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Abstract

All the available wind information over central, west and north Europe, the Atlantic Ocean,
the United States and Canada has been studied for a period of seven days, January 1—7, 1956
0300 Z. The axis of the subtropical and the polar jets have been chosen as reference coordinates.
Mean horizontal and vertical wind profiles have been computed at 100 km intervals from the
axis of both jets and are discussed. Based on these profiles, the average wind and the equivalent
barotropic level is computed. It is shown that the height of the equivalent barotropic level
changes as the distance from the axis of the jet varies. The equivalent barotropic level is shown
to have a maximum height of 432 mb at the axis of the subtropical jet and a minimum height
of 560 at a distance of 1,000 km nporth of the polar jet. Finally, an average E.B.L. is computed

and is shown to have a height of sos mb.

Part I

Introduction

In a series of recent articles DEFANT and TaBA
(1957—1958) have studied changes in the type
of general circulation by means of tropopause
maps. It was shown that hemispheric tropo-
pause maps were most suitable for depicting
changes in the three dimensional structure of
the atmosphere. The authors had also empha-
sized the close relation between the breaks of
the tropopause height and the main wind
belts. It has also been demonstrated that the

* This report is part of investigation on the General
Circulation of the Atmosphere, with special emphasis on
upper atmospheric layers, sponsored by Air Research and
Development Command USAF, under Contract AF
61 {514)—963, through the European Office, ARDC in
Brussels.
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vertical structure of the atmosphere is quite
different on either sides of the two jets and
that the subtropical and polar jet divided
the atmosphere into three 5istinct parts with
different cﬁaracteristics. The conservative prop-
erties of the atmosphere on either side of
the jets suggest that in statistical studies of
the farge scale atmospheric motion the most
suitable reference coordinate would be the
axis of the jets. In the first part of this paper
the horizontal and vertical wind profiles north
and south of the two jets are presented. It
should be stressed since all the wind informa-
tion used in this study is what was available
for the fart of the hemisphere mentioned, one
can say for sure that the average values obtained
are at least a good representation of the mean
motion of the atmosphere for this period of
the year.
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Preparation of the material

All available wind information for a period
ofs even days, January 1—7, 1956 0300 GMT
has been protted. This covers the area of the
United States, Canada, the Atlantic Ocean,
North, West, and Central Europe and North
Africa. A total number of 950 stations have
been studied which means about 132 stations
Fcr day. The following procedure has been
ollowed:

1) With the help of pressure maps of 850,
500, 300, 200 and 100 mb and tropopause
maps, the position of the axis of both the
polar and the subtropical jet has been located.

2) These jets are used as coordinates of refer-
ence. The horizontal distance of every station
from the axis of the jet has been measured.

. I1--sin 50
Here the map factor is m = I—+———5—

@ is the latitude of the half of the distance
from the station to the jet axis.

3) For each isobaric level the wind speed of
each station has been plotted on a diagram with
the distance from the jet axis as one coordinate
and the speed as the other coordinate. In this
way a point cloud distribution has been
obtained. For the sake of presentation one of
these levels, namely the 250 mb (subtropical
jet), is presented in Fig. 1. As one can sce,
the number of points are quite different within
each 100 km horizontal distance. This means
that the value of the mean speed computed is
based on different number of observations.
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Fig. 2. The mean wind at 250 mb as a function of dis-

tance from the axis of the subtropical jet. The horizontal

axis shows distances in km and the vertical axis the speed
in m/sec.

It is quite clear from the figure that for
example within a certain horizontal distance,
say 100 km, on ecither side of the jet, one
finds quite a different range of speeds. This is
an ingication of the fact that in this case
the subtropical jet has been more intense in
some regions of the northern hemisphere and
relatively weaker in other regions and at other
times.

Fig. 2 represents the mean wind as a function
of distance from the jet. Within every so km
horizontal distance the average wind speed
has been computed. To obtain a more smooth
profile, a further average is computed cover-
ing a horizontal distance of 100 km. It should
be mentioned that as there were not enough
wind observations at heights above so mb,
it was decided not to continue above this
level.

Horizontal wind profiles
1. The subtropical jet

Figs. 3 and 4 show the horizontal wind pro-
files for the subtropical jet for different isobaric
levels. The following are important points
which deserve considerations.

a) The strongest wind to be observed in
these two figures is about 55 meter per second

Tellus XI (1959), 4
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Fig. 4. The horizontal wind profile of the subtropical jet 350—s0 mb.

and at the level of 220 mb. However, this
is not the level of maximum wind. The level
of maximum wind is at about 228 mb with a
speed of s8—60 m/sec.

b) At each level the shear is strongest near
the axis of the jet and decreases away from it.
The strongest shear is found on the southern
side of the subtropical jet.

c) As seen from the figures, towards south
the wind profiles reach a horizontal distance
of 1,500 km while towards north it does not
exceed 1,000 km. The reason for this difference
is that the space north of the subtropical jet
was occupicg partly by the polar jet as well.
Tellus XI (1959), 4

This means that the intermediate area between
the two jets was covered by stations some of
which belonged to north of the subtropical jet
and the rest to south of the polar jet.

2. The polar jet

Figs. 5 and 6 show the horizontal wind
})roﬁles for the polar jet for different isobaric
evels. Here are some noteworthy points:

a) The strongest wind to be observed in
these two figures is about 50 m/sec at the
300 mb level. This is not really the level of
maximum wind. The maximum wind is about
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Fig. 6. The horizontal wind profile of the polar jet 350—s0 mb.

s3 m/sec and the height at which it is ob-
served is at about 295 mb.

b) Near the axis of the polar jet the hori-
zontal shear is much more pronounced than at
distances further away from the jet. Observe
the relatively much stronger shear on the
northern side of the jet.

¢) In the case of the polar jet, the wind
profile to the north extends to a horizontal
distance of 1,500 km while towards the south
it' reaches only to 1,000 km. The reason for
this is exactly what was mentioned for the
subtropical jet.

d) The profiles of 200, 150, 100, 50 mb
have some dashed parts towards the north.
This is to show that at these levels the data
studied was not quite enough and reliable.

e) Notice the displacement of the strongest
wind towards the south at the levels 400, 500,
600 and 700 mb. Fig. 5.

Vertical wind profiles
1. South of the subtropical jet

Fig. 7 shows the vertical wind profiles of
south of the subtropical jet. The numbers
Tellus XI (1959), 4
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Fig. 7. The vertical wind profiles south of the subtropical

jet. The number on each profile indicates the distance

from the jet axis. Observe the increase of the height of
maximum wind towards south.

on each profile indicate the distance from the
axis of the jet. Herc are some interesting
features:

a) As mentioned before, the strongest wind
observed is about $8 m/sec at the level of
228 mb and at the axis of the jet.

b) The decrease of the wind with the
distance from the axis of the jet is much
more pronounced in the middle troposphere
than at lower and higher levels.

c) Notice the increase of the height of maxi-
mum wind as one goes further towards the
south. This is indicated by the dashed line.
Tellus X1 (1959), 4
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Fig. 8. The vertical wind profile north of the subtropical
jet. Observe the decrease of the height of maximum wind
towards north.

2. North of the subtropical jet

Fig. & shows the vertical wind profiles
nortl% of the subtropical jet. There is a differ-
ence between this profile and the one to
the south. This is the decrease of the height
of maximum wind as one goes from the
center of the jet towards the north as indicated

by dashed lines.

3. South and north of the polar jet

Figs. 9 and 10 show the vertical wind

profiles south and north of the polar jet.
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Fig. 9. The vertical wind profile south of the polar jet.
The height of the maximum wind increases towards south.

a) The strongest wind is about 52 m/sec
and at a height of 295 mb.

b) The horizontal shear is strongest near
the jet axis, the difference becomes less the
further the distance increases. This is even
noticed in the middle of the troposphere.

¢) The height of the maximum wind in-
creases towards south and decreases northward

as indicated by the dashed line.

Conclusions and some discussion of the results

Before starting to draw any conclusions, it
should be clearly mentioned that what follows
is based on the average values obtained from a
statistical treatment of seven days of wind
data. As we know, the wind speed is far from
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Fig. 10. The vertical wind profile north of the polar jet.
The height of the maximum wind drops with the dis-
tance from the axis of the jet.

being uniform along the axis of the two jets.
This is seen when plotting the wind speed of
different stations having the same gistance
from the jet at the same level. However, much
more regular variations are observed along an
axis perpendicular to the jet. This is the reason
why in this study the axis of the jets has been
chosen as reference coordinates. As the fluc-
tuations of the jet axis means the advection
of different air masses it seems in order to
obtain any coherent picture of the large scale

motions one simply has to follow the jets.
From this study of the assemblage of upper
air data and as far as this statistical result can
support the conclusions, one can say that the
average maximum speed of polar jet is about
Tellus X1 (1959), 4
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50 m/sec for winter and this maximum islocated
at an average height of 300 mb. For the sub-
tropical jet the value obtained is around 60
m/sec at a height of 220—230 mb.

DeranT has computed (1959 to be published)
the average wind maximum at the axis of
the subtropical jet for a period of 6 days in
the summer (']uly 15—20, 1957). He has
obtained a value of about 70 m/sec. As one
can see, this value is about 10 m/sec more
than the winter average obtained in this study.

This may be somewhat surprising and the
major question is whether it may be due to
the fact that no data from Asia and particularly
Japan have been included in this study (as
pointed out by Professor E. PALMEN). In view
of the quite large difference obtained it seems,
however doubtful, whether this is sufficient to
explain this reversed seasonal variation.

If for a moment we accept the idea that
the maximum average subtropical jet is
stronger in summer than in winter and then
search for the mechanism which is responsible
for this difference, we see that:

1) In the mean meridional cross sections
constructed by DeraNT (DEFANT 1959 to be
published) for the same period as the wind
was computed, he finds that the subtropical
front separating the subtropical air gom
middle air is much stronger in summer than
winter. Now the question is whether the
solenoidal field which goes together with this
front can be an indication of the strong wind
field. As the value of the average wind obtained
from this study is not very different from
what is needed for the geostrophic balance, it
seems that the increase of the wind maximum
of the jet could be related to the existing hori-
zontal temperature field of the subtropical
front. However, it is difficult to identify and
isolate the cause and effect.

2) The second essential difference between
Defant’s summer profile and this winter
profile is that in summer the level of zero
wind is at a height of 80 mb and from there
upward the winds are from east whereas in
the winter the speed at so mb still is not less
than 10 m/sec. Evidently this decrease of the
height of the easterlies in summer relative to
winter is due to the fact that in summer
the subtropical jet is on the average in
much higher latitude than in winter. Con-
sequently, the reversed horizontal temper-
Tellus X1 (1959), 4

447

ature field in the stratosphere is more
intense. It seems possible that this decrease
of the thickness ofP the layer of westerlies in
summer relative to winter might be the cause
of redistribution of existing momentum and
as a result the sharpness of the peak.

Part 11
Introduction

It was RossBY's suggestion (1939), that the
large scale atmospheric motions could be
considered as two dimensional and non-diver-
gent. Following this hypothesis CHARNEY
(1949) formulated the problem more precisely.
In his study Charney uses the simplified vor-
ticity equation

P4 w
2tV V= i (1)

with the boundary conditions
w=0at P=o0 and P=P,
Here n=f+{ is the absolute vorticity and Vv

g . .d . .
indicates i — + j =— where i, j are unit vectors.
Ix *dy

Furthermore he assumes that in studying large
scale atmospheric motions, the wind increases
in magnitude with height while the pattern
of the streamlines remains almost the same
from level to level. In other words the wind at
any level is given by the relation

v=A(p)-v (2)

where v is defined as

v=1 v-dp (3)
Po [

we also have {=A(P){. Introducing this into
the vorticity equation (1) and integrating over
the whole atmosphere, we can eliminate w
and obtain the prognostic equation

2;—f+2_2;-v2+‘7- Vf=o

Using (2) and (3) one gets
A Ar
AV
This equation indicates that there must be a
certain intermediate level (or levels) where

v-V{+v-Vf=o
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42
the ratio éA-=1 and all vorticity changes are

the result of advection. If such a level exists,
the motion at this level can be said to be non-
divergent. This intermediate level is very
often mentioned to be in the vicinity of 500
mb. It is the purpose of this work to study
the accuracy of this assumption and to find
out the horizontal variation of the so-called
equivalent barotropic level.

The equivalent barotropic level

From each vertical wind profile the average
wind is computed. In evaluating the integral
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Fig. 11. The vertical wind profile at the axis of the

subtropical jet together with the profiles of A(p) and

A%(p). The mean wind is indicated by v = 27 m/sec.

The equivalent barotropic levels are at 432 and 136 mb re-

spectively. A2 = 1.26. The wind speed is given in m/sec

along the horizontal axis, The scale of A(p) and A*(p)
is also indicated along the horizontal axis.
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(3) use has been made of the so~called trapezoi-
dal rule. Due to the vertical wind structure,
there are naturally two levels at which the
wind and the average wind have the same
value. By dividin tﬁe wind at any level by
the mean wind the profile of A(p) and by
multiplying the A value by itself A2(p) is
obtained. Finally using a similar integral as
(3) the value of A2 is computed.

Fig. 11 shows the vertical wind profile at
the axis of subtropical jet together with the
graphs of the function A(p) and A%(p). For
this profile the mean wind is 27 m/sec and
the corresponding heights are at s40 and 106
mb. The value of A%=1.25 and the levels at

which A2=A, that means the equivalent
barotropic levels, are at 432 and 136 mb
respectively.

The computation has been repeated for all
wind profiles to the south and north of the
subtropical jet and distances of 100 km. As
one would expect, away from the axis of the
jet, v, A(p), A%(p), A? and the height of the
ecf]uivalent barotropic level all vary. The details
of this variation is tabulated in the following
table.

Fig. 12shows the wind profile at the axis of the
polar jet together with the functions A(p) and
A%(p). As the graph of A(p) and the wind
profile coincide in all the levels, both are rep-
resented by the same curve. The mean wind
for this profile is 25 m/sec. The levels at
which the wind is equal to the mean wind is
at §70 and 144 mb. In this case A%2=1.26 and
the corresponding equivalent barotropic levels
are at 485 and 188 mb respectively. In the
case of polar jet as well, the height of the
equivalent barotropic level changes as the
distance from the axis of the jet increases. The
details of these variations are also presented
in table 1.

The variation of the height of equivalent baro-
tropic level

Table 1 contains four different parts:

a) South of the subtropical jet
b) North of the subtropical jet
¢) South of the polar jet
d) North of the polar jet

Tellus X1 (1959), 4
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The details of variations of v, A% and the
he!i) hts of EB.L. can be studied from
table 1.

Piscussion of the results

. To obtain a general picture of how the lower
equivalent barotropic chel varies in the space
Fig. 13 is presented. The important features
of this figure are: :

1) In the average the equivalent barotropic
level has a higher altitude for the wind struc-
ture which represents subtropical jet than the
polar jet.

2) At the axis of both jets, the equivalent
barotropic level has its maximum height.

3) Away from the axis of the subtropical
jet on either side, the height of the E.B.L.
decreases rapidly at first and slowly later on.

4) Towards the north of the polar jet,
the height of the EB.L. decreases rapidly
first and less rapid later on.

5) To the south of the polar jet the level
drops rather sharply at first, and slower later
on until 600 km horizontal distance is reached.
From there on the height of E.B.L. increases
again. It seems that this increase should con-
tinue so much that the EB.L. to the south
of the polar jet joins the part to the north of the
subtropical jet in such a way that there is no
discontinuity in between.

General Conclusions

From this study one can easily see to what
extent the assumption that 500 mb is the
equivalent barotropic level is correct. The
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Az = 1.26 and the equivalent barotropic levels are at
485 and 188 mb respectively.
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Table 1

NORTH OF SUBTROPICAL JET

difsrt:;ce T lower | upper v difi?rgce T lower | upper v
jet km EB.L. | E.BL. | m/sec jet km EBL. | EBL. | mfsec
o 1.26 432 mb [ 136 mb | 27.0 o 1.26 432 mb | 136 mb { 27.0
100 1.22 450 7 {113 ” 23.9 100 1.24 449 7 131 ” 23.6
200 1.20 452 " |1z " 20.4 200 1.21 459 7 | 127 20.5
300 1.19 454 " l1ix 18.2 300 1.19 465 7’ ti127 "V 18.5
400 1.17 454 7 |1ix " 16.5 400 1.18 465 " 123 " 16.8
500 1.17 455 7 |11~ 15.1 500 1.Y7 465 " (121 7 15.4
600 1.43 460 ' | 108 14.0 600 I1.14 [465 7 {120 " 14.5
700 1.13 464 ' | 106 " 13.0 700 1.13 465 ” | 120 7 13.6
800 111 465 7 101 7 12.3 800 1.13 468 7 | 120 13.0
900 1.1 465 7 l100 " 11.6 goo 1.12 470 " l120 7 12.8
1000 1.10 470 8 " 11.0 1000 I.II 474 ~ j120 7’ 12.7
SOUTH OF POLAR JET NORTH OF POLAR JET
dx::::lce T lower upper v dl;i-:z;ce T lower upper v
jet km EBL. | EBL. | m/sec jet km EB.L. | E.B.L. | m/sec
o 1.26 485 mb | 188 mb | 25.0 o 1.26 485 mb | 188 m 25.0
100 1.12 525 | 191 ” 22.6 100 1.16 510 ” 168 ' 20.6
200 I.1X 550 > | 185 20.1 200 1.14 515 7 | 167 " 17.7
300 1.14 555 " | 183 ” 17.4 300 1.13 515 ' {165 16.3
400 1.13 556 ° | 180 " 15.7 400 1.12 528 " 164 15.2
500 1.12 556 ' 1168 14.3 500 1.10 538 7 1165 "V 14.4
600 1.1I 555 {165 13.4 600 1.10 545 7 160 13.4
700 1.10 535 7 | 157 12.6 700 1.09 545 7 | 147 12.6
800 1.11 525 '’ | 158 ” 12.2 800 1.08 550 7 | 145 " 11.7
goo I.12 512 " {160 11.8 900 1.07 560 " |135 7’ 11.0
1000 1.13 505 | 161 ” 11.7 1000 1.06 560 " | 118 10.4

E.B.L. computed from this seven days mean
has a maximum height of 432 mb and a mini-
mum height of s60. This amounts to a differ-
ence of 128 mb or approximately 1,800
meters. It should be remembered that 130 mb

is based on the average winds of seven days.
This might be considerably less than what
one may encounter in the study of a single
day. From this discussion one can also say
that the gradient of vorticity in the prognostic

Table 2
Pr;arsliure 1000| 950| 9oo] 8s50| 8oo| 750| 700{ 650 600| 550
43
T 3.03| 2.50] 2.14| 1.89| 1.70| 1.52 1.41| 1.30| 1.19| 1.08
Pr::ls)ure 500| 450} 400 350| 300| 250} 200| 150| 100 50
41
- 1.00| 0.91| 0.84| 0.77] 0.72| 0.73| 0.77| 0.93| r.21| 2.38

Tellus XI (1959), 4
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equation should be multiplied by a different
wind than what the equation suggests in differ-
ent regions of the map. At least part of the
inaccuracy of the results of barotropic fore-
casts can be due to incorrectness of the assump-
tion that soo mb is the E.B.L.

As one should expect, the greatest error in
forecasts can be made over the regions of
the map where the subtropical jet approaches
the polar jet, as in these regions tfxe height
of the EB.L. changes very much within a
rather short horizontal distance.

To get an idea where the mean equivalent
barotropic level is, a mean profile of A(p)
and A%(p) from all the individual values has
been constructed. Fig. 14 shows the functions
of A(p) and A%(p). From the figure one can

see that the level at which A=A42 is equal to
505 mb and 135 mb respectively.

One can conclude by saying that as long as
we use such a simple model and so far as we
cannot include the horizontal variation of the
function A into the equation, the 500 mb is
1the <l:losest approximation to the non-divergent
evel.

Finally, the ratio 1—:1-1-2 computed from the

profile of mean A(p) and A%(p) is tabulated
and given in Table 2. It is possible to apply the
equivalent barotropic model at any level
provided the advection of the gradient of

the vorticity is multiplied by the factor v- ‘g;

corresponding to that level.
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