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ABSTRACT 

The mean meridional circulation north of the latitude 15' N has been determined by 
an indirect method, which uses the angular momentum and continuity equations under 
the assumption that the vertical eddy flux of the zonal momentum is negligible in 
the free atmosphere. The method requires a knowledge of the (time-space) mean zonal 
motion and the mean meridional eddy flux of angular momentum. Data for these 
quantities have been derived for four seasons of the year (December-February, March- 
May, June-August and September-November from the upper winds statistics charts 
aa published by CRUTCHER (1959). For each season an essentially three-cell circulation 
pattern is obtained with the strongest cell intensities occurring in winter and the 
weakest in summer. Except in summer, the direct cell in the lower latitudes is stronger 
than the indirect cell in the middle latitudes. The direct cell in the high latitudes is 
found to be very weak in all seasons. 

The poleward transport of angular momentum and its different mechanisms are 
discussed. The role of the mean meridional circulation in the net flux across different 
latitudinal circles is found to be small except in the low latitudes in winter and spring. 
The transient eddies are in every season the main agency of the flux, but the standing 
eddies are also important, particularly in winter. The mean zonal stress of the at- 
mosphere on the earth is derived from the convergence of the angular momentum flux. 

1. Introduction 

The relatively sparse upper-air wind observa- 
tions have not yet provided reliable and gener- 
ally acceptable information about the mean 
meridional velocities in the atmosphere. For 
measuring them it is therefore still necessary 
to resort to indirect methods, which under 
certain assumptions give approximate values 
for these velocities from other, more easily 
measurable quantities. 

In  the present article, the indirect method 
introduced by MINTZ & LANQ (1955) is used. 
This method, described in section 2, assumes a 
knowledge of the mean zonal motion and the 
mean meridional eddy flux of angular momen- 
tum. Data for these basic quantities have been 
derived from the wind statistics charts in the 
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way described in section 3. The computed 
mean meridional velocities are discussed in 
section 4 in comparison with the results from 
earlier investigations. Finally a study of the 
poleward flux of angular momentum and the 
associated zonal stress between the earth and 
the atmosphere is made in section 5. 

The following notation is used: 

a =radius of earth 
g =acceleration of gravity 

M =acosp(acospQ +u) =absolute angular mo- 
mentum per unit mass 

p =pressure 
t =time 
u =zonal component of velocity 

v = meridional component of velocity 
rl =longitude 
Q =latitude 
4 = geopotential 
q =zonal component of the frictional strew 

ua = acos pQ + u = absolute zonal velocity 

acting across a horizontal surface 
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w =dp/dt 
L? =angular velocity of the earth 

x d l  =zonal average of x 

x* = x -[XI =deviation from the zonal average 

z = ~- jtt: xdt =time average of x - 
t2  - t, 

x’ = x  -Z =deviation from the time average 

2. An indirect method of determining the 
mean meridional circulation 

The method to be discussed was first used 
by MINTZ & LANG (1955) and later in a slightly 
different form by GILMAN (1963). In  principle 
it consists of solving the angular momentum 
equation and the continuity equation for the 
mean meridional circulation under the assump- 
tion that the vertical eddy stresses are small 
in the free atmosphere. 

I f  we exclude from our consideration the 
lower layers of the troposphere where pressure 
surfaces intersect the earth, we obtain by 
averaging the equations of angular momentum 
and mass continuity with respect to longitude 
and time 
- l a  a -  =+ - - @ [ X I )  + - [MU] = r [FA]  (1) 

at r aap aP 

and 
l a  ap -- (r[.]) + ~ = 0, 
r aap G I  

where r =acosp and FA denotes the zonal 
component of the frictional force. Because 
M =mu, we can always write 

[ a ]  = r[fi,] [GI +r([fi*O*] + [u“]) (3) 

and [%I =r[.ii,] [U] +r([.ii*Z*] + [w’u’]). (4) 

The first term on the right hand side of 
Eq. (3) represents the contribution to the mean 
meridional flux of angular momentum by the 
mean meridional circulation and the terms in 
the parenthesis the contribution by the large- 
scale “standing” zonal eddies and the large- 
scale transient eddies. Eq. (4) is the correspond- 
ing representation for the mean vertical flux 
of angular momentum by the atmosphere’s 
large-scale motion. If we assume that the fric- 
tional force is determined primarily by the 
vertical eddy stress, i.e. 

we obtain, by substituting (3) and (4) into ( l ) ,  
the following differential equations for the 
mean meridional circulation: 

From these equations, which so far are quite 
general, [el and [CT] are to be obtained. [fi,], 
[a*O*] and [m] are supposed to be relatively 
well known from the wind statistics. Also the 
mean local change of angular momentum, 
a[Ml/at, is a measurable quantity, but we will, 
due to its smallness in a seasonal picture, 
neglect it in the present study. The essential 
physical assumption to be made is that the 
vertical flux of zonal momentum by large-scale 
as well as by small-scale turbulence is small in 
the free atmosphere. Thus, we neglect also the 
third term on the right-hand side of Eq. ( 5 ) .  
Some evidence for the smallness of this term 
is given in discussion of the results (Section 4). 

Equations (5) and (6) are now integrated over 
a rectangular area in the meridional v,p-plane. 
Let the subindices N ,  S, B and T denote the 
northern, southern, bottom and top boundaries 
of the area, respectively. Let further R denote 
the mean value of r[fi,] at the boundary and m 
the mass flux through the boundary so that, 
for example, 

(upward mass flux taken positive). 

If the grid size is not taken too large, a good 
approximate is given by the following expres- 
sions: 

Tellus XIX (1967), 1 
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TABLE 1. Standing eddy (SE =[ti*#*]) and transient eddy ( T E  = [m]) part of the poleward flux of 
linear zonal momentum for winter ( December-February), spring (March-May), summer 

(June-Auguat) and fall (September-November). Unit: ma aec-I. 
~~ 

70" N 60" N 50" N 40' N 30" N 20' N 15' N 
Presssure - - - - - - - 
level(mb) SE TE SE TE SE TE SE TE SE TE SE TE SE TE 

Wider 
100 0.2 
200 -0.1 
300 0.4 
500 0.1 
700 -0.1 
850 0.5 

Spring 
100 -1.4 
200 1.0 
300 -2.6 
500 -1.8 
700 -0.7 
850 0.1 

. 100 -0.6 
200 -0.4 
300 -0.2 
500 -0.7 
700 0.2 
850 0.6 

100 1.3 
200 -1.5 
300 -0.5 
500 -0.6 
700 -0.9 
850 1 .o 

Summer 

Fall 

-11.5 -3.6 -6.4 
-5.2 2.5 -3.8 
-3.7 1.6 -8.5 

4.8 1.4 -1.7 
0.4 1.0 -2.2 
0.8 1.4 -3.9 

1.7 -1.6 0.6 
-2.4 -1.1 -4.3 
-3.6 -2.6 - 10.5 
-0.6 -2.2 - 1.3 

0.1 -1.5 -2.6 
1.1 -0.6 -0.6 

1.3 0.6 0.8 
-1.0 0.1 1.5 

1.3 0.7 -0.2 
-1.1 -0.0 0.3 
-0.7 -0.1 -0.2 
-0.8 -0.5 -1.1 

-0.1 0.6 1.6 
-4.5 0.5 1.7 
-8.3 -2.1 -0.4 

1.3 -1.2 -0.1 
0.0 -1.0 -1.0 

-1.0 -0.8 -2.7 

1.7 8.8 15.8 3.6 26.4 7.6 9.9 6.4 2.4 1.1 
10.3 6.4 17.1 34.2 18.9 46.8 7.3 18.4 -7.2 7.9 
11.9 6.8 18.9 37.8 16.4 42.0 7.5 16.0 -0.3 7.5 
6.3 3.7 4.8 14.3 4.5 16.7 0.4 6.6 0.6 3.0 
2 . 3 - 2 . 4  0.0 5 . 2 - 1 . 1  7 . 1 - 0 . 1  4 . 4 - 0 . 4  2.3 
2.2 -4.3 2.4 -4.3 0.5 4.9 -0.7 2.8 -1.6 1.7 

-0.7 1.2 0.6 8.4 5.7 13.8 2.0 3.3 0.8 0.4 
1.6 2.5 2.5 25.8 8.8 31.4 -0.6 17.4 1.3 8.9 
2.6 5.8 4.8 27.4 6.0 26.0 -1.3 13.7 -1.8 9.0 
1.6 0.4 3.1 13.6 2.5 13.0 0.5 5.4 -0.1 3.1 

5.6 -1.7 3.2 -0.4 2.6 
2.8 -2.5 2.1 -1.9 1.5 

1.0 -0.7 1.2 5.6 1.0 
0.1 -1.0 0.8 0.6 1.3 

0.0 4.7 1.8 10.1 8.9 
0.8 19.2 2.9 35.8 4.9 
2.2 11.9 -0.4 23.6 0.9 
1.6 4.5 -0.1 7.1 -0.2 
1.7 2.2 1.0 3.3 0.2 
0.9 1.2 1.8 0.2 0.5 

2.0 4.9 9.4 8.6 8.6 

6.2 5.9 0.1 4.2 -2.1 
7.3 9.5 6.1 17.0 3.2 
1.0 2.9 3.5 5.1 1.9 
4.2 0.0 2.3 2.4 1.6 
2.1 -0.4 0.6 0.9 0.1 
1.4 -1.3 1.7 -1.2 1.5 

9.7 -1.1 4.0 0.4 1.1 
10.8 18.6 7.8 41.1 7.2 34.1 0.2 18.2 0.5 12.4 
12.5 15.0 7.6 34.5 5.3 24.9 1.2 10.0 0.3 6.0 
4.1 5.2 2.3 14.9 2.0 7.4 0.1 1.9 0.0 1.4 
1.4 0.4 0.7 5.1 1.1 4.9 -0.3 2.3 0.1 1.7 
0.4 -1.1 1.2 2.7 0.2 3.7 -0.5 2.2 -1.0 2.1 

with similar expressions for the southern and 
bottom boundaries. Thus we obtain from (5) 
and (6) after integration and multiplication by 
a constant factor 2 4 g ,  

RNmN- Rsms+RTmT-RBmB= -( jN-js)  (7) 

and mN-  ms+ mT - mB= 0, (8) 

where j = :: IpP: ([ti*@*] + [u"]) d p  

is the mean poleward eddy flux of angular 
momentum in the layer considered. Solving (7) 
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and (8) for ms and mB in terms of mN, mT and 
the known quantities R and j we obtain 

At the pole the mean meridional mass flux must 
be zero. Specifying the mean vertical mass flux 
at the uppermost pressure level used in the 
calculations and starting the computations from 
the northernmost and uppermost block the 
mean meridional mass circulation and aasocia- 
ted velocities can be determined everywhere in 
the meridional plane except in the lower layers, 
where the assumption of vanishing stress is 
not valid. 
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Fro. 1. The computed mean meridional velocities. Circles deonte "observed" velocities. 

3. Data 

The basic data required by the method just 
described are the mean zonal velocity [GI and 
the mean meridional eddy flux of angular 
momentum. These data were derived from the 
"Upper-wind statistics charts of the Northern 
Hemisphere" as published by CRUTCHER (1959). 
The statistics include, among other things, 
charts of the mean zonal wind component a, 
the mean meridional wind component 6, stan- 
dard deviation, a,, and uv, of the zonal and 
meridional wind component and the correlation 
coefficient, r,,,,,, between the two wind compo- 
nents for the 100 mb, 200 mb, 300 mb, 500 mb, 
700 mb and 850 mb pressure levels and separately 
for the four seasons: December-February, March 
-May, June-August and October-November. 
The statistics is primarily based upon actual 
wind observations in the Northern Hemisphere 
from a period of several years. 

The mean zonal wind [GI, as obtained from 
this statistics, has been discussed by VUORELA 
& "WOMINEN (1964) and will not be commented 
on here. The standing eddy part of the covari- 

ance between zonal and meridional wind com- 
ponents was at each latitude computed as 

[.ii*6*] = [uv] - [.ii][O]. 

and the transient eddy part as 

Because at some longitudes the analysis do not 
cover the very low latitudes, calculations could 
not be made south of 15"N and already at 
this latitude some extrapolation had to be 
made. 

The results for the velocity covariance 
(poleward eddy flux of linear zonal momentum) 
are given in Table 1. It is seen that both the 
standing eddy flux and the transient eddy flux 
of momentum are generally northwards except 
at  the latitudes 60" N and 70" N, where eouth- 
ward fluxes dominate. "he standing eddy flux 
is generally smaller than the transient eddy 
flux. Both of them have largest magnitude in 
the upper troposphere. With regard to seasonal 
variation the values are largest in winter and 
smallest in summer season. 

Tellus XIX (1987). 1 
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TABLE 2. Mean meridional velocity over the Northern Hemisphere in cm sec-l. (a) computed, (b )  
"observed" (at the upper preseure level). 

Winter 
100-200 
200-300 
300-500 
500-700 
700-850 
850-1000 

8 
6 

-1 
-3  
- 1  
-4  

- 20 
0 

- 20 
- 13 

0 
64 

- 1  -15 
0 -76 
5 -55 
4 -40 
3 -18 

-16 45 

-26 25 -25 -50 
-31 -30 -43 -30 
-28 -45 -23 -45 
-10 -35 -7 -40 

1 -40 -5 -40 
87 -20 91 5 

-35 -40 
-1 -20 
-6  -75 
-9  -50 

-11 -40 
55 20 

114 
65 
27 

- 1  
-7 

- 147 

70 72 
170 134 
35 48 
18 15 
60 -22 

-25 -199 

90 
210 
160 
20 
65 

- 103 

Spring 
100-200 
200-300 
300-500 
500-700 
700-850 
850-1000 

1 
4 
5 
1 
0 

12 

20 
11 
76 
21 
11 
69 

4 36 
10 29 
9 13 
4 -23 
4 -9  

-30 27 

-10 -11 -23 -6 
-27 11 -23 -34 
-23 -28 -18 -51 
-7  -6  -13 11 
- 3  -32 -5  -10 
67 -1 76 -16 

-16 -55 
- 7  -53 

3 -140 
3 -39 

-6  - 3  
12 29 

72 
42 
14 
3 
6 

- 104 

-34 -78 
19 98 

-81 50 
-24 7 

86 -6  
1 -82 

4 
106 
- 4  
- 18 

65 
- 43 

Summer 
100-200 
200-300 
300-500 
500-700 
700-850 
850-1000 

1 
1 
0 
1 
0 

- 4  

59 
89 
84 
29 
80 

110 

-4  -40 
- 3  6 
-2  -11 
- 3  - 7  

1 31 
8 79 

-17 -13 -20 -17 
-24 -70 -14 34 
-14 -51 - 4  -14 
- 5  -22 0 - 3  
-5 -31 2 -12 
57 3 26 -22 

20 26 
39 65 
10 61 
0 17 

-4 16 
-42 16 

2 
- 14 

0 
5 
8 
8 

6 -17 
17 -20 
91 -13 
23 -17 
29 -23 

120 87 

15 
1 

101 
30 
31 

103 

Full 
100-200 
200-300 
300-500 
500-700 
700-850 
850-1000 

3 
9 
5 
0 
0 

16 

- 7  
41 
- 1  
46 
61 

114 

-8 3 
-12 20 
- 3  3 

4 -41 
4 49 
7 69 

-22 -41 -22 9 
-36 -61 -15 -24 
-28 - 6 1  - 8  -9 
-10 -30 -7 -24 

- 5  -11 -7 -35 
95 -24 51 -75  

10 18 
10 -17 
10 -10 
4 -6  

-2  -37 
-30 -54 

51 
41 
20 
7 
3 

- 100 

-16 -46 
-23 31 

42 23 
81 2 
24 -1 

-9  -21 

- 33 
14 
17 
63 
6 

- 5  

Year 
100-200 
200-300 
300-500 
500-700 
700-850 
850-1000 

3 
5 
2 
0 
0 

- 9  

13 
35 
35 
21 
38 
89 

-2  -4  
- 1  - 5  

2 -13 
3 -28 
3 13 

-8 55 

-19 -10 -22 -16 
-30 -38 -24 -14 
-23 -46 -13 -30 
-8 -23 - 7  -14 
-4 -29 - 4  -24 
77 -11 61 -27 

- 5  -13 
10 -6 
4 -41 

- 1  -20 
-6  -16 
- 1  3 

60 
34 
16 
3 
3 

- 90 

7 -17 
46 61 
22 27 
25 1 
50 -13 
22 -54 

19 
83 
66 
24 
39 

- 12 

The vertically integrated values of momentum 
flux will be discussed in Section 6 in connection 
with the poleward flux of angular momentum. 

4. Mean meridional circulation 
The mean meridional mass circulation and 

the corresponding meridional and vertical velo- 
cities were determined for the layers between 
100 mb and 850 mb from Equations (11) and 
(12), by using the data described in the previous 
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section, under the assumption that the vertical 
mass flux at the 100 mb level is zero. For the 
layer from 850 to 1000 mb the mean meridional 
velocity was then obtained from the require- 
ment of zero net mass flux across a latitude 
circle. The resulting values of the mean meri- 
dional velocities in the layers 100-200 mb, 
200-300 mb, 300-500 mb, 500-700 mb, 700- 
850 mb and 850-1000 mb are given in Table 2 
and Fig. 1. For comparison, Table 2 also in- 
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cludes the "observed" values as obtained for 
the standard pressure levels directly from the 
wind statistics charts by taking zonal averages 
of the 8-data. 

Considering first the winter season it is seen 
that a three-cell circulation pattern appears 
from the calculations with a so-called direct 
cell in the low and high latitudes and an indirect 
cell in the middle latitudes. The strongest 
velocities are found at the latitude 15" N, 
where the mean southward velocity between 
850 and 1000 mb levels gets a value of 2 m sec-1 
and the maximum northward velocity (between 
200 and 300 mb levels) a value of 1.3 m sec-l. 
At this latitude the total mass flux southward 
below 700 mb level (and northwards at  higher 
levels) is computed to be 130 x 106 tons sec-'. 
This value is larger than the intensity of the 
Hadley-circulation computed by MINTZ & LANG 
(1955), about 80 x lo6 tons sec-l, and by TUCKER 
(1959, 1960), 110 x lo6 tons sec-l, but is smaller 
than the intensities computed by PALMEN 
(1955), PALMEN, RIEHL & VUORELA (1958), 
DEFANT & VAN DE BOOGARD (1963) and PAL- 
MEN & VUORELA (1963), which are all between 
200 and 260 x lo6 tons see-*. Thus the Hadley- 
circulation resulting from our calculations does 
not radically deviate from the results of earlier 
investigations. There can hardly be any doubt 
a t  the present time about the existence of this 
circulation cell in winter. However, an un- 
certainty of almost 50 per cent seems still to 
remain with regard to its mean intensity. It is 
of interest to notice that the "observed" 
meridional velocities (Table 2) a t  15" N and 
20" N are quite similar to the computed velo- 
cities. However, due to the fact that geostrophic 
wind has necessarily to some extent been used 
in preparation of the wind statistics, too large 
an emphasis must not be put on the "observed" 
values. 

The indirect Ferrel circulation in winter is, 
according to our calculations, well defined at  
the latitudes 40"N and 50"N, where the 
intensity of the mass circulation is -42 x lo6 
tons sec-l and -35 x lo6 tons sec-l, respec- 
tively. These values are somewhat larger than 
the corresponding values by MINTZ & LANG, 
but the location of the Ferrel cell is about the 
same. According to PALMEN & VUORELA the 
center of the Ferrel cell is more northward, 
but their results, based upon the "observed" 
values, are not very reliable in the middle 

Iatitudes. The direct circulation in high lati- 
tudes is computed to be very slow, producing 
velocities of only a few centimeters per second. 
MINTZ & LANG did not get a direct polar cell 
from their computations. The reason for this 
discrepancy between their investigation and the 
present one is connected with the fact that their 
values of the mean meridional flux of angular 
momentum (MINTZ, 1955), differ considerably 
in the high latitudes from those obtained in the 
present study (see section 5) .  For the Southern 
Hemisphere GILMAN (1963) computed quite 
large velocities for the direct polar cell. How- 
ever, due to differences in topography and 
thermal conditions the circulation patterns for 
the Northern and Southern polar cap cannot 
be expected to be similar. 

The computed mean meridional velocities are 
generally strongest in winter and weakest in 
summer and from winter to summer the whole 
circulation system shifts northwards. During 
the summer season we find a t  the latitude 15" N 
and to a smaller extent also a t  20" N northward 
motion in the lower troposphere and southward 
motion higher up. This could be an indication 
of the Southern Hemisphere Hadley cell ex- 
tending north to about 20"N. At latitude 
30" N the Northern Hemisphere Hadley cir- 
culation is found with maximum velocities of 
40 cm sec-' occurring in the layers from 200 
to 300 mb and from 850 to 1000 mb. The total 
mass flux southwards in the lower troposphere 
and northwards higher up at this latitude is 
24 x 10' tons sec-l. An indirect meridional 
circulation is found at  40" N, 50" N and 60" N 
with maximum intensity, 22 x lo6 tons sec-I, 
occurring at 50" N. A very weak direct circu- 
lation is obtained a t  70" N. In general, the 
computed mean meridional circulation in sum- 
mer fits relatively well together with the scheme 
presented by VUORELA & TUOMINEN (1964) 
but differs considerably with respect to the 
intensity of the circulation from that calcula- 
ted by MINTZ & LANG (1955). 

With regard to the mean meridional velocities 
in spring and fall one might expect them to be 
similar t o  each other and intermediate between 
the values in winter and summer. However, 
the results indicate many exceptions to the 
rule. For example, a t  latitude 15" N the velo- 
cities are larger in spring than in fall and during 
both seasons the velocity profiles in the upper 
troposphere differ considerably from those in 

Tellus XIX (1967), 1 
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winter and in summer. I n  general, the circula- 
tion cells in fall seem to be located farther north 
than in spring. This same feature is also charac- 
teristic of angular momentum flux (section 5 )  
and is probably due to the definition of the 
seasons (Winter: December-February; Spring: 
March-May; Summer: June-August; fall: Sep- 
tember-November): the summer culmination 
of different atmospheric properties does not 
occur in the middle of July but later. 

The annual mean meridional velocities 
(average of the seasonal values) show direct 
circulation at 15’ N and 20” N, practically no 
circulation at 30” N, indirect circulation a t  
40” N and 50” N and a very weak direct circu- 
lation at higher latitudes. It is of interest to 
compare the computed meridional velocities 
with “observed” values, which should be most 
reliable, if a t  all, in the annual mean picture. 
It is seen in Fig. 1 that some of the basic 
features of the computed mean meridional 
velocities are present also in the “observed” 
values. Thus, a t  latitudes 15” N and 20” N the 
observations give northward velocities, at  40” N 
and 50” N southward velocities in the free 
atmosphere, in qualitative agreement with the 
computed [GI-values. However, at  30” N, 
where the computed velocities are very small, 
the “observed” values indicate a relatively 
large southward motion and at the latitudes 
60”N and 70”N the discrepancy between the 
two sets of values is very large. Generally, the 
observed velocities have the same sign in most 
of the pressure levels and do not result in a 
vanishing net mass flux across the latitude 
circle. This may partly be due to the fact that 
the upper wind statistics do not include any 
level between 850 and 1000 mb, where according 
to the computed velocities the mean meridional 
mass flux is opposite to that in the free atmos- 
phere. Actually, in the trade wind latitudes the 
mean meridional circulations can probably be 
best investigated with wind observations a t  
the earth’s surface and in the lower troposphere, 
as has been done, for example, by RIEHL & YER 
(1951), PALMI~N (1955), TUCKER (1957) and 
P A L I ~ N ,  RIEHL & VUORELA (1958). However, 
at higher latitudes, where there are more moun- 
tains, it  probably is more dangerous to draw 
conclusions about the mean meridional circula- 
tions only on the basis of wind observations 
close to the earth’s surface. 

Considering now the reliability of the com- 
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puted meridional velocities, errors can be 
expected to arise from the physical assumptions 
made, uncertainties in data and from the 
numerical calculation schemes employed. 

Physically the most important aasumption 
in derivation of the basic equations ( 5 )  and (6) 
is that, the vertical, flux of angular momentum 
by large-scale and small-scale eddies was neg- 
lected in comparison with the flux associated 
with the mean meridional circulations. When 
looking for evidence to support this assumption 
it may first be noticed that the meridional eddy 
flux of angular momentum takes place primarily 
in the upper troposphere. Accordingly, the 
magnitude of the vertical momentum flux 
across some midtropospheric level must be 
about the same as the flux across the earth’s 
surface. This is measured by the mean zonal 
component of the surface stress, which is known 
to be of the order of 1 dyne em-*. The validity 
of our assumption depends upon the magnitude 
of the neglected flux terms in relation to this 
value. 

With regard to the vertical transport of zonal 
momentum by large-scale disturbances, the 
first quantitative evaluation is that by WHITE 
& COOLEY (1952), who obtained values of the 
same order as the surface stress. However, 
using a larger body of data and a less crude 
method of determining vertical velocity, STARR 
& DICKINSON (1963) obtained flux values which 
are generally smaller than 0.1 dyne 
Equally small values were found by HOLOPAI- 
NEN (1964) for the transient eddy part of the 
flux over the British Isles. On the other hand, 
the recent numerical experiments on the 
atmosphere’s general circulation (e.g. SMAGO- 
RINSEY, 1963) also indicate that the vertical 
transfer of zonal momentum in baroclinic waves 
is much smaller than that associated with the 
mean meridional circulations. 

More uncertain is the effect of the small-scale 
zonal stress, which SHEPPARD (1953) has argued 
to be the dominating mechanism of the vertical 
flux of angular momentum in the middle 
latitudes. The fact, however, that the frictional 
forces are known to be important close to the 
earth’s surface, simply means that the internal 
small-scale stresses in the higher levels are 
smaller than the surface strew. An exchange 
coefficient of 10s em* sec-l would give typical 
zonal stress in the middle troposphere of the 
order of 0.1 dynes cm-a, which is one order of 
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magnitude smaller than the surface stress. 
Accordingly, the neglect of small-scale internal 
stress would cause an error of only some ten 
per cent in the computed mass circulation. I f  
so, the method applied could be considered 
quite satisfactory, because the error in the 
observed values of mean meridional velocities 
is at present much larger. 

If  the “observed” mean meridional velocities 
are assumed to be realistic, it is possible to 
determine from Eqs. ( 5 )  and (6) the vertical eddy 
flux of angular momentum as a residue term. 
This approach has been used by TUCKER (1960) 
and GILMAN (1963). But the mere fact that the 
tentative conclusions of the above authors 
differ largely from each other, indicates that 
the method is very inaccurate. In the present 
study, no attempt has been made to use the 
“observed” [@]-values for such a purpose. 

In  the present calculations the general de- 
crease of mean zonal momentum in spring and 
incpease of it in fall has been neglected. This 
neglect is justified by a study of the rate of 
the seasonal change of the mean zonal motion, 
as evaluated for example by PRIESTLEY (1951), 
showing that in most latitudes the mean local 
change of angular momentum during a three- 
month period is one order of magnitude smaller 
than the convergence of the meridional momen- 
tum flux. 

The data used in the calculations for the 
meridional eddy flux of angular momentum 
seem to be representative (see the next section). 
Some errors arise in computations from the 
use of a rather large grid interval, particularly 
in the meridional direction. However, an experi- 
ment made with a finer grid system indicated 
that this fact is not of large importance for 
the gross features of the mean meridional cir- 
culation as discussed above. 

As a general conclusion from the above 
discussion we can say that no definite limit 
can be set for the magnitude of the error in 
the present calculations. There is, however, 
some evidence that the method used provides 
a good approximation to the real mean meri- 
dional circulation. 

After computing the mean meridional cir- 
culation the next natural step would be a study 
of its role in the budgets of different properties 
of the atmosphere. The author has in an earlier 
paper (HOLOPAINEN, 1965) discussed the role 
of mean meridional circulation in the energy 

balance of the atmosphere, in light of composite 
patterns of the mean meridional circulation as 
obtained from some earlier investigations. The 
velocities computed in the present study are 
similar to these composite velocities and would 
for the same problem give qualitatively similar 
results. Therefore, the question about the 
atmospheric energy balance will not be taken 
up here. However, the role of mean meridional 
circulation in the angular momentum balance 
of the atmosphere will be discussed in the next 
section. 

5. Meridional flux of angular momentum 

The mean poleward flux of the zonal angular 
momentum across a latitudinal circle is given by 

where p ,  denotes the pressure at the earth’s 
surface. On the basis of surface pressure observa- 
tions we know that the net meridional mass 
shifts across latitudes are extremely small. 
Accordingly, the first term on the right-hand 
side of Eq. (11) can be neglected and we are 
left with 

This expression can be written as a sum of 
three terms: 

+ %’ IoPo [u”] dp, 
9 

The first, second and third term on the right- 
hand side of Eq. (13) represent, respectively, 
the contribution made to the poleward flux of 
angular momentum by the mean meridional 
circulation, the standing zonal eddies and the 
transient eddies. 

From the wind covariance data given in 
Table 1 the standing eddy and transient eddy 
part have been evaluated for the layer between 
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TABLE 3. The poleward flux of angular momentum over the Northern Hembphere between 100 mb and 
1000 mb in 10'5 gm ems see-a. 

A :  flux associated with the mean meridional circulation; B: flux associated with the standing zonal 
eddies; C: flux associated with the transient eddies. Total = A  + B + C. 

70"N 60°N 50" N 40" N 30" N 20" N 15" N 

Winter 
A 0.0 
B 0.0 
C - 0.2 
Total - 0.2 

Spring 
A 0.0 
B - 0.2 
C - 0.2 
Total - 0.4 
Summer 
A 0.0 
B 0.0 
C -0.1 
Total - 0.1 

Fall 
A 0.0 
B - 0.1 
C - 0.5 
Total - 0.6 

Year 
A 0.0 
B - 0.1 
C - 0.2 
Total - 0.3 

0.1 -1.6 
0.8 5.2 

- 2.2 1.9 
-1.3 5.5 

0.2 -1.0 
- 1.1 1.1 
- 1.8 1 .o 
- 2.7 1.1 

-0.1 -0.8 
0.0 1.2 
0.1 5.8 
0.0 6.2 

0.1 -1.7 
-0.6 4.6 
-0.3 5.7 
-0.8 8.6 

0.0 - 1.3 
0.0 3.2 

-1.2 3.5 
-1.2 5.4 

- 3.7 
10.3 
18.8 
25.4 

- 2.5 
2.9 
16.6 
17.0 

- 0.8 
1.1 
14.7 
15.0 

- 1.6 
4.8 
21.3 
24.5 

- 2.0 
4.0 
18.5 
20.5 

- 3.0 
12.5 
32.5 
42.0 

- 0.9 
5.8 
22.9 
27.8 

0.5 
2.2 
10.0 
12.7 

1.1 
5.0 
20.5 
26.6 

0.4 
3.8 
23.1 
27.3 

10.7 
6.3 
16.2 
32.2 

5.5 
- 1.6 
13.6 
17.5 

-0.1 
3.3 
4.5 
7.7 

1.3 
0.4 
10.6 
12.3 

3.0 
- 1.0 
15.4 
17.4 

10.0 
1.0 
7.8 
18.8 

2.5 
- 1.2 

8.6 
9.9 

1.2 
7.6 
2.6 
11.4 

0.4 
- 0.5 
7.5 
7.4 

1.5 
- 0.5 
10.9 
11.9 

100 mb and 1000 mb.' At 1000 mb the covari- 
ance terms have been assumed to be zero; due 
to smallness of these terms in the lower tropo- 
sphere this assumption has no significance for 
the results. For the evaluation of the role of 
the mean meridional circulation, the computed 
mean meridional velocities and the mean zonal 
motion, aa given in the wind statistics, have 
been used. In  this way, the total flux and its 
different components have been obtained for 
the atmosphere below 100 mb for each season. 
With regard to the annual mean conditions, 
the total flux was computed as an average of 
the seasonal totals, the fluxes associated with 
the annual mean meridional velocities and 
standing eddies were evaluated separately and 

The contribution to the poleward flux of 
angular momentum by the layers above the 100 mb 
level is (e.g. OORT, 1963) one order of magnitude 
smaller than that by the lower layers. 
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the transient eddy flux obtained M a residue. 
The results are given in Table 3. 

Considering first the total fluxes in different 
seasons (Fig. 2) it is seen that the flux generally 
is northward in the low and middle latitudes 
and southward a t  higher latitudes where its 
magnitude, however, is small. South of about 
40" N the flux is largest in winter, smallest in 
summer and intermediate in spring and in fall, 
whereas a t  higher latitudes the seasonal dif- 
ferences are more confused. Between spring 
and fall there is a systematic difference in that 
in fall the whole flux pattern is situated further 
north than in spring. This same fact was already 
noticed with respect to the patterns of the 
computed meridional velocities (Fig. 1). 

The total flux for winter and summer agrees 
well in the middle and low latitudes with the 
geostrophic eddy flux of angular momentum aa 
computed by MINTZ (1955) for the two winter 
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FIG. 2. The total poleward flux of angular momen- 
tum over the Northern Hemisphere in winter 
(heavy line), in spring (dashed line), in summer 
(dotted line) and in fall [dashed-dotted line). Unit: 
loz6 gm cma sec-2. 
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months and summer months of 1949. However, 
MINTZ obtained a northward flux even in the 
higher latitudes in winter. In  this respect his 
results are probably unrealistic because the 
southward flux at  the latitudes 60"N and 
70" N as obtained in the present study is quali- 
tatively supported by the results of STARR & 
WHITE (1954), BUCH (1954) and WIIN-NIELSEN 
et al. (1963, 1964). 

During each season south of about 40" N the 
main part of the transport is accomplished by 
transient eddies (see Table 3).  At latitudes 
50" N and 60" N the standing eddies are, 
however, very important, particularly in win- 
ter. The flux associated with the mean meri- 
dional circulation is generally northwards in 
the low latitudes and southwards in the middle 
latitudes. Its magnitude is relatively small 
except in winter and in spring a t  the latitudes 
15" N and 20" N, where it constitutes a large 
fraction of the total transport. In  this connec- 
tion it must be emphasized that the role of 
the mean meridional circulation in the pole- 

5 0 r  1 

FIG. 4. The annual mean poleward flux of angular 
momentum over the Northern Hemisphere accord- 
ing to the present study: heavy line. BUCH (1964): 
dashed line. MINTZ (1955): dotted line. WIIN-NIEL- 
SEN et al. (1963, 1964): dashed-dotted line. Unit: 
10a6 gm cm2 sera .  

ward flux of angular momentum is small only 
when the vertically integrated flux values are 
considered and, accordingly, the term r*R[5] 
in Eq. (11) integrates to zero. If the poleward 
flux of angular momentum a t  different pressure 
levels is considered, the mean meridional circu- 
lation plays by far the most important role. 

With regard to the annual mean conditions 
(Fig. 3) the role of the transient eddies is seen 
to be even more dominant than during different 
seasons. Their contribution is almost 90 per 
cent of the total flux in the region of the flux 
maximum. The fluxes associated with the annual 
mean standing eddies and meridional circula- 
tions are generally small in magnitude and also 
have some tendency to balance each other. 

Fig. 4 has been constructed in order to com- 
pare the results of the present study with earlier 
calculations of the poleward angular momentum 
flux over the Northern Hemisphere. The results 
by BUCH (1954) are for the year 1950 and have 
been calculated using the actual wind observa- 
tions. The curve representing MINTZ'S (1955) 
results is an average of the geostrophic angular 
momentum flux in January, February, July 
and August of the year 1949 and that repre- 
senting WIIN-NIELSEN's et al. (1963, 1964) 
results an average of the flux in January, April, 
July and October of 1962. All the curves refer 
to the layer between 100 mb and 1000 mb. 
When constructing the curve representing the 
results by WIIN-NIELSEN et al. it  was assumed 
that the flux a t  100 mb is half of that a t  200 
mb, which was the uppermost level where data 
were given. It is seen that the results of the 
present study agree well with the values by 
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TABLE 4. Mean zonal etres.9 of the utmoephre on the earth a8 computed from the divergence of the 
poleward flux of angular momentum. Unit: dynes cm-8. 

90°-70"N 70"-60" 60'-50' 50"-40' 40'-30' 30'-20' 20"-15O 

Winter < O  - 0.2 0.7 1.4 0.9 - 0.4 - 1.0 
Spring < O  - 0.5 0.4 1.1 0.6 - 0.4 - 0.6 
Summer < O  0.0 0.7 0.6 -0.1 - 0.2 - 0.3 
Fall < O  0.0 1 .o 1.1 0.1 - 0.6 - 0.4 
Year < O  - 0.2 0.7 1.1 0.4 - 0.4 - 0.4 

BUCH and in the middle and low latitudes also 
with those by MINTZ. All three curves give fnr 
the maximum of the momentum transport, 
occurring between 30"N and 40"N, a value 
between 25 x 1086 gr cmp sec-* and 30 x lop& gm 
cm* 8ec-I. At higher latitudes Mintz's calcula- 
tions do not show the southward transport 
found by all other investigators. At this point 
it is of interest to notice that the poleward flux 
of angular momentum in the Southern Hemi- 
sphere, as calculated by OBASI (1963), shows a 
remarkable similarity with the flux computed 
in the present study, except that the equator- 
ward flux a t  high latitudes in the Southern 
Hemisphere is stronger than in the Northern 
Hemisphere. 

The most striking feature of Fig. 4 is the 
deviation of WIIN-NIELSEN'S et al. (1963, 1964) 
results from the others in that they give smaller 
northward flux in the low latitudes and larger 
magnitude of the flux in the middle and high 
latitudes. In their calculations the above au- 
thors used a stream function obtained from a 
simplified form of the balance equation and 
from objectively analyzed geopotential data. 
The large discrepancy between the angular 
momentum flux obtained in this way and the 
other flux evaluations is not only a peculiar 
characteristic of the year 1962 but appears also 
in the results computed from later data (WIIN- 
NIELSEN, to be published) and seems to be 
qualitatively the same for all seasons. No easy 
explanation is available for this systematic 
difference. It has been pointed out by PRIEST- 
LEY & TROUP (1964) that t,he poleward flux of 
angular momentum, as obtained from actual 
wind observations, can be biased owing to a 
tendency for observations to be missing in 
cases of strong wind. However, the fact that 
MINTZ'S geostrophic flux calculations give about 
the same results as those based upon actual 
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winds, suggests that the main source of syste- 
matic error should be sought in the scheme of 
objective analysis and the use of the particular 
stream function employed by WIIN-NIELSEN et 
al. This question, being of paramount import- 
ance for numerical weather prediction, requires 
thorough investigation. 

From the convergence of the poleward flux 
of angular momentum one can determine the 
average zonal component of the stress between 
the earth and the atmosphere. From the angular 
momentum equation one obtains: 

where P is the angular momentum flux as 
defined by Eq. (13), T~,, denotes the zonal 
component of the frictional stress at the earth's 
surface and [ tAm] is a measure of the so-called 
mountain torque, arising from the nonvanishing 
values in the low troposphere of the zonal 
pressure gradient, when integrated over the 
whole latitude. When solved for [?A,] + [f&,], 
the total zonal stress of the atmosphere on t.he 
earth, one obtains 

The total stress computed from this expression 
is given in Table 4. It is negative (westward 
torque exerted by the atmosphere on the earth) 
in the belts south of 30" N and positive (east- 
ward torque) in the belts between 30"N and 
60"N; in summer the mean stress between 
30" N and 40" N is a small negative. North of 
60" N small negative stress values are again 
found. All these features are qualitatively 
well-known characteristics of the angular mo- 
mentum balance of the atmosphere, empirically 
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