in a zonal belt is an indicator of the intensity of rUg] (t,A) in that 

belt. Comparisons of Figures 2a to 2d and the tabulated values of 

[Ug]Ct,A) for the corresponding months in Appendix 3 reveals the mutual 

agreement of the data. 

6. Some Properties of {Sg}Ct) and K 

Some of the mathematical properties of the parameter K which is 

defined through Equ. I have been discussed in Section 3 above. Several 

of the meteoxological properties and uses of K were described in Paper A. 

Here we shall treat the mathematics of the process of taking root mean square 

values of meteorological quantities and consider their implications to the 

general circulation of the atmosphere. 

First of all, we shall consider some of the fundamental reasons under

lying this study. 

The distinguishing feature of the root mean square averaging procedure 

as applied to an inhomogeneous array of positive and negative numbers is 

that the signs of the numbers are not taken into account but only the 

magnitudes. The vorticity of extratropical eddies might be considered as 

constituting such an array (in time) at each different location (cjl,A,p). 

The temporal arithmetic average of such an array enables us to quantita-

tively state the mean cyclonic vorticity or anticyclonic vorticity of 

these locations. 
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These mean quantities could be further averaged with respect to meridians 

to obtain zonal-and-time averages, such as are presented in Figures la 

to ld; these then represent the temporal mean cyclonic vorticity and 

anticyclonic vorticity of the different latitudes or zonal belts. 

These mean values have considerable significance if the array is 

reasonably homogeneous, i.e., if the fluctuations from the mean state are 

of small magnitudes. Symbolically, any meteorological parameter -- and 

here we shall consider geostrophic relative vorticity -- could be represented 

at each location (t,A,~,p) by 

;: [1';;g] (t,A) + ([Sg] (t)) (A) + [(Sg) (t)] P,) 

abc 

(7) 

Here term a represents the vorticity of the zone-and-time averaged zonal 

geostrophic wind, or, in Lorenz's (1967, p. 32) terminology the vorticity 

of the long-term (geostrophic) zonal circulation; term b represents the 

vorti,:::i ty of the standing eddies; term c that of the transient zonal 

circulations;; and term d the vorticity of the transient eddies. 

Let us consider the effect of arithmetic averaging on these four 

terms. Taking the temporal mean first, 

[r;g] (t) = [1';;gl (t,A) + ([1';;gJ (t)) (A) (8) 

a b 

Here the second average with respect to time is omitted on the right 

hand side since it is not necessary, being already included in the two 

terms. From Equ. 8 we see that the time averaging has eliminated the 
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transient eddies and the transient zonal circulations. Let us consider 

regions of the globe where 

where the letters denote the terms in Equ. 7. Then maps of [Sg](t) are 

not good representatives of the normal weather conditions of these locations, 

as might be seen from Equ. 8. 

The arithmetic averaging of Equ. 8 with respect to meridians leads to 

[Sg] Ct,A) = [SgJ Ct,A) 
a 

Thus the distribution of [Sg](t,A) would not represent normal meteorological 

conditions fairly if 

or, 
Ibl+lc /+/dJ»/aj 

I ([SgJ (t)) (A) I + I [(Sg) (t)] (A) I + I (Sg) Ct,A) I 

»I[Sg] (t, A) I 

(10) 

Inequality (l~ is quite valid in the extratropics where the observed 

synoptic state is usually a disturbed state, and leads to an inequality 

such as (22) below. 

Eddies are of very considerable importance in the extratropics. 

In fact neither the climate nor the weather of the extratropics could 

be understood without accounting for the eddies. 

One way to study these eddy phenomena is to study the variances of the 

observed wind, temperature and other fields as is done in the extensive 

literature on the subject of available potential energy (see, for example, 
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Lorenz, 1967, and Reiter 1969b, for complete lists of references). 

However, there is a need to represent the normal state of the extratropical 

atmospheric circulation systems in time and time-and-longitude averaged 

distributions (see Paper A). 

The distributions of {Sg}(t) and of K will be shown to filfill this 

need. 

2 FTorn Equo 7,?; could be obtained in the following form by simple 
g 

algebraic expansion: 

2 

2 
+ 

+ 2 
(11) 

Here and in what follows the heavy square brackets do not have any significance 

in averaging. Equ. 11 could be further expanded to give: 

(12) 
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In Equ. 12 term I is merely the square of the vorticity of the longterm 

zonal circulation; terms II, III and IV represent the variances of the 

vorticity due to standing eddies, transient zonal circulations and transient 

eddies, respectively. The other six terms represent the correlations 

between the terms a, b, c and d of Equ. 7. Term V represents the correla-

tion behleen the vorticity of the longterm zonal circulation and of the 

standing eddies; term VI represents the correlation between transient 

zonal circulations and transient eddies. It might be noted that in time

averaging ~2 these terms will not disappear, there being no reason to assume 
g 

a priori that transient zonal circulations and transient eddies are totally 

uncorrelated.. HOI~ever, terms VII to X will all disappear in time-averaging 

because each of these is the product of one transient and one non-

transien~ component. Hence: 

2 
[( [l;g] (t)) (A)] (t) 

+ 

(13) 

Further averaging of Equ. 13 with respect to meridians eliminates the 5th 

and 6th right hand side terms because both of these terms involve one 

component which is a departure from the zonal average. Hence: 
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+ (14) 

It is immediately seen that Equ. 14 is just an expanded meteorological 

forn of the well-known statistical equation: 

2 2" -2 
(J = x - x x 

or, 2" -2 2 x = x + (J (15) x 

where (J is the standard deviation of the parameter x in some independent x 

variable k with respect to which arithmetic averaging (denoted by -) is 

done. 

In order to obtain mathematical expressions for the parameters used 

in this report we take the square-root of Equ. 13. Hence: 

+ 

1/2 

(16) 

Thus the {Sg}(t) values are seen to contain the correlation between 

the vorticity of the longterm zonal circulation and of the standing eddies, 

that between the vorticity of the transient zonal circulations and of the 

transient eddies (the 5th and 6th r.h.s. terms in Equ. 16) as well as the 

variances of the deviations from the vorticity of the longterm circulation 
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(the 2nd, 3rd and 4th r.h.s. terms of Equ. 16) and the square of the 

vorticity of the longterm zonal circulation (the 1st r.h.s. term of 

Equ. 16). 

In order to study the importance of the correlation terms of Equ. 

16, for which a qualitative explanation does not seem to exist at the 

present time as far as the author knows, an expression for the zonal 

r.m.s. value of {Sg}(t) was obtained. This is given by 

The 5th and 6th I.h.s. terms of Equ. 16 drop out in zonal averaging 

because each involves one component which is a deviation from the zonal 

mean. 

A comparison of Equ. 17 with Equ. 14 shows that 

(18) 

which serves as a check for the correctness of our previous equations. 

In Appendices 8 and 9 we present the values of {{ Sg} (t)} Pl) for 

October 1969 and of {{Sg}(A)} (t) for all the months considered. A 

comparison of these values with one another and with the tabulated results 

of Appendices la, lb and lc shows that the parameter K is given by 

K [{Sg}(A)](t):: [{sg}(t)l(A) 

:: {Sg}(t,A) 

\~ereby it is denoted that 

(19) 
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{Z:;g}(t,A) = {{Z:;g}Ct)} (A):: {{Z:;g}(A)}(t) 

= {Z:;g}(A,t) (20) 

Since the values of {Z:;g}(t,A) do not include the effects of any 

correlation terms, whereas those of [{Z:;g}(t)J(A) do include these, the 

results of comparing Appendices la, lb, lc, 8 and 9 are quite encouraging and 

reveal that correlations such as those represented by the 5th and 6th 

r.h.s. terms of Equ. 16 are not very important. Hence {Z:;g}(t) could be 

approximated as follows: 

2 
[ ([Z:;gJ (t)) (A) ] (t) 

+ (21) 

Thus for all practical purposes {Z:;g}(t) and the parameter K 

both contain only the square-roots of the squared vorticity of the longterm 

zonal circulation and the variances of the vorticity deviations from the 

mean state. Thus they represent the summed (vorticity) effects of the 

longterm zonal circulation and the deviations from it. 

The above equations and remarks show that the parameter K. 

and {Z:;g}(t) are indeed representatives of the normal state of the 

atmosphere, especially when inequalities (9) and/or (10) are valid. 

Some results obtained by applying these parameters to the geopotential 

height data of the extratropics of the Northern Hemisphere will be 

discussed below. 
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7. The Dist~ibutions of K 

7A. Properties of the K maxima 

We present the distributions of K in the four months considered in 

Figures 3a to 3d. A comparison of these with the distributions of 

[SgJ(t,A) in Figures 1a to ld shows that with the exception of January 

the values of [SgJ (t,A) and K in each month could be related -)y 

(22) 

Hence the time-and-longitude average of the moduli of eddy vorticity is 

much greater than the vorticity of the [UgJ(t,A) distribution in the 

troposphere and the lower stratosphere. 

As was discussed in Paper A we find the densities of the K isopleths to 

be considerably different in the stratosphere and the troposphere. Thus a 

stratosphere which extends downward in the poleward direction is revealed 

in each month. 

The maxima of K must occur at those levels where the isotach maxima 

imbed.ded in jet streams occur most frequently and/or with the largest 

magnitudes. These are also latitude belts in which the tropopause break 

will occur most frequently (see Paper A). From the studies of the transport 

of stratospheric radioactive debris into the troposphere (Reiter et al., 

1967; Mahlman, 1967; and others) it is known that most of this transport 

is accomplished in regions of tropopause-break associated with lower 

tropospheric fronts. Hence the latitude belts of occurrence of K maxima 

arc in general the regions most actively receiving stratospheric radio-

active debris. An exception to this is the January maximum, which occurs 

in conj unction with the isotach maxima in the STJ -PFJ confluence regions 
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(see Paper A). Since the STJ does not have a baroclinic or frontal zone 

extending into the lower troposphere (see, for example, Reiter and 

Whitney, 1969) the southern part of the K maximum in January does not 

represent an important region for the radioactive debris transport into 

the lower troposphere. However, the partitioning of this maximum is 

difficult because of the day-to-day variability of jet stream location 

(sec Reiter and Whitney, op. cit.) 

The author wishes to re-emphasize here the possible significant 

anomalies of K in the period (1969-70) studied. Such anomalies would 

make the locations of K maxima given in Figures 3a to 3d non-typical. 

For true climatological location of these several more years of data 

would have to be studied. Even then great difficulties in the fore-

casting of debris transfer will remain because of seasonal anomalies 

and intra-monthly variability. (For a detailed discussion of the 

stratospheric-tropospheric exchange processes see Reiter 1972, p. 61 

to 102). 

7B. The seasonal changes and migrations of extratropical jet streams 

The distributions of K in the four months studied enable us to 

locate the time-and-zonal average positions of the extratropical 

jet streams approximately. 

A comparison of Figures 3a to 3d shows that there is considerable 

similarity in the distribution of K in the mid-troposphere in all the 

four months. At the 700 mb level the maximum value of K is reached in 

January (K 
-5 -1 = 2.5 x 10 s ). But in the other 3 months, at this level, 

the values of K are not much smaller (K = 2 x 10-5s- 1). 

But as the altitude increases the pattern of K changes from month 

to month. 
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The upper tropospheric distributions of K in July and October have 

considerable similarity, the maxima of K constituting a single unbroken 

"rolIr! from 25N to 75N in each month. 

Similarly the upper tropospheric distributions of K in January and 

April have n:uch similarity. In both these months the maxima of K are 

bifurcated and exhibit distinct relative minima somewhere in the 

extratropics. 

In ,JULY the maximum isopleths of K at jet-stream level have the smallest 

magni tudes of any month studied here. The highest isopleth in Figure 3a 

-5 -1 (4.25 x 10 s ) is quite well spread-out across latitude circles, 

extending from approximately 38N to 55N. Another feature of the K 

maximum in this month is the higher altitude at which it occurs compared 

to the maxin:um, for example, of October. The Extratropical Frontal 

Jet Streams of January, April and October have the maximum K isopleth at 

approxima~~ely the 300 mb level and only lower value contours extend 

to the 250 mb or 200 mb level. Thus the maximum value of K in July occurs at 

higher al':i~:udes than the maxima (associated with the EFJ) of the other 

three months. The reason for this must be the poleward migration of the 

subtropical high pressure systems in summer (see Fig. 2a). This migration 

tends to raise the tropopause in the midlatitudes in summer. Figure 3 e, 

which is an analysis of the radiosonde data of some coastal North 

American s-::ations for July 1969, is presented in support of this state-

ment. (Here the tropopause has been defined to be any isothermal or 

inversion layer 10 mb or more thick that occurs above the 400 mb level.) 

More extensive analyses of tropopause heights might be found in the 

u. S. Dept. of Commerce Daily Aerological Cross Sections (1962-63). 

The basic reasons for this raising of tropopause heights in summer are 
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the weakening of the pole to equator temperature gradient and the 

relative increase of small-scale (Cb) convection in summer (see Gray, 

1972) . 

The chlliige in the maximum observed magnitude of K from July to 

OCTOBER is as striking as the change in the geographical distribution 

of {Sg}(t) over this period (see Section 8). From an observed minimum 

in July, the max:imum of K rises in October to an absolute maximum of 

any month studied here: The highest contour drawn in Figure 3b has a 

-5 -1 value of 5.25 x 10 s . This very large value of K which occurs in 

conjunction with the PFJ is due to the common occurrence of low 

index type patterns of circulation at the 300 mb level almost every 

in this month. This leads to the simultaneous occurrence of large shears 

and large curvatures of streamlines resulting in the very high values 

of vorticity observed; during the other three months studied large 

shears were generally observed when the flow was quasi-zonal. In 

support of these observations we present Figures 6, 7 and 8 which are 

the geopotential height distributions of the 300 mb surface on Oct. 17, 

1969; Oct. 30, 1969; and Apr. 2, 1970 respectively. An example for 

January 1970 has already been presented in Paper A. 

The cistribution of K in JANUARY 1970 is presented in Figure 3c. 

This distribution has already been discussed in detail in Paper A, and 

the :reader is referred to it. The important feature of this diagram 

is the definite bifurcation of K in the upper troposphere with a maximum 

in the midlatitudes (approximately 30N to SON) and another in the subpolar 

latitudes (60N to 70N) with a relative minimum at 55N. These maxima 

display the expected characteristics of the STF combined with the PFJ, and 

AFJ. The maximum value of K in the subtropics (28N to 35N) occurs 
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at a lower pressure (approximately 200 mb) t:,an the ;r',aximum at 40N, 

which occurs ir: conjunction with the PFJ at a higher pressure (300 mb). 

The upward slope of the K isopleths in the equatorward direction in 

these latitudes in the troposphere is quite significant. From these 

observations we could infer the following: 

1) The midlatitude (30N to SON) maximum of K in January is largely 

due to the confluence regions of the STJ and the PFJ (see Krishnamurti, 

1961) . 

2) The K maximum associated with the STJ is confined largely to 

the upper troposphere whereas the maximum associated with the PFJ extends 

do·vmward considerably, because of the horizontal wind shears in the 

polar frontal zone. 

"3) The time-and-zonal average position of the STJ is at a higher 

level than that of the PFJ, as is the case with daily meridional 

cross-sections. 

The location of the secondary maximum of K in the subpolar latitudes, 

which is due to the Arctic Front Jet Stream (see Paper A), leads to a 

fourth observation: 

4) The Arctic Front Jet Stream occurs at a lower altitude than 

both the SLJ and the PFJ. The K maximum associated with this jet stream 

also extends dOvffiward, thus indicating the similarity between the AFJ 

and the PFJ. 

5) Since the maxima of K must occur in zonal belts where the 

* highest wind speeds are most frequently observed , these are also 

* That this would lead to the maxima of K is seen from the 
definition of jet streams: "eA jet stream) is a strong, narrow current, 
concentrated along a quasi-horizontal axis in the upper troposphere or 
in the stratosphere, characterized by strong vertical and lateral wind 
shears ... " (WMO, Res. 25 [EC-IX]). 
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zonal belts in which the phenomenon of tropopause break or folding will 

be observed most frequently (see Paper A). 

Combining observations 3, 4 and S we could state the following: 

6) Tropopause breaks must in general occur at increasingly lower 

altitudes (or higher pressures) in the poleward direction. Thus the 

tropopause itself slopes downward in the poleward direction. The 

time-and-zonal mean tropopause in the extratropics could probably be 

represented by a line joining the major axes of the ellipses of K maxima. 

It might be seen from Figure 3b that the maximum of K in October 1969 

occurred at SON. This maximum is entirely due to the PFJ since "the 

Subtropical Jet Stream essentially outlines the poleward limit of the 

tropical cell of the general circulation" (Riehl, 1962, p. 30) and this 

limit never seems to be northward of 40 N (sec Krishnamurti, 1961; 

and Dort and Rasmusson, 1971, p. 23 to 24). Thus the t~me-and-zonal 

mean location of the PFJ in October 1969 was approximately SON, whereas 

it was (again, approximately) 40N in January 1970. Such a large change 

is not likely to be anomalous. Hence we add the following remark to 

those made above, although this has to be verified by several more years 

of data analysis: 

7) The PFJ tends to migrate toward the latitude of the STJ when the 

latter appears in the extratropical troposphere as the mean meridional 

circulation of the tropics intensifies in winter. 

The distribution of K in APRIL (Figure 3d) has considerable 

semblance to the distribution of K in January. But the midlatitude 

maximum of K in the jet stream layer has broadened and extends to almost 

6SN and the bifurcation of midlatitude and subpolar maxima of K occurs 

(approximately) over the latitude belt 6SN to 70N. The subpolar 
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maximum again occurs at lower altitudes than the midlatitude maximum 

but the structure of this maximum is not completely known since our 

data do not extend beyond 75N. 

1m important feature of the midlatitude upper tropospheric maximum 

of K in April 1970 is that the maximum value observed is at 300 mb at 45N 

-5 -1 and has a magnitude of 4.96 x 10 s as read from our computer output. 

At the 250 mb level (for which a special analysis was performed for this 

month) the observed maximum is again at 45N but has a magnitude of 

-s -1 4.8 x 10 ~s . Thus the April maximum of K is entirely due to the PFJ 

which normally occurs at about the 300 mb level. However, the remnants 

of the ST J still linger in the atmosphere as might be seen from the 

-5 -1 distribution of the 4.5 x 10 s isopleth in the latitude belt 35N to 

55N, as well as the general upward slope of the K isopleths in the equatorward 

direction just as in January. The separation of the K maxima associated with 

the STJ and the PFJ is quite conspicuous in Fig. 3d. Hence we make the 

following inference: 

8) As the Hadley cell begins to weaken in spring the STJ also weakens; 

and the PFJ migrates poleward and away from the region of occurrence of the 

STJ. Simultaneously, the AFJ also moves pOleward. 

From the above, the following statements could be made concerning the 

time-and-zonal average location of the PFJ: 

9) The southernmost location of the PFJ is in winter, and is approx-

imately 40N. In the transitional seasons as well as in summer it occurs 

at approximately 45N to SON. In these seasons the relatively broad distri-

bution of the K maxima indicates the significant meanders of the PFJ. 

The above observation is completely verified by the geographical 

distributions of {Sg} (t) and [Sg] (t) (see section 8) at the jet-stream 
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level, from which it is seen that the extratropical land masses are 

dominated in the transitional seasons by maxima of {~g}(t) which are 

essentially due to transient eddies. Thus: 

10) The observation of synoptic meteorologists that the extratropical 

cyclones of the transitional seasons are much more intense than those of 

winter is seen to be valid. 

7e. A historical perspective: Some early results of Rossby 

The splitting of the Extratropical Frontal Jet Stream and the separate 

occurrence of Arctic Fronts and Polar Fronts have been known to synoptic 

meteorologists for a long time. But the interest in the study of the 

long term zonal circulation [u] (t,A) has attracted meteorologists to study 

parameters such as [U](t,A)' [V](t,A)' [w] (t,A) etc. The distribution 

of [u](t,A) has a single maximum in every calendar month which occurs in 

the upper troposphere. Peculiarly enough, even the parameter 

[} (u
2 

+ v
2
)] (t, A) which considers the moduli of the horizonta.l components 

of the wind tends to have a single maximum in the northern hemisphere 

troposphere (see Oort and Rasmusson, 1971, p.8&8~. These results have 

led to the assumption that there is only a single zone of concentrat~on of 

baroclinicity in the atmosphere. The frontal jet streams were assumed to 

have such large meanders that they would not appear in mean distributions 

such as that of [U](t,A)' 

This is indeed the case. But the distribution of the parameter 

K clearly brings out the presence of two jet-stream related 

maxima of monthly normal vorticity in the upper troposphere in winter 

and spring. 

Rossby (1949) was able to obtain these two jet streams in a time-mean 

(but not zonal-mean) cross -section. He considered the geostrophic 
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zonal wind distribution in a vertical-meridional cross-section over 

North America analyzed by Dr. S. L. Hess. This diagram is reproduced 

here as Fig. 3f. Rossby plotted the data from this diagram at the 12 Km 

level as a latitude vs. Rossby number diagram, which is reproduced 

here as Figure 3g. This diagram indicates the presence of two jet stream·-

related [ugJ (t) maxima in the extratropics. It might be noted that these 

two maxima coincide with the K maxima at the 200 mb level in January 1970, 

presented here as Figure 3h. 

Rossby (op. cit.) commented as follows on these maxima: "It is of 

interest to note that the averaging process has not fully erased the 

sharpness of the jet. There is also some evidence for a second, weaker 

jet located in about latitude SSoN.To some extent this second jet may be 

the statistical result of averaging over a large number of jet positions; 

but inspection of available upper-level charts suggests that the simultaneous 

occurrence of two jets is not uncommon." 

8. The Geographical Distributions of [SgJ (t) and {Sg} (t) 

We shall consider these two types of distributions together. in 

Figures 4a to 4d the distributions of [SgJ(t) for the four months considered. 

are presented and in Figures Sa to Sd those of {Sg}(t). All these distri

butions are for the 300 mb level, or approximately the level of the 

Polar Front Jet Stream. As discussed in section 6 above (see also Paper A) 

the distributions of [SgJ (t) do not include transient eddies whereas those 

of {Sg}(t) do include them. Thus the difference 
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is a measure of the time-mean magnitude of the transient eddy vorticity 

at any given location (¢,A,p). 

Hence a simultaneous consideration of the [SgJ (t) and {Sg}(t) fields 

should enhance our knowledge of the relative importance of transient 

eddies in different regions of the extratropics of the'Northern Hemisphere 

at the level of the PFJ. 

JULY (Figures 4a and 5a) 

We shall first consider the latitudinal belt 2SN to 40N. In this 

belt the isopleth that occurs most commonly in the [~g] (t) field is the 

2 x 10-5s -l one, with the exception of West Asia and the Mediterranean Sea 

region. 

-5 -1 The values of {~g} (t) in the same region lie between 2.5 x 10 s 

-5 -1 and 3.5 x 10 s . Thus the difference 

is small. This is expected in view of the poleward migration of the 

subtropical high pressure systems in summer, especially over the (;c:eans 

(see also Figures 2a to 2d), and the resulting reduction in the frequency 

of occurrence of extratropical cyclones in the latitude belt considered. 

In the same latitude belt over West Asia and the Mediterranean the 

-5 -1 
[~g] (t) isopleth values increase to 4 x 10 s while the isopleths of 

-5 -1 -5 -1 
{~g}(t) have maximum values of 5.5 x 10 s over West Asia and 6.5 x 10 s 

over parts of Italy, Greece and Turkey. Thus the vorticity contribution 

by transient eddies is seen to be relatively small in these regions also. 

In contrast to these is the region stretching from the Greenwich 

Meridian to 90W and meridionally extending from 4SN to about 6SN. Here 

the values of l~g](t) are cyclonic and of an average value of about 
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-5 -1 
2.5 x 10 5 whereas the {Sg}(t) values have an approximate mean 

-5 -1 magnitude of 5 x 10 5 • Thus the transient eddy vorticity is of the 

same magnitude as the sum of the standing eddy ffi1d [ugJ (t,A) field 

vorticity components. This is also true of northern USSR, particularly 

the 60N to 75N belt between 70E and 100E. 

OCTOBER (Figures 4b and 5b) 

The changes in the field of {Sg}(t) from July to October are quite 

striking. The vorticity field intensifies very significantly during 

this period, especially over the middle latitudes. Whereas the July 

midlatitude maximum of {Sg}(t) is over the north Atlantic, the October 

maxima seem to be very pronounced over land. Thus the maximum at 110W, 

40N (over Utah -5 -1 in the USA) has a value in excess of 8 x 10 5 ; 

over a large portion of the Hudson Bay the values of {Sg}(t) exceed 

-5 -1 -5 -1 6 x 10 5 ; just east of the Urals a maximum of nearly 8 x 10 s 

is seen; and just west of the Sea of Japan, over the People's Republic 

of China, there is another maximum of value 7 x :0-5s -l. In contrast 

to these the only pronounced maximum over the Oceans (the Aleuti2." Low) 

is located over the northern Pacific and reaches a maximum value of nearly 

-5 -1 
8 x 10 s . The values of [SgJ (t) in these regions are observed to be 

h 11 . f 2 10-55-1 4 10-5 -1 hI· rat er sma ,ranglng rom x to x 5, t e so e exceptlon 

being the North Pacific region where 

-5 -1 nearly 6 x 10 5 Thus almost all 

[SgJ(t) values reach a maximum of 

of the important maxima of {Sg}(t) 

over land are due to transient eddies whereas the maximum over the 

Pacific owes itself to the vorticity of the standing eddies since that 

of lugJ (t,A) is quite small (see Figure lb). This is probably due to the 

steadiness of the PFJ in this region. 
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Figures 6 and 7 might be considered in this connection. They are 

distributions of geopotential height at the 300 mb level on 17 October 

1969 and 30 October 1969 respectively. These patterns are rather typical 

of the daily 3010 mb height fields in this month. The height fields on 

the two days presented here are seen to be typical of low index type 

circulation and the jet stream systems are northward of 30 N. These 

Figures had been discussed further above (see section 7). 

Another important feature of Figure 4b is the cyclonic vorticity 

observed over northern India. In July the observed time-mean vorticity 

is anticyclonic (see Figure 4a), and provides ventilation for the air 

converging into the monsoonal trough below. With the retreat of the 

southwest monsoon upper-level cyclonic conditions are seen to be rc-

established. The remnants of the summer anticyclone over Tibet are, however, 

still observed in October. From Figures 4b and 5b it is seen that one 

half or more of the temporal r.m.s. vorticity over northern India is due 

to transient eddies. 

APRIL (Figures 4d and 5d) 

This spring month has characteristics which could be identified with 

one or the other of the three other months considered. 

The remnants of the 3 wave pattern of January arc still discerni ble: 

In the field of [SgJ(t) the maximum over southern Asia and the Mediterranean 

has disappeared. However, the lows over the east coasts of Asia and North 

America are still present -- with significant magnitudes: Over both the 

Atlantic and the Pacific the maxima exceed 5 x 10-5s -l -- but are displaced 

into the oceanic regions. 

-5 -1 
Over northern India the intense cyclonic vorticity ([SgJ (t) > 3xlO s ) 

of J~luary has been replaced by near-neutral ([SgJ (t) : 0.7 x 10-5s -1 at 80E, 35N) 

conditions, and the very beginnings of the summer anticyclone over Tibet are 
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visible (the area covered is very small and the intensity slightly 

-5 -1 in excess of-2 x 10 s ). Other features of the July distribution of 

[~g] (t) are also present: For example, the subtropical high pressure 

system has moved quite northward over the Pacific, off the North 

American coast. 

Despite all these, April seems to resemble October most, especially 

in the continental distribution of [~g](t) and {~g}(t)' Extremely 

large values of {~g}(t) are observed over land: Over California the 

-5 -1 
{~g}(t) maximum has a value in excess of 7 x 10 s ; in the vicinity of 

-5 -1 the Great Lakes the highest isopleth observed is 6 x 10 s ; over 

-5 -1 Greenland the maximum exceeds 7 x 10 s ; over the Mediterranean Sea 

-5 -1 and Europe the maxima exceed 5 x 10 s ; and near Japan there is a 

-5 -1 maximum of value 5 x 10 s . One feature that distinguishes these 

maxiua is the observed values of [~g] (t) in these regions, which range 

-5 -1 
from zero to 2 x 10 s . Thus all of the {~g}(t) maxima over land 

are due to transient eddies. This might be contrasted against the 

constitution of the oceanic maxima mentioned above. The maximum 

-5 -1 
value of {~g} (t) for the Atlantic "low" (off Newfoundland) is 6.8 x 10 5 

-5 -1 
and the maximum value of [i:;g] (t) in the same location is 5.3 x 10 s ; 

similarly the highest value of {~g} (t) south of Kamchatka is nearly 

8 x 10-5
5-

1 and the maximum value of [~g](t) here is 5.5 x 10-5
5-

1. Thus 

both of the oceanic maxima of {~g}(t) seem to owe their existence to 

standing eddies (the contribution by the distribution of [~g] (t,\) being 

very small as seen from Figure Id). 

Thus the maxima of {~g} (t) over land and ocean have distinctly 

different amounts of contribution by standing eddies and transient 

eddies, the differences between the two types being the same in 

October and April. 
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JANUARY (Figures 4c and 5c) 

These have already been discussed in Paper A. Here we shall merely 

summarize the conclusions made there, and relate them to the observed 

features of the [Sg] (t) and {Sg} (t) distributions of the other 3 months 

studied. 

One outstanding feature of the January distribution of [Sg] (t) is 

the very intense 3 wave pattern that dominates the middle latitudes. 

The cyclonic vorticity maxima imbedded in this 3 wave pattern have a 

quasi-zonal distribution and are very sharply cutoff inland. The 

absolute maxima of [Sg] (t) and especially of {1;g} Ct) tend to occur 

exactly over the coasts of Asia and North America, in the case of the 

oceanic extrema. The maximum [1;g] (t) over southern Asia has a single 

-5 -1 extremal isopleth of value 5 x 10 s over India; but when the 

transient eddy contributions of vorticity are added to this distribution 

-5 -1 two extremal isopleths each of value 5 x 10 s appear over India and the 

Mediterranean, as seen from the {Sg}(t) distribution of Figure 5c. 

A comparison of Figures 4c and 5c shows that both the oceanic 

maxima of {1;g} Ct) are composed largely of stationary eddies and the 

vorticity of the long term zonal circulation. The latter is of 

significance only in January and then only in the midlatitudes (see Fig. 

lc). The maximum of {1;g} (t) over India is also composed essentially of 

these constituents. But the maxima of {1;g}Ct) over the Mediterranean, 

Scandinavia and northern USSR are all composed largely of transient 

eddies. If all these three {1;g}Ct) maxima were considered to be inland 

maxima and the maximum over India considered as a non-typical inland 

maximum, then the following generalization could be made concerning the 

componental contribution to the {1;g} (t) maxima: 
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Except in SLmrner all the oceanic maxima of {~g}(t) are essentially 

due to the vorticity of the standing eddies and of [l:;gJ(t,A); and all the 

inland maxima are essentially due to the vorticity of the transient eddies. 

The reverse is true in summer. Hence the observed componental constitution 

of {Sg}Ct) maxima is not due to variations in the density of the radio

sonde network system over oceans and land masses. 

The above remarks lead to the conclusion that in general the normal 

(or temporal r.m.s.) vorticity of the jet-stream level winds over land 

are no smaller than that observed over the oceans. However, the contin-

ental maxima of normal vorticity are generally not observed in conventional 

climatological maps for the simple reasons that these are arithmetic 

averages which eliminate the transient eddies, and that the continental 

maxima of normal vorticity are composed largely of transient eddies. 

Surely. then, our knowledge of the earth's climate is increased by a 

study of the temporal r.m.s. values of parameters such as vorticity. 

9 0 Conclusions and Recommendations 

Northern hemisphere geopotential height distributions of the 700 mb; 

500 mb; 400 mb; 300 mb; 200 mb; and 100 mb surfaces in four months typical 

of the four seasons of the year have been used in a study of the geostrophic 

relative vorticity (I:; ) distribution in the lower atmosphere. 
g 

The temporal arithmetic mean of I:; is immediately seen to be superior 
g 

to the time-mean geopotential height in depicting some deviations from the 

mean zonal flow. (For the 500 mb monthly-mean geopotential height fields 

in January and July and a discussion of these please see Palmen and Newton, 

1969, p. 67-69.) 

However, only the temporal r.m.s. fields of I:; are capable of por
g 

~:raying aU of the deviations from the zonal-mean flow. This is due 

to the reasons that the time-mean fields do not include transient eddies, 
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and that the co~~tinental maxima of monthly-normal (or r.m.s.) vorticity 

are constituted largely of transient eddies in the transitional seasons 

and winter. (In July oceanic maxima are thus constituted.) 

Thus a full understanding of the eddy distributions in the atmosphere 

would not be obtained with the help of time-mean charts alone. 

It is recolnmended that future climatological atZases incZude the 

temporal r.m.s. fields of parameters -- such as vorticity which are 

capabZe of describing the temporal normal eddy fields in the different 

seasons. 

The zonal average of the temporal r.m.s. values of ~ the 
g 

parameter K -- is shown to be a parameter which could be used to locate 

the zones in which the different extratropical jet streams are most 

commonly (or least commonly, as the case may be) observed. 

The distributions of K in the four months studied indicate: 1) that 

there are at least three jet streams in the extratropical troposphere in 

January and April, 2) that there is probably only one jet stream in the 

extratropical troposphere in July and October, 3) that the PFJ moves 

toward the latitude of occurrence of the STJ when the latter appears in the 

winter atmosphere in conjunction with the intensification of the Hadley 

Cell, 4) that the PFJ moves poleward and away from the STJ when the 

latter weakens in spring and 5) that, as a consequence, the highest values 

of K in the upper troposphere over the latitude belt 45N to 55N are observed 

in the months of April and October. 
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