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Abstract 
' The eddy flux of momentum, sensible heat and latent heat has been computed from measured 

temperature, humidity and wind data from the aerological station Bromma 59" 21' N, 17' 57'E. 
The results obtained have been compared with similar computations for Larkhill 51' 11' N, 
01' 48' W made by Priestley. A comparison has also been made with values obtained by using 
geostrophic winds kaken from synoptic charts. An estimation of the heat and momentum 
gained by eddy flux in the zone between 51' N and 59' N and north of 60" N has been made. 

Introduction 

The general atmospheric circulation is as yet 
not very well understood and in fact many of 
its features are not even known. Problems 
concerning the general circulation may be 
attacked from many points of view with the 
aid of different techniques. One method is to 
study turbulent disturbances of global magni- 
tude, which appear in the atmosphere as 
moving cyclones, anticyclones, troughs and 
ridges. The basic theory underlying this attack 
is due to Reynolds who first studied the hydro- 
dynafiic forces which are set up by turbulent 
motion in a fluid or a gas. According to 
Reynolds a velocity vector v can be defined 
as the mean vector ;plus an additional vector 
v' such that v = v + v' or in components 
u; = ui + ui'. The bar denotes mean values 
taken over a time interval. The mean value of 
ui' is then 7 = 0. The turbulent stress is 
equal to the transport of u-momentum in the 
direction of the y-axis or v-momentum in the 
direction of the x-axis. W. Schmidt introduced 
this concept into meteorology and studied 

- 
- 

the vertical transport of momentum, heat, 
moisture and matter in the atmosphere. He 
introduced the concept "A~stausch" (A) 
such that the flux of matter er unit of area ( S  
normal to the direction o ! the gradient (n 

A as 
o an 

is S = - - - , where s is the density of the - - 
matter. Prandtl defined A as ew'l' = el* 

where I is the mixing length obtained from 
analogy with molecular motion according 
to the kinetic gas theory. 

These studies concerned primarily the 
vertical flux of momentum, heat or humidity 
in the atmosphere. A. DEFANT (1921) first 
described cyclones and anticyclones as disturb- 
ances in the general zonal circulation, analo- 
gous to turbulent eddies in the frictional 
surface layer of the atmosphere. Defant com- 
puted A for momentum and heat at different 
latitudes using surface observations and mean 
charts. ANGSTROM (1925) stressed the impor- 
tance of the flux of latent heat and LETTAU 
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(1938) found new methods for computing A, 
all giving values about 1 0 7  or 108 in cgs units. 

JEFFREYS (1926) developed the theory for the 
transport of momentum and showed that 
cyclones and anticyclones are necessary ele- 
ments in the general circulation since, by 
such eddies only, eastward angular momentum 
can be transported from the trade wind areas, 
where such momentum is obtained from the 
earth by surface friction, to the zone of the 
westerlies, where the momentum by friction 
is given back to the earth. This theory was based 
on the assumption of geostrophic winds. 

The development of radiosondes and radio 
wind instruments as well as the recent a pear- 

stations enable us to compute the flux of 
momentum, heat and humidity also at upper 
levels. An extensive investigation into momen- 
tum and heat transport, based on synoptic 
charts and on the assum tion of geostrophic 

ance of a fairly dense network of aero P ogical 

winds, has been ublis K ed by STARR and 
WIDGER (1949) an B a similar study including 
in addition the flux of humidity is in progress 
at Stockholm. PRIESTLEY (1949) points out 
that it is feasible to study the eddy flux 
directly, without any special physical assump- 
tions such as concerning mixing length or 
geostrophic wind approximations. The eddy 
flux de ends upon the turbulent components 
of win!, temperature and humidity, and the 
only thing one needs is regular observations 
up to a certain level. Today there are a great 
many aerological stations, and it would seem 
feasible to compute the variations of this flux 
during one year as well as from year to year 
and to obtain the geographic distribution of 
the flux. Priestley has computed such data for 
the station Larkhill in southern England. We 
have thought it worth while to study these 
same factors in another place, and below 
we give the results of our computations of 
heat transport and zonal stress for the Swedish 
station Stockholm-Bromma (59O 21' N, 
1 7 O  57' El. 

Data 

The period studied is mainly the same as 
that used by Priestley (1946-1947). In view 
.of the very small number of observations 
available during the first four months of 
1946 we have, however, excluded these and 

in their place have used the corresponding 
months from 1948. Daily radiosoundings for 
0600 G.M.T. and the levels 950 mb, 900 mb, 
700 mb, 500 mb, 400 mb, 300 mb and 250 
mb have been used. The material from these 
two years is quantitatively and also per- 
haps qualitatively not as good as the English 
material. Out of the number of radiowind 
soundings made during 1947 with the Ameri- 
can radio direction finder type S.C.R. 658, 
92% reached the 500 mb level, 82% the 
400 mb level, only 63 % the 300 mb level and 
a much smaller percentage higher levels. 
Therefore we have considered it necessary to 
restrict the complete computations to the levels 
between 950-400 mb, and the discussion 
mainly deals with these levels. For the higher 
levels, however, some values have been 
computed which will be discussed in certain 
connections. When reports of wind, and less 
fre uently of temperature, are missing, surface 
anc? upper-air charts drawn at the Swedish 
Meteorological and Hydrological Institute 
have been used to obtain interpolated or 
extrapolated values. Wind values in these 
cases are geostrophic winds. 

Two different radiosonde types have been 
used; an American instrument during the 
eriod May I-June 3 0  1946 and the Vais2la-type 

rater on. Comparisons between these instru- 
ments show considerable differences between 
the ty es, but there are reasons to sup ose that 
such B ifferences, consisting of a mean B ifference 
and random differences, have no correlation 
with the advection and can therefore be neg- 
lected here. 

Computation of heat flux 

At first we shall briefly review and comment 
upon the method used by Priestley foc com- 
puting the flux oE heat in sensible and latent 
form. 

a) Sensible heat. 
Let e represent the density, V the south 

component of the horizontal wind velocity 
and T the absolute temperature of a volume 
of damp air. If cp is the specific heat at constant 
pressure c, e VT is the amount of sensible heat 
carried poleward per unit area and unit 
time. Over a period the average flux per 
unit time across unit area of a surface fixed 
in the west-east and vertical plane is c, e VT: 

- 
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Integrating verticgy the total flow per 
W - 

unit length of longitude is c f VTdz or - 
P L  

according to Priestley approximately 51 VTdp, 
20 v 

where pO is the mean surface pressure and g 
the gravitational acceleration. R being the 
radius of the earth and A the longitude, the 
total flow across the latitude p, is 

P =  Po- C H F =  2 Rcosp,  f d3, f VTdp 
g 0 0  

This quantity is not obtainable from the ob- 
servations made at one station. We must 
restrict our present discussion to the local flux - 

P O ?  
5 f VTdp. 
g o  

Let v and T denote mean values at a fixed 
level over a period of time. 

Thensince V =  v +  V'and T =  T + T' 
we have F T = T ' T + F F +  VT'+ V'T 
The last two terms being equal to zero by 
definition,FT is the sum of two terms v?, the 
advective flux and V'T', the eddy flux. The time 
mean value E i s  obviously equal to PT. At any 
particular locality 7 T may have a large value, 
positive or negative, depending o n v ,  but t h i s  
is partly compensated in other regions of the 
same latitude circle where V has the opposite 
sign. On the average VT may have a mean 

value VT over the latitude circle, but to 
compute that value we must determine the 
values for V and at many points having 
the same latitude. As we have the values for 
one point only we shall neglect the advective 
flux and study only the eddy flux V'T'. Ac- 
cording to a later discussion by PRIESTLEY 
(1950) the mean eddy flux is of the same sign 
and magnitude as the mean advective flux at 
least for the latitude 30' S. The eddy flux is 
in general positive but must not be so at all 
levels for an one station. The mean value 

vertically integrated flux at one station, should 

- - -  

- 
- 

- 
- 

- 
- - 

- 

taken over a Y atitude cirde at one level, or the 

however be considerably greater than zero if 
a sufficiently long period is chosen. 

bj Latent heat. 
For the discussion of the latent heat flux 

we follow the same method of reasoning as 
for the sensible heat. If L is the latent heat of 
vaporisation and X the mixing ratio the local 
flux of latent heat is 

- 
We shall study only the eddy flux V'X'. 

The variation of L and cp with temperature 
and pressure has been neglected in the follow- 
ing com utations. L is given the value 5 9 0  
and c, t K e value 0.24. 

Computed values of eddy flux of 
sensible heat 

In table I is given the northward edd flux 
of sensible heat from May 1946 to ApdIg48 
at the 950, goo, 700, 500 and 400 mb levels. 
The values are given for 12 two-monthly 
periods, and for the summer, winter and 
yearly means. Fig. I gives a picture of the varia- 
tions at Bromma and at LarkhiU. For Jan.- 
A ril 1948 we have inserted the Larkhill. 

1946 the Bromma values for 1948. We see 
that the flux of sensible heat at Bromma is 
positive, i.e. directed poleward at least up to 
the 400 mb level. At Larkhill, however, the 
flux is southward already in the 400 mb level. 
Fig. 2 shows the variation with height of the 
flux during winter and summer and for the 
year. The summer period includes May-Oc- 
tober, the winter eriod November-April. 
The most outstan 1- mg difference in f i ~  
between the curves for Bromma and Lar 
is the variation with height during the winter 
season. The curve for Bromma shows a marked 
increase of flux up to about the 700 mb level 
and from there on a decrease. The flux over 
Larkhill decreases rather constantly u to and 

but during each separate two-monthly winter 
period. 

In fig. 3 is shown the time variation of the 
total flux of sensible heat inte rated for the 
layer up to 400 mb. Corresponfing values for 

v s ues for Jan.-April 1946 and for Jan.-April 

above the 400 mb level not only in t R e mean 
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Fig. I .  Northward eddy flux of heat in sensible form 
V'T' at Bromma and at Larkhill at the 950, 700 and 400 

Larkhill have been obtained by integration 

was obtained by extrapolation. The values 
are distributed in a similar way. The curves 
drawn represent harmonic functions (y) of the 
annual variation of the flux in the form 

- 5  I 

I946 1947 1948 up to the highest levels. The flux over IIO mb 

- 
m b  levels. 

y = A cos (x + a) + B 

The parameters A,  B and a have been found 
by the method of least squares. a is the time 
angle (0" or 360" for Jan. I), A and B are con- 
stants, A being the annual amplitude and B 
the annual mean. 

Priestley found for Larkhill 

y = [0.30 cos (x - S O )  + 0.65]\ 
(T = 0.28 * 107 gcau 

cm min 

Fig. 
heat 

o I 2 s 5 s 6 7 8 9 10 II IZ 13 iw.d.am/, 

2. Variation with pressure of eddy flux of 
in sensible form V" at Bromma and at Larkhill. 

For Bromma we obtained 

y = [0.46 cos (x - 40) + 0.751 } * 1 0 7  gcal/ 
0 = 0.33 cm min 
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The annual mean value for Larkhill was 

obtained by integration up to the highest 
levels. If the integration is terminated a t  400 
mb, as in the Bromma case, the mean value 
for Larkhill becomes 0.63 * 10' gcal/cm min 
i.e. almost the same value as obtained pre- 
viously by integration up to the highest levels, 
indicating that the integrated flux above 400 
mb vanishes. The amplitude as well as the 
annual mean for Bromma is higher than that 
for Larkhill. Considering the rather large 
standard deviation (u) of the values, this dif- 
ference is not well established. The same can be 
said with regard to the phase difference which 
is only 10' while the values are given for 
intervals of two months. The lowest values 
are found in summer when both the meridional 
temperature gradient and the winds are weak. 

Computed values of eddy flux of latent heat 

The mixing ratio normally decreases rapidly 
with height and as. we shall see later, little 
of the heat transport will be lost if the compu- 
tations are restricted to levels below 400 mb. 
In table 11 are given computed values of the 
northward eddy flux of latent heat. To fa- 
cilitate a direct comparison with the values in 

L -  
CP 

table I the values - V'X '  are given in table II. 

Fig. 4 shows the time variation of the flux in 
different levels, and fig. 5 shows the variation 
of the flux with height in winter and summer 
and for the yearly mean. We see that the 
flux of latent heat over Bromma is directed 
poleward at all levels up to 400 mb. It is of 
the same order of magnitude as the eddy 
flux of sensible heat. This must be heavily 
stressed as it is still assumed by some authors 
that this trans ort can be neglected. The 
importance of t 1 e latent heat flux is, however, 
much less at  Bromma than at  LarkhiU, and it 
may be supposed to decrease even more at 
higher and cooler latitudes. From fig. 5 it 
appears reasonable to neglect the eddy flux 
of latent heat.above the 400 mb level. From 
the same fi ure it is obvious that there is 

summer and winter seasons at both stations 
(see also the equations below). This must 
result from the fact that the values of mixing 

only a sm a f  difference in flux between the 

lo2* 'Ax % 700 rnb 

-C Lor*h,N --*-- LoF*h,U 1946 - emma 
--&-- Bmmmo /9v8 

10% 'Ax 

::;, 5 , 

O F  
1946 1941 1948 

Fig. 4. Northward eddy flux of heat in latent form 
L- - V'X' at Bromma and at Larkhill at the 950 and 700 
9 

mb levels. 

ratio reach maxima in the summer whiie 
migratin pressure systems with high values 

sities in the winter. The values of the eddy 
flux of latent heat at Bomma and Larkhill for 
the period in question are represented by the 
following harmonic functions computed by 
the method of least squares ; 

of turbu P ent winds reach their largest inten- 

m l l l l l l l l l l l l l l  
0 I 2 3 4 5 6 7 8 9 10 II 12 13 I*.U'~'Axcrn,& 

Fig. 5 .  Variation with pressure of eddy flux of heat in 

latent form -- V'X' at Bromma and at Larkhill. For 

Bromma only the annual mean curve is drawn. 

L- 
CP 
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850 mb 
900 mb 

' 700 mb 
700 mb 

! $00 mb 
i 5 0 0  mb 

-- 
Table IV. Values of V'T', V'X' and u" com- 
puted from geostrophic winds 60' N and 15'- 
2o0E (I) and measured winds at Bromma 5 9 O  31' N 

17" 57' E November 1947 (U) 

+ 39 
40 + 54 + 45 

+ 3  
I 2  - 

+ 156 + 95 + 120 + 99 + I44 - I 1 0  

8 

: 
+ - 
+ 
x + 

Larkhill 
y == [O.IO cos (x + 30) + 0.641 

a = 0.20 } - 107 gcalj 
cm min T 

c + 
t 
+ 
- 

f: 

+ 
9 

+ 

CI 

- - Bromma 

} * 107 gcall y = [0.06 cos (x + 30) + 0.361 
(T = 0.14 cm min .n 

0 + - 
0 The amplitudes are very small and without 

statistical significance, whereas the mean 
value at Bromma is 0.36 - 10' gcdlcrn rnin as 
corn ared with 0.64. 107 gcallcm min in 
LarkK11. 

* 
+ 
? 

+ 
- 
0 

'CI 

CI + 
0 

- 
'f 

P 
2 

2 
I 

- 

+ 

The total eddy flux 

The sum of eddy flux in sensible and latent 
form is the total eddy flux. For L a r M  the to- 
tal annual mean is 1.29 - 107 cal/cm min. 

grated eddy flux of sensible heat above the 
400 mb level at Larkhill was very small. By 
analogy, if we neglect the eddy flux of sen- 
sible heat above 400 mb at Bromma we 
obtain a total flux for Bromma of 1.11 - 10' 
gcal/cm min. We may again point out that 
the flux of latent heat above the 400 mb level 
can certainly be neglected. The value of the 
total transport at Browma is of course some- 
what uncertain. However, a computation 
with the limited data available, of the transport 
of sensible heat for the period at the 300 mb 
and 250 mb levels, shows that the flux is 
sli htly negative both at 3 0 0  mb and at 250 
mt. An integration from 400 mb to 250 mb 

As we have shown previousy f the inte- 
-? 

I - 
c? 
+ I 

c? 
+ 

2 + 
o? 

+ - 
a 
E 
0 
OI - - 
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Fig. 6. Northward eddy flux of momentum U'v'at 
Bromma and at Larkhill at the 950,700 and 400 mb levels. 

does not give any contribution to the flux of 
sensible heat and in very high levels the 
contribution is, in all probability, very small. 

Exchange of angular and linear momentum 

According to Jeffreys the total poleward 
flow of angular momentum across a latitude 
circle in stationary conditions is proportional 
to 

Y d A  0 / m p E d z  0 

where U is the horizontal eastward wind 
component. Thus the total flow of angular 
momentum is equal to the flow of linear 
momentum. A computation of the eddy 

- 
flux of momentum U' V' for Bromrna has been 
carried our for the same 12 two-monthly 
periods as mentioned before. The results are 
given in table I11 (see also fig. 6). In the lowest 
levels the flux is in general positive, i.e. directed 
poleward, at higher levels there are both 
positive and negative values. Fig. 7 shows the 
summer, winter and annual means. The 
Bromma annual mean decreases slightly with 
height while the corresponding curve for 
Larkhill shows that it is fairly constant. The 
largest discrepancy between the two sets of 
values occurs in winter when the flux clearly 
increases with height at Larkhill and decreases 
slightly with height at Bromma. The total 
flow or stress per unit length can be represented 
by the harmonic curves ; 

Larkhill 
y = [1.78 cos (x + 0) + 1.301 

u = 1.70 } * 108 dynelcm 

Bromma 
y = [0.27 cos (x - 20) + 0.221 

u = 0.12 } * I O ~  dynelcm 

The zone south of Bromma thus exerts a 
stress towards the east upon the zone north 
of Bromma. This stress almost disappears 
during the summer. During the winter this 
stress is also relatively small, less than one 
sixth of the corresponding stress at Larkhill. 
At higher levels (300 mb and 250 mb) for 
Bromma the stress, computed from the scanty 
material available for these levels, is westward 
and therefore further reduces the absolute 
value of the total eastward stress. From 
WIDGER'S (1949) data it appears that at 50' N 
the flux of momentum across the whole 
latitude circle in Jan. 1946 decreased with 
height from the 850 mb level to the 700 mb 
level and then increased to the 500 mb level. 
At 60" N the same conditions prevailed, but 
the absolute values were smaller, at the 700 
mb level being almost equal to zero. Thus the 
eddy flux of momentum at Bromma as well 
as at Larkhill appears to be at variance with 
the mean transport across the corresponding 
latitude circles. It is not in any way sur- 
prising that single station values of U' V' are 
different from the mean of VV, especially 
since a period of one month is fairly 

- 
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short. One might also imagine that these 
discrepancies depend to some extent upon 
the fact that Widger used geostrophic winds 
whereas for Bromma and Larkhill the actual 
winds were used. This question may be studied 
if the eddy flux ' for one station is com- 
puted from the actual winds and from the 
geostrophic winds as well. The transport of 
heat and momentum during November 1947 
has been computed for the latitude circle 
60" N (NYBERG and FRYKLUND, unpublished). 
If values for the longitudinal zone 15"-20° E 
are compared with values obtained from 
actual winds at Bromma 59" N 18" E, there is 
good agreement in the transport of latent 
heat (see table IV). The values obtained from 
the actual winds give smaller values however. 
The same is true of the sensible heat transport 
(note that at 500 mb the difference is fairly 
large and the flux is even of opposite direc- 
tion). Finally, if we consider the eddy flux of 
momentum the discrepancies between the 
values obtained by the two methods are very 
large. However, the values for this month 
are small and too much significance should 
not be given to this discrepancy. If one as- 
sumes that the values reported by the stations 
are correct it is clear, however, that values of 
T and X mav be accuratelv taken from svnoD- 

mb 

I I I I 1 
-I 0 I 2 3 4" IO'm'X,2  

Fig. 7. Variation with pressure of eddy flux of momen- 
tum at Bromma and at Larkhill. 

and assuming geostrophic winds, V,, we have 
at every level 

z n  

f VgdA = o 
0 

If the mean of Vat some levels has a net com- 
ponent (with mass transport). directed poleward 

or equatorward, i.e. if f VdA 0, as much 

mass must be transported in the other direction 

2n 

0 

tic charts bu; values obtaiied for the winbs :re , 
in other levels, asdming stationary conditions. 
ROSSBY (1941) represented the mean circula- 
tion of the middle latitude cell as toroidal, the 

less accurate. The winds were measured with a 
geostrophic wind rule. Both V'and U' (the eddy 
components of the geostrophic wind) contain 
inaccuracies and the correlation between them 
becomes uncertain. Therefore it is reasonable 
to suspect that although one may obtain a 
fairly good estimate of the eddy heat flux by 
using geostrophic winds it is not sufficient to 
use geostrophic winds obtained from synoptic 
charts for the computation of the eddy mo- 
mentum flux for one station (or a small part 
of a latitude circle) during a period as short as 
one month. 

The toroidal flux 

Under stationary conditions we may write, 
according to Jeffreys, 

- 
2 n  PO 

f dA / V d p = o  
0 0 

mean value V being positive (poleward) at 
low levels due to the surface friction and 
negative at high levels. In view of the 
distribution of temperature and moisture 
with height, this would lead to a net trans- 
port of heat towards the north. The direc- 
tion of the energy flux is doubtful as the 
potential temperature increases with height. 
Priestley in agreement with Rossby's hypothesis 
found such a toroidal component at Larkhill. 
A similar result was obtained at Bromma. We 
would like to suggest, however, that these. 
results may be related to the geographical 
positions of the.stations. Locally, one may et 
toroidal components even from geostrop a ic 
winds. A study of the variation of wind with 
height at the station Caribou (47" N, 68" W), 
showed a toroidal component in the opposite 
direction. It seems to us that one may not 
draw any conclusions concerning a general 
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toroidal circulation from such material. Results 
recently ublished by PALMBN ( I~so ) ,  R n m ~  
andYEH bgso) and PRIESTLEY (1950) show that 
at 40' and at lower latitudes there is an average 
poleward wind in the u per troposphere and 

troposphere. At 50' N these conditions accord- 
ing to INGRID REINEKE (1950) are presumably 
reversed. In the area over the British Isles and 
central Europe she has demonstrated a per- 
sistant deviation of the geostrophic wind 
towards the pole in lower levels and equator- 
wards in the upper troposphere. For higher 
latitudes no computations are known to us. 

an average equatorwar 1 wind in the lower 

Net gain of heat and momentum in the 
latitude zone 51" 11'N-59"21' N 

It is tempting to compute the net eddy flow 
of sensible and latent heat supplied to the zone 
between 51" 11' N and 59' 21' N. This may 
be accomplished if we assume that the values 
for Larkhill and Bromma are representative 
for these latitudes. Such an assumption is 

questionable but, considering the 
certadY relatwey long period used (2 years), it may 
be 'ustified for the purpose of a first direct 
trid. It is hoped that other computations based 
on more complete material will be carried out. 

If Q is the total eddy heat flow per second 
across the latitude p, in question we have 

Q = 2 n R  COSQ * S - - 

0 0 

The mass of air between the latitudes v1 
and v S  is 

- 
P O  I M = -  / 2 n R a  cosy dp, f dp 

g PI 0 

If the mean temperature increase per second 
in all levels and in the whole zone is equal 
to 6T we get 

. 

Q I - Q Q ~ = c ~ . M . ~ T  

where Q1 and Qs are the values of Q at the 
latitudes y1 and ps. When q1 is 51" 11' and 
p a  = 59'21' we fmd the temperature increase in 

24hrsAT= 86400~6T=0.3o0C/24hrs(cor- 
responding to a heat gain of 0.05 gcal/cma min 
in the zone). This means that in one day 
the eddy flux of total heat is sufficient to 
compensate for a heat loss by radiation of 
0.3" C/24 hrs. No significant annual variation 
of this value has been obtained. Most of the 
heat gained seems to result from the condensa- 
tion of water vapor in the zone. 

In the same way we have computed the net 
gain of heat in the polar zone north of 59" 21'. 
We obtained the following values of A T ;  

Annual mean A T, = 0.38' C/24 hrs 
January A TJa = 0.54' C/24 hrs 
July A T,,, = 0.22' C/24 hrs 

Most of the heat gain north of 5g'N results 
from the transport of sensible heat. 

The eddy flux of momentum across a 
latitude circle p,i is 

The net ain of momentum in a zone be- 

In a stationary state this must be compensated 
by the effect of surface friction. 

If the mean surface frictional westward 
drag on the atmosphere in that zone is z,, 
dyne/cmz we have the total flux of eastward 
momentum from the atmosphere to the earth 

tween the P atitudes rpl and p,* is F,b1 - FmP,. 

9 s  

Fmsl - Fms, t o  { 2 R3 cosap, dv 
P1 

From this equation we obtain the annual 
mean 

to = 1.5 dynelcmz 

In January the corresponding drag is 3.6 
dynelcma and in July it is even slightly west- 
ward. Although the extreme values must be 
considered very uncertain owing to the great 
variability of the flux, the annual mean 
should give a much better estimate of the 
surface friction. However, even the annual 
mean has a standard error of 0.5 dynelcm2. 
According to the data the eddy flux of mo- 
mentum would supply sufficient momentum 
to compensate for a large part of that lost in 
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the zone due to surface friction. According to 
SVERDRUP (1945, p. 120) to = 1.5 dyne/cm* 
corresponds to a surface wind over the ocean 
of 7 m/sec and 3.6 dyne/cma corresponds to 
a wind of 10 m/sec. 

The mean frictional drag of the earth north 
of 59"N is smd .  The annual value is 0.1 
dynelcm', the January value 0.2 dyne/cma 
and the July value vanishes. These low values 
are consistent with the existence of both 
easterly and westerly mean winds in the polar 
zone. 

Conclusions 

The results for Bromma su port the results 
obtained by Priestley for LarLill. The eddy 
flux of sensible heat er unit len th of latitude 
circle is approximate e y equal an ti has the same 
annual variation. The edd flux of latent heat is 

the amplitude of the annual variation is very 
at Bromma much less x an at Larkhill, and 

small. The eddy flux of momentum at Bromma 
disappears in the summer and even in the 
winter is less than 116 of the flux at Larkhill. 

An estimation of the heat gain due to the 
eddy flux gives values for the mean tempera- 
ture increase in 24 hours amounting to 0.3" C 
in the zone between ~oo-600 N and 0.4"C 
north of 60"N. The temperature increase in 
24 hours north of 60" N is 0.2" C in July and 
0.5" C in January. The heat gain in the zone 
between 50" N and 60" N seems to be almost 
entirely dependent upon the eddy flux of 
latent heat, whereas north of 60" two thirds 
come from the eddy flux of sensible heat and 
one third comes from the eddy flux of latent 
heat. A similar estimation of the westward drag 
on the atmosphere due to surface friction 
gives a mean value of 1.5 dyne/cma between 
50" and 60" N. In anuary the drag is 3.6 

even sli htly westward. In the zone nortl! of 

very small quantity. 

dynelcm' and in t II e summer the dra is 

60" N t l! e mean drag even in the winter is a 
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