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-FOREWORD

It is true in many fields of science that the requisite data for the revision of an
antiquated hypothesis or the development of a new tneory are available long before
the actual formulation of a neoteric concept. Such has been the case of the Jet Stream
in the science of Meteorology.

As early as 1933, a cross-section depicting a relatively narrow, high-speed stream
of air in the upper westerlies was published in the text, Physikalische Hydrodynamik.
The implications of this cross-section were disregarded by the authors themselves,
possibly in view of the inadequacy of the observational material upon which it was
based. Eleven years later, in 1944, Dr. Hurd C. Willett published mean cross-sections
pertaining to the North American continent which also substantiated the existence of a
meandering, high-velocity stream of air particles in the upper tropospheric regions.
It wasn’t until the year 1946, however, that this latest meteorological phenomenon
became the object of rather intensive research at a Navy-sponsored research project at
the University of Chicago and that its numerous potentialities were gradually being
recognized.

Subsequent to that time, considerable research on the subject has been conducted
by. various individuals and institutions at different geographical locations, with the
result that a great deal of uncoordinated and sometimes controversial material has
been presented. This material has appeared in divers professional journals, bulletins
and periodicals, not readily available to the Naval Aerologist in the field or afloat.

Because of the tremendous import and the numerous potentialities of this newly-
discovered phenomenon, it was deemed imperative that an evaluation and summary
of exusting research and data on the Jet Stream be compiled under a single cover and
distributed to the Naval Aerological Service as soon as possible. Accordingly, Task 6
(TED-UNL-MA-501.6), JET STREAM ANALYSIS, was assigned to Project AROWA
by Bureau of Aeronautics letter Aer-MA-5 serial 24803 dated 14 March, 1951, for
prosecution and/or coordination.

This document is the coordinated effort in the fulfillment of this purpose. Much of
the material ‘presented herein is based on lectures by Dr. Herbert Riehl of the
Department of Meteorology, University of Chicago, who also edited the manuscript.
Intimately associated with the entire project, also, were Messrs. M. A. Alaka, C. L.
Jordan, and R. J. Renard of the Department of Meteorology, University of Chicago.

This publication encompasses the synoptic structure of the Jet Stream, as well as
its climatology and relation to middle latitude cyclones and extended forecasting. In
addition, one chapter is devoted to the techniques and procedures of high-level wind
analysis. The dynamic principles relating to Jet Siream formation and maintenance
are also incorporated.

Much of the information presented herein has been derived from a great variety
of source material, with the result that several different units of wind speed are ex-
pressed throughout. It is regretted that time did not permit the conversion of the
various units to one system.

F. A. BERrY
Captain, U.S. Navy
Officer in Charge
Bureau of Aeronautics Project AROWA
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CHAPTER L

INTRODUCTION

1. Discovery of the Jet Stream

During World War II, American pilots flying high-
altitude bombers over Japan with air speeds exceeding
250 mph, at times, enc~ntered head winds so strong
that they found themselves in the unenviable predica-
ment of remaining stationary over their target areas.

Such surprisingly strong winds had not been visual-
ized for the upper troposphere by atmospheric models
thenmvogue.'l‘heaemodeiswerebmdontheoonccpt
of air masees of broad horizontal extent, with proper-
ties depending on their source and their history, and
separated by a surface of discontinuity or a finite
transition zone —a front (fig. 1.1). Within the indi-
vidual 2ir masses, the isotherms are level or have a
uniform slope. The wind speed is uniform at any level
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Fic. 1.1: Schematic representation of the wind and tempera-
ture fields in the vicinity of a frontal surface according to classi-
cal concepts: (a) level isotherms and a uniform current in ench
air mass; (b) sloping isotherms and currents (u, u') increas-
ing uniformly with height.

but increases upward when the isotherms slope ver-
tically. The currents move with constant speed at all
heights when the isotherms are level. A wind discon-
tinuity marks the front where the temperature gradient
is concentrated.

The essential features of this model znjoyed accept-
ance in most meteorological circles during the interval
between the two world wars, Obeervations verified them
to a satisfactory extent up to 10,000 feet beyond which
the atmosphere was not systematicaily explored. In the
low levels, it is an observed fact that wind speed varies
little with latitude. To the extent that the classical mod-
els discuss the currents in the upper troposphere, they
lnrgely extrapolate from the lower levels. 'l'hey do not

a concentration of high velocities in narrow
regions. Thus, the very strong winds encountered by
the bombers introduced a feature of the circulation in
the westerlics that was not allowed for by existing
models.

The earliest intimation of the existence of a narrow,
high velocity region in the upper westerlies a
in a cross-section published in Physikalische Hydro-
dynamik [12] (fig. 1.2). It revealed that the kinetic
energy of the westerlies in the upper troposphere was
not evenly distributed with latitude, in marked con-
trast with the lower layers. This initial indication of
the modification which our concepts of atmospheric
structure were to sustain later on, did not attract much
attention at the time of its publication. -

In 1944, Willett [108] published mean cross-sections
over North America (fig. 1.3) which again featured
a localized high velocity stream in the upper westerlies.
Together with the analyses of upper-air data compiled
durmg the war, these sections made it clear that a
revision of the concepts regarding the structure of the
upper westerlies was in order.

Simultaneously with these synoptic developments,
and to a great extent stimulated by them, theoretical
investigations [82, 102] sought to discover the dyna-
mic principles responsible for these high winds the im-
portance of which, at least from the point of view of

1
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Fic. 1.2: Mean vertical distribution of zonal component of
geostrophic wind in northern hemisphere for February [12].

air navigation, was easy to appreciate. Rossby [82]
suggested that thermally driven lateral mixing asso-
ciated with a tendency toward equalization of the verti-
cal component of the absolute vorticity with latitude
brought about, from time to time, an/ accumulation of
the kinetic energy of the westerlies at the tropopause
level equatorward of lat. 50°. His theory (cf. chap.
VII) required that these maxima should increase in
intensity as they were displaced equatorward toward
lat. 30°. A paper published in the same year by Staff
Members of the Department of Meterorology, Univer-
sity of Chicago [102], showed that the zonal winds
observed at the tropopause during periods of straight
west wind circulations appeared to agree fairly well with
profiles computed on the basis of equalization of thever-
tical component of the absolute vorticity. The same
paper also furnished synoptic evidence corroborating
Rossby’s statement that the flow configuration aloft in
middle latitudes is suggestive of a broad stream me-
andering eastward around the hemisphere in wavelike
patterns. The kinetic energy of this stream is concen-
trated in a narrow band of high wind speed embedded
in a relatively quiescent surrounding atmosphere. This
narrow band was named the JET STREAM.
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Fic. 1.3: Vertical cross-section of pressure (mb), temperature (°C) and wind (knots) for North America during winter [1081.
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INTRODUCTION 3

2. Some Consequences of the Discovery of the Jet Stream

The discovery of the jet stream was destined to have
far-reaching consequences. It revealed, for instance, a
striking similarity between the structure of the atmos-
phere and that of major oceanic currents like the Gulf
Stream. The establishment of this similarity is of much
importance, since features known to exist in one fluid
give a clue as to what to look for in the other. This
leads to a better understanding of both. Further, in
the few years since the jet stream came into promi-

nence as an important feature of the general atmospheric
circulation, it has become known as a significant factor
in diverse weather phenomena ranging from cyclogene-
sis in middle latitudes [68] to the “burst. of the
monsoon” over India [115] and rainfall over the Ha-
waiian Islands [114]. Of particular importance is the
role it plays in the problems of short- and long-range
forecasting (chaps. IV and V), and in understanding
the climate of middle latitudes (chap. III).



CHAPTER IL

SYNOPTIC STRUCTURE OF THE JET STREAM

I. The Wind Field

A GENERAL VIEW

The jet stream may be visualized as a tube contain-
ing high wind velocities meandering around the hemi-
sphere, A complete representation of its instantaneous
structure must take into account its variations in all
three dimensions.

a. Cross-sections constructed normal to the direction
of flow.—Figs, 2.1 and 2.2 give two typical views of
the structure of the westerlies as it appears on cross-
sections drawn normal to the current. We are enabled
to draw such sections because we observe that the wind
direction within the band of strongest westerlies changes
only slightly with altitude from the lower troposphere
to the substratosphere.

-

The jet stream is depicted by the narrow and some-
what elongated core of closed isotachs! about 5°-10°
lat. in width, Its axis slopes poleward with height below
500 mb. Higher up, it remains almost vertical to the
level of strongest winds (about 250-200 mb) beyond
which it reverses its slope and shifts equatorward with
elevation. This equatorward elongation of the jet core
sometimes appears as a separate maximum.

In fig. 2.1, the jet center is located at 47°N, and the
strongest winds occur at 260 mb, In fig. 2.2, which
shows the jet stream at a more southeérly latitude
(39°N), the strongest winds occur at a somewhat
higher level (220 mb). This rise of the level of strong-
est winds with the shift of the jet stream from high to
low latitudes is typical of most cases.2

®
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Dashed lines indicate the potential temperature in °A [59]

'Lines of equal wind speed.

pause surfaces. Thin solid lines indicate the velocity of the

*33888 8 8

Fic. 2.1: A mean cross-section for 0300 GCT, November 30, 1946, showing the average distribution of geostrophic westerly wind
temperature over North America from lat. 25°N to 75°N, in a case of approximately straight westerly flow. Heavy lines indicate
westerly component of the geostrophic wind (mps and mph).

2An exception is a wind maximum found along the rim of the
arctic in midwinter at extremely high altitudes.
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STRUCTURE OF THE JET STREAM 5

Fic. 2.2: Vertical cross-section approximately along the meridian 80°W from Havana in the south to Thule (Greenland) in the
north. Vertical lines indicate the soundings used in the diagram with the international station numbers below. Frontal boundaries,
inversions or tropopause surfaces are indicated by thick, solid lines when they arc distinct, and by thick, dashed lines when not dis-

C) t[insgt] Thin solid lines indicate geostrdphic wind velocity (mps) perpendicular to the cross-section, dashed lines isotherms (°C)

Fic. 2.3: Cross-sections showing itotach patterns (in knots) along the current through jct stream core: (a) November 12.1951,_15002,
(b) November 13, 1951, 0300Z, (c) November 13, 1951, 1500Z. J dénotes jet stream center. Sections are constructed from uough
analyses at 700, 500, 300, and 200 mb. Lines connecting points of highest s eed on each surface are projected on the 300-mb axis.
Marks at bottom of sections correspond to tick marks along axis of jet in figs. 4.3, ac [75).
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6 THE JET STREAM

b. Cross-sections constructed along the direction of
flow. —Fig. 2.3 gives a side-view of a jet stream seen
on a cross-section constructed along the direction of
flow. The wind is far from uniform in this direction.
Fig. 2.3a shows that the strongest winds are confined
within a region of small longitudinal extent, depicted
by the closed isotachs, Downstream from this region,
the wind speed decreases steadily. The isotachs form
elongated patterns. The surface of strongest winds
which runs along this elongation appears to slope
upward downstream from the maximum.

Jet streams undergo a distinct life cycle consisting
of a period of organization and one of disorganization;
the.: horizontal structure as it appears on high-level
maps depends on the phase of this life cycle. Periods
when the jet is organized are illustrated by fig. 2.4a
which shows a well-developed jet as it appears on a
300-mb map. The jet reveals itself as a narrow band
of high wind velocity meandering over North America.
The thick black line joining the points of highest wind
speed at different meridians within this band describes
the axis of the jet. This axis follows the pattern of the

8
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(<]

130] a

e 70 120 ng

Fic. 2.4a: Isotachs (Knots) at 300 mb, November 10, 1950, 0400 Z, {721.

Occasionally, the downstream elongation of the
speed patterns develops into a separate center. Fig.
2.3b-c shows successive stages in such a development.

c. Constant pressure maps.— The horizontal struc-
ture of the jet stream is closely portrayed on constant
pressure maps of the middle and upper troposphere.
In view of the variation of the level of the jet center
with latitude, just described, and its known tendency
to shift to higher elevations with the advent of the
warmer season of the year, the 300-mb map is consid-
ered most suitable for furnishing a horizontal view at

high latitudes and in winter, and the 200-mb map for
low latitudes and in summer,

long waves and its amplitude is comparable to that of
the 300-mb contours (fig. 2.4b). The lack of uniformity
in wind speed along the axis, revealed by fig. 2.3, is
very much,in evidence on these maps. A succession of
velocity maxima alternate with intervals where the
winds are comparatively weak. The wind gradient along
the axis is sharp, and the difference between the wind
speeds at the maximum and minimum points may
amount to over 100 knots.

During disorganized periods, the clear-cut concen-
tration of velocities is missing. The westerlies either
break up into vortical circulations or show fairly uni-
form velocities throughout the middle latitudes. Nu-

Caa ®
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Fic. 2.4b: Contours at 300 mb, November 10, 1950, 0400Z [72].

merous “jet fingers” (fig. 2.5), all comparatively weak
and sometimes separated by as little as 5° lat., charac-
terize the wind speed pattern. The velocity difference
between the fingers and the intervening slow areas may
not amount to more than 25 knots — in marked contrast
with the strong velocity differences observed during
organized periods.

VELOCITY MAXIMA AND MINIMA ALONG THE JET AXIS

The velocity maxima and minima which alternate
along the axis of a well-developed jet are connected
with the short waves in the westerlies and usually move
downstream with a speed geared to that of these waves.
The distance between successive maxima is not con-
stant but varies from about 10°-25° long.

The magnitude of the velocities which occur in the
central regions of jet maxima is a matter of conjecture
since little direct evidence concerning them is avail-
able. For one thing, the network of upper-air observa-
tions is not close enough. Moreover, balloon observa-
tions which constitute the major source of upper-wind
data are least accurate for high winds. Thus, the best

available estimate of the wind speeds in these central
regions is based on geostrophic computations accord-
ing to which they may reach 150 mps. But no such
speeds have been directly observed.

The regions of wind concentration along the jet axis
retain their identity and to a certain extent their con-

e T

Fic. 2.5: 300-mb isotachs (knots) on November 12, 1951,
1500Z, showing a disorganized jet with several jet “fingers”
over central and eastern United States, and an organized jet
approaching from the west [751.
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8 THE JET STREAM

figuration for short periods of time. But they have a
definite life history during which they undergo a con-
tinual evolution which can be followed on maps or
cross-sections. Formation and decay of these regional
jets conform to a cycle which is regular enough to
allow description by means of a model [73]. Fig. 2.6
illustrates this model:

Starting with a symmetrical distribution of isotachs
along the axis (fig. 2.6a), the isotachs downstream
from the center move faster than those to the rear
(fig. 2.6b). Furthermore, high-speed isotachs move
faster than the slower ones, with the result that the
area enclosing the highest winds increases and, at the
same time, the isotachs ahead of the center become
crowded in a very narrow leading edge (fig. 2.6c). Sub-
sequent to this stage, a rapid adjustment takes place
in the wind field. The low-speed area ahead of the
maximum disappears as the latter merges with the
maximum further downstream. The resulting pattern
shown in fig. 2.6d leads back to the starting stage
(hig. 2.6a) and the cycle may be repeated. However,
this is not invariably the case. As mentioned above,
the jet stream as a whole has a definite life cvcle which

=
e O~

—
m/\-— 100
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Fic. 2.6: Five stages during eastward progression of velocity
maximum along jet stream axis. Isotachs are in knois [73].

spans a week or more and which consists of a period
of organization and anotker one of decay. Fig. 2.6a-d
describes the evolution of the wind pattern during
periods when the jet stream is fully organized. Eventu-
ally, when the jet stream is on the decline, the situation

Fic. 2.7: Model of velocity distribution in the high trope-
sphere in middle latitudes during the passage of a short-wave
trough through a leng-wave trough when speed of westerlies
is above average in the lower middle latitudes. Solid lines are
isobaric contours, dashed lines are isotachs. Heavy line marks
jet axis. Time interval between successive stages is about one

day [72].
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shown in fig. 2.6¢ is followed by that in fig. 2.6¢ rather
than 2.6d. The various maxima combine and the wind
speed along the current becomes uniform. This stage is
a precursor of the disintegration of the current and its
breakdown into “jet fingers.”

The behavior and configuration of the travelling jet
maxima and minime vary with broadscale conditions
in the westerlies. We shall now consider two model

Fic. 2.8: Same as fig. 2.7 when westerlies are above average
in upper middle latitudes [72].

sequences describing the upper tropospheric flow pat-
tern when a travelling maximum pasees through a long-
wave trough during periods when the jet stream is well
organized and the energy of the westorlies is concen-
~trated in a well-defined narrow belt. These sequences
are schematically represented in figs. 2.7 and 2.8,

The first sequence occurs when the hemispheric wes-
terlies have above-average strength in the lower middle
latitudes. During such periods, velocity maxima along
the jet stream in middle latitudes occur with prefer-
ence in long-wave troughs and velocity minima in long-
wave ridges [72].

Ir. ig. 2.7a, we find a maximum reflecting the broad-
ar Je conditions in the westerlies, centered in the long-
wave trough, and another maximum associated with a
short-wave trough arriving on the long-wave ridge to
the west. As the short-wave trough reaches the inflec-
tion point downstream from the ridge (fig. 2.7b), the
two maxima begin to merge, and the composite maxi-
mum — which appears as if it had suffered a westward
shift — drives into the long-wave trough with a well-

Next (fig. 2.7c) we see a complete superposition of
the two maxima in the long-wave trough. The composite
maximum is well-defined and shows a sharp decrease
of wind speed both upstream and downstream from it.

Fig. 2.7d represents a likely, though not a unique
development ensuing from the stage represented by
fig. 2.7c. This latter stage is very favorable for cyclonic
intensification (see chap. IV), and the stage illustrated
by fig. 2.7d assumes that such intensification has oc-
curred. In this case the ridge downstream from the
trough builds up and the jet maximum intensifies fur-
ther. In fact, some of the strongest tropospheric winds
have been reported during this stage.

The second sequence (fig. 2.8) occurs during per-
iods when the hemispheric westerlies have above aver-
age strength in the upper middle latitudes. At such
times, velocity maxima tend to occur with preference
in long-wave ridges.

The initial stage (fig. 2.8a) shows two velocity
maxima, one in each of the ridges. As a short-wave
trough advances (fig. 2.8b), the maximum upstream
from the ridge is elongated. At the time of superposi-
tion of the short- and long-wave troughs (fig. 2.8¢),
three distinct maxima are in evidence, one in the long-
wave trough and one in each of the ridges.

Fig. 2.8d depicts the ensuing pattern on the assump-
tion that a cyclone has formed or intensified (see chap.
IV). The central maximum leaves the trough and in-
creases in intensity as it moves toward the ridge.

The above models for the upper-flow patterns and
their variations do not exhaust the possible isotach pat-
terns occurring in the long-wave train with the de-
scribed broadscale conditions. Often, the jet stream
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structure and the flow patterns associated with it are
too complicated to allow portrayal in model form,

THE VERTICAL WIND SHEAR IN THE JET STREAM REGION

The narrow jet stream band concentrates within its
boundaries the strongest vertical wind shears observed
in the be't of the westerlies. In the meridional cross-
sections presented in figs. 2.1 and 2.2, the isotachs
north and south of the core of strongest wind run close
to the vertical indicating little variation of wind speed
with height. Large values of the vertical wind shear are
restricted to a narrow zone along the vertical axis of
the jet, where it reaches an order of magnitude of
10 mpe/km. Even here, however, the vertical shear is
not uniform throughout the troposphere. In general,
we encounter the highest values above the 500-mb sur-
face. It is here that the wind increases most rapidly
with height up to the tropopause level. Indeed in sum-
mer, and occasionally even in winter, the strongest
wind shears may be situated above 300 mb, and dwindle
downward to negligible proportions near 500 mb. And
while some jets seem to be tied with the surface temper-
ature gradient and so extend — with greatly diminished
intensity — clear down, others, particularly in lower
latitudes and in summer often exist only at high levels,
and conditions at 500 mb give no indication of those
higher up. A case in point is illustrated in fig. 2.9,
which clearly shows the vertical wind shear to be con-
centrated above 15,000 feet.

Palmén and Newton [60] bring out the vertical
distribution of wind shear graphically by drawing pres-
sure profiles in a diagram with latitude and wind speed

as coordinates (fig. 2.11) for the mean cross-section
shown in fig. 2.10. The vertical shear is given by the
vertical distance beiween the pressure surfaces at any
latitude. At lat. 55°, for instance, these surfaces are
very close together indicating nearly uniform wind
speed at all heights up to 300 mb. In contrast, the wind
increases very strongly upward to 300 mb in a narrow
belt centered on lat. 46°, In fig. 2.11, the vertical shear
is strongest within the polar front zone which is marked
by the dotted lines. The wind speed changes by as much
as 20 mps from the lower to the upper boundary of the
front at lat. 46°. The surface wind is about nine mps;
it is 27 mps at the lower boundary of the front, 47 mps
at the upper boundary, and 68 mps at 300 mb. Thus,
the total shear is 17 mps in the cold air mass, 20 mps
in the frontal zone, and 21 mps in the upper warm air
mass. In spite of the strong concentration of shear in
the frontal layer, the latter contributes only one third
of the total increase of wind in the tro) re.

THE HORIZONTAL WIND SHEAR

Fig. 2.11 also demonstrates the lateral concentrativn
of strong winds and the rapid drop of speed on either
side of the jet stream core. Fig. 2.12 gives values for
the horizontal wind shear normal to the jet axis, com-
puted from fig. 2.10. The greatest cyclonic and anti-
cyclonic shears are located at the level of strongest
winds, about 200 km respectively to the north and
south of the axis of the jet stream. To the right of the.
jet, at about lat. 43°N, the anticyclonic shear reaches
a value of 104 sec—1— slightly less than the Coriolis
parameter for that latitude. This amounts to about 50
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mps within a distance of 5° lat. Although the values
of the shear given in this figure are admittedly in-
exact owing to the assumption of geostrophic flow,
there is strong evidence that values of the shear equal
to the Coriolis parameter are often reached just south
of the jet stream core. The cyclonic shear to the left
of the axis is even more spectacular than the anti-
cyclonic shear to the right of it, and often amounts to
several times the Coriolis parameter.

THE DISTRIBUTION OF ABSOLUTE VORTICITY

The vertical component of the absolute vorticity is
intimately connected with the wind shear and is given

by

— Oou u

where {, denotes the absolute vorticity, r the radius of
curvature of the streamlines taken positive for cyclonic
circulations, f the Coriolis parameter, and u the wind
speed. Palmén and Newton [60] have computed the
vorticity distribution for the cross-section of fig, 2.10.
Their results are presented in fig. 2.13. The assumption
that the curvature may be neglected, plus the fact that
the Coriolis parameter changes only gradually with
latitude, makes the absolute vorticity pattern almost
identical with that of the horizontal wind shear (fig.
2.12). The axis of the jet corresponds to the isoline of
absolute vorticity with the value 10~4 sec™1, To the
north of this axis, the vorticity increases very rapidly
and reaches a maximum of 22X10~5 sec™! about 200
km away. This value greatly exceeds the Coriolis pa-
rameter at the pole (14.6X1075 sec™!). South of the
jet axis the vorticity decreases very sharply, and per-
haps is even discontinuous in some cases, At a distance
of 200 km from the core, Palmén and Newton found
that the absolute vorticity is nearly zero.

Although the assumption of geostrophic flow tends
to exaggerate the extremes, there seems to be little
doubt about the existence of zones of absolute vorticity
far exceeding that of the polar region to the north of
the jet, and of vorticity very near zero to the south
of it. We should note, however, that we lack reliable
evidence for the existence of negative absolute vorticity
over extended areas although zero vorticity is frequent.
It appears that zero vorticity represents the limit which
the atmosphere attains, apart from a possible micro-
structure within the jet stream region. This fact can
be used as an aid in high-level wind analysis over re-
gions with sparse data (cf. also chap. VI).

THE JET STREAM ON A HEMISPHERIC SCALE

a, Multiple jets.— So far, our attention has been con-
fined to the structural features of the wind field in belts
where the energy of the westerlies is concentrated. Maps
of the middle and upper troposphere which cover an ex-
tensive latitudinal belt show that the concentration does
not usually occur along a single axis, On almost any
day, these maps reveal the presence of at least two
bands of velocity concentration (fig. 2.14) . Occasional-
ly three or four distinct bands are in evidence for short
periods.

The multiple structure of the jet has been investigated
by several writers [6, 19, 65]. Their results permit
the following statements:

(1) The individual jet bands tend to lie parallel to
the upper contours, but appreciable departures
from this alignment are often observed, especi-
ally :o the east of long-wave trouglis (fig. 2.14).

(2) The different jets are not equally intense. The
most intense among them constitutes the prin- .
cipal jet, generally situated in middle latitudes
and connected with the zone of gresatest tempera-
ture gradient in the low and middle troposphere.

(3) The individual jet axes often show a general net
equatorward shift of the order of one-half de-
gree of latitude per day. New maxima form in
high latitudes as older maxima move into the
tropics. This is illustrated in fig. 2.15 which
also shows that the general equatorward trend
is interspersed with periods during which the
maxima remain stationary or even show a pole-
ward drift. The latitudinal drift of the jet axes
is much too irregular to be used as a forecast-
ing tool,

(4) Jets show a tendency to attain their maximum
strength in middle latitudes.

(5) Their equatorward migration is usually accom-
panied by a rise of the core to a higher eleva-
tion. A notable exception to this is the wind
maximum found in midwinter along the rim of
the arctic which is located at an extremely high
elevation — probably exceeding 100 mb.

(6) Although separate jet bands usually retain their
identity on a hemispheric scale, they occasion-
ally appear to coalesce in one or more regions
(fig. 2.16). Phillips [64] has observed that
in such cases, both tributaries upstream from
the point of confluence can be as fully developed
in the high troposphere as in the “confluence”
zone.

(7) Conversely, a single well-defined jet is often
observed to split into two or more branches. In
this case the northern branch often shows a

- temporary northward trend.
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b. Blocks. — A distinctive and important type of split
in the westerly flow, which is known as “block,” ie of
frequent occurrence. According to some authors [9,
66], blocks have the following characteristics:

(1) The basic westerlies split rather abruptly into
two branches at a well-defined longitude. Up-
stream from the split the flow is essentially zonal
for some distance and forms a narrow jet.
Downstream it is wavy or cellular, but the two
branches still have intense velocity concentra-
tion. In well-developed blocks, such as is fig.
2.17, a dynamic high lies just south of the
northern branch and a dynamic low just north

Fic. 2.14: A synoptic example of the wind field at 300 mb on Cctober 25, 1950, 0300 GCT, showing the mutsple structure of
the jet stream. Hatched areas denote regions with wind speed exceeding 75 knots, cross-hatched areas have win

speeds exceed-

of the southern branch with easterly flow be-
tween them.

(2) The split must be symmetrical in the sense that
about half the contours of an upper pressure
surface constitute the northern branch and half
the southern branch.

(3) The blocking pattern, when established, must
persist at least 10 days.

(4) Blocks form with preference over the eastern
parts of the oceans, and particularly over Great
Britain and Scandinavia. Once developed, they
have a tendency for westward motion during
intensification and for eastward motion during
dissipation.
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Fic. 2.15: Mean cross-sections for the period between March 20-29, 1948, representing the geostrophic wind (solid curves) and
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CLEAR-AIR TURBULENCE cause irregular accelerations in aircrafi, known as

bumps: (a) The flow of air over irregular country and

Until recent years, the following principal sources  mountains; (b) large cumulus or cumulonimbus

of atmospheric turbulence were known to produce ed-  clouds; (c) unstable cold air masses and some cloud-
dies of sufficient vigor and appropriate linear scale to  less frontal zones, and (d) temperature inversions.
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Fic. 2.16: 500-mb charts at 0300 GCT for February 22, 1949 (upper left), February 27, 1949 ( upper right), March 4, 1949 (lower
left), and March 9, 1949 (lower right). Solid bands indicate approximate location of zones of maximum wind [19].



TR e T R T T T R L AT T TS

STRUCTURE OF THE JET STREAM 17

500 MB
FEB. 20, 1948
0300 GMT
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Fic. 2.17: Contours and isotherms on the 500-mb surface, 0300Z, February 20, 1948, showing a well-developed block [9].

With the recent increased trend toward high-level
flying, both meteorologists and aircraft pilots have be-
come aware that turbulence in clear air can occur in
the high troposphere as well as in the low levels. Ob-
servations to date reveal that the optimum level for its
occurrence is about 30,000 ft—roughly the height of
the tropopause in middle latitudes. But numerous cases
have been reported at much higher and lower levels.
It prevails most frequently in shallow layers less than
500-ft thick; but turbulent layers of more than 6,000
ft in thickness have been observed on several occasions
[3]. Its severity is comparable with the turbulence ex-
perienced in nonprecipitating cumuliform clouds [3,
40].

The majority of cases of clear-air turbulence ob-
served so far are associated with jet streams. Of 92
severe cases observed over or near Great Britain {4],
67 per cent were encountered near jet streams. In the
United States, all cases of moderate or severe clear-air
turbulence studied by United Air Lines [30] occurred

along or near the periphery of cold lows, or near the
edge of jet streams,

The distribution of clear-air turbulence relative to
the jet stream axis is interesting. Bannon [4] has
analysed 56 cases of severe turbulence occurring in
clear weather above 20,000 ft. His results are pre-
sented in fig. 2.18 which represents a schematic cro.s-
section at right angles to the general flow of a composite
jet stream obtained by taking a mean of three “typical
jet stream cross-sections.” The unit of measurement on
the abscissa is the distance from the center of the jet
over which the wind velocity at the level of the jet
axis, on the low pressure side, diminishes to half its
maximum value. The ordinate represents the pressure
on a logarithmic scale relative to that at the jet axis.
The dashed lines are isolines of wind speed normal to
the section, and expressed as a percentage of the maxi-
mum. A concentration of clear-air turbulence on the
cold air side of the jet stream axis is evident.
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| horizontal distance is one through which the wind speed to the left of the jet axis (looking downstream) falls to half its maxi-
‘ mum value [4].
[N
‘ 2. The Field of Temperature
THE POLAR FRONT AND ITS POSITION troposphere, it generally is distinct at the 500-mb level. -
RELATIVE TO THE JET Maps drawn for this surface often give the impression
of a continuous frontal zone around the hemisphere -

Below the jet stream core, it is often possible to  in which the temperature contrast between high and
identify a well-defined polar front [102] which inter-  low latitudes is concentrated, and which for the most
sects the ground south of the jet. While this front fre-  part coincides with the latitude of the highest winds
quently is diffuse near the ground and in the upper  and migrates with it [55, 56].
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THE DISTRIBUTION OF THE LATITUDINAL TEMPERATURE
CRADIENT IN THE TROPOSPHERE

In meridional cross-sections, the maximum westerly
winds lie between 200 and 300 mb, directly above the
strongest meridional temperature gradient at 500 mb,
which at this level corresponds to the frontal zone be-
tween the subtropical and polar air masses in cases
where a distinct front exists [35]. This concentration
of the temperature contrast between high and low lati-
tudes in the west wind belt is clearly brought out in
fig. 2.19 which shows a striking paralielism between
the profiles of the zonal components of geostrophic and
thermal winds computed for different longitudes. The
question arises as to whether the horizontal tempera-
ture gradient i concentrated in the frontal zone
throughout the troposphere. This question can best be
answered by a study of vertical cross-sections. Owing
to the temperature errors inherent in individual radio-
sonde ascents, which might give false indications of the
temperature field, it is preferable to study the problem
on some mean section. But the jet stream and the
polar front fluctuate strongly north and south with
both time and longitude. Therefore, ordinary statistical
averaging of soundings with reference to a fixed geo-
graphical location will necessarily damp out the sharp.
ness of the very features which are to be studied.

In order to obviate this damping, and at the same
time to eliminate as much as possible the temperature

S0 120 20 €0

30 went O €ost 30 $0 90
v

errors of individual soundings, Palmén and Newton
[60] used the migrating polar front at 500 mb as a
reference surface and computed a mean section with
respect to it. Fig, 2.10 represents this section along
the meridian 80°W, obtained from 12 daily maps in
December 1946. It is noteworthy that the jet stream
shows up as distinctly in this mean section, computed
with reference to the moving polar front, as in daily
sections, This indicates the very small positional devia-
tion of the jet with respect to the polar front,

Fig. 2.10 clearly «hows that the latitudinal tempera-
ture gradient is by no means confined to the frontal
layer. This is true especially in the polar air beneath
the frontal layer where secondary fronts often form
between arctic air and modified polar air. Above 700-
800 mb the temperature gradient almost vanishes north
of lat. 50°N. In the warm air, on the other hand, the
southward decrease of iateral temperature contrast is
more gradual,

The foregoing is brought out clearly if we plot pres-
sure profiles in grid of temperature against latitude
(fig. 2.20). The slope of these profiles provides a rela-
tive measure of the strength of the temperature gradient
in different parts of fig. 2.10, Within thé frontal zone,
the strongest gradients (about 5.5°C/100 km) appear
near the 800-mb surface. At 500 mb, we still encounter
comparable gradients within the same zone in many
situations. Above this level, the maximum concentra-
tion of isotherms remains almost vertical while the
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Fic. 2.19: Profiles of zonal and thermal wind components in different longitudes for the 500-mb lev . on October 12, 1945, at
0400Z. Note that strongest zonal motions cccur in latitudes of maximum isotherm concentration [102].
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Fic. 2.20: Profiles of temperatures of isobaric surfaces (labelled in slanting numbers) taken from fig. 2.10. The latitudinal tem-
perature gradient at any isobaric level may be judged by the slope of the profile [60].

frontal surface slopes northward.

As seen from fig. 2.20, the total temperature differ-
ence between pole and equator is strongest at the ground
and decreases with altitude. Thie decrease is slow in
the lower levels but becomes rapid above 500 mb. Tem-
peratures become nearly uniform st the level of strong-
est winds, Above this level, we encounter the compli-
cated temperature field of the lower stratosphere.

THE TEMPERATURE DISTRIBUTION IN THE LOWER
STRATOSPHERE

Beyond the level of the maximum winds, which in
middle latitudes usually coincides with the tropopause,
the temperature gradient reverses. But this reversal is
confined to the middle latitudes and does not extend to
polar and equatorial regions in winter. At 200 mb, for
instance, the isotherms frequently describe a closed
center just south of the jet in meridional sections (fig.
2.2). This will reveal itself on synoptic maps at that
levcl as a narrow band of cold air south of the axis of
the jet stream (fig. 2.21) [68]. To the south of this
band, the temperature again increases. North of the
jet, there is a broad warm area above a low-lying tro-
popause. But this warm band may be shallow. At higher

levels, the temperature may again decrease with height
before the deep isothermal stratum and the region
of increasing temperature with height of the ozone
layer are reached. In addition, the temperature again
decreases toward the polar regions north of the warm
band.

Palmén and Nagler [59] (fig. 2.22) bring out the
latitudinal distribution of temperature and wind at dif-
ferent isobaric levels in profile form. Here we can see
clearly the transition from the concentrated tempera-
ture gradient at 500 mb to the much more indifferent
field at 300 mb, and then to the complicated structure
at 200 mb with alternating warm and cold bands. Simi-
lar to fig. 2.21 we observe a band of cold air near lat.
43° just south of the jet and a warm band to the north
centered around lats, 55°-60°N. These cold and warm
bands migrate with the jet stream. This indeed is neces-
sary if along the vertical the winds reach ¢ peak value
somewhere and then decrease upward as is true near
the jet stream core in all analyses shown in this chapter,
and if the actual wind speed does not deviate too widely
from the geostrophic. Then, in the layers in which
the wind increases upward, the slope of the isobaric
surfaces also must increase upward; and in the layers
in which the wind decreases with height, the slope of
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the isobaric surface also must decrease with height.
From static considerations, the vertical distance be-
tween two isobaric surfaces increases with increasing
temperature. We can, thus, provide the requisite varia-
tion of the slope of the isobaric surfaces along the
vertical by introducing a poleward directed tempera-
ture gradient below the level of strongest winds, and the
reverse gradient above, in accord with the observed
temperature fields.

It is one of the most remarkable facts of the upper
atmospheric temperature field that the warm band
of the subarctic zone in figs. 2.20 and 2.21 does not ex-
tend to the pole, nor does the cold band of middle
latitudes reach to the equator. These figures furnish
indisputable proof that the 200-mb temperature field
in middle latitudes cannot be explained as due to
horizontal advection of a warm arctic “stratosphere”
f from the polar zone and a “cold tropical subsirato-

sphere” from the equatorial belt. High-level air masses
: of the type found at 200 mb in middle latitudes simply
j do not exist at this level near pole or equator, It fol-
r lows that the classical hypothesis on stratosphere tem-
P perature fields in middle latitudes is not tenable, and
r that the temperature distribution above the jet stream
core is a consequence of dynamic processes. This will

21

POTENTIAL TEMPERATURE DISTRIBUTION AND
TROPOPAUSE STRUCTURE

The location of the jet stream core coincides with a
break in the tropopause. Immediately to its north, there
is a low tropopause which, on the average, lies at about
seven km but occasionally can be as low as five km.
Another tropopause, lying immediately to the south, is
located near the 200-mb surface. Fig 2.1 shows this
multiple tropopause structure well. We distinguish three
tropopauses:

(1) A tropopause with characteristic potential tem-
perature of 330°-335°A lies between Iats. 35°
and 47°N at pressures varying from 300 to 200
mb. This tropopause is situated to the south of
the jet and slopes upward sharply toward the
south on the equatorward margin of the maxi-
mum winds. Farther tropicward, its height again
decreases; its intensity weakens, and finally it
disappears. In the steeply sloping part of the
tropopause, the isentropic surfaces reach their
highest elevation—the cold band of figs. 2.21-22.

(2) A real tropical tropopause is found south of
lat. 40°N near the 100-mb level with a temper-
ature below —70°C and a votential temperature

be explored further in chap. VII.
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Fic. 2.21: Isotherms (°C) at 200 mb, January 28, 1947, 0300Z.

Heavy arrow indicates center of jet [68].
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around 390°A. In the gap between the two tro-
popauses described, commonly located over the
northern margin of the trade wind belt in winter,
there is frequently a second jet which, in gen-
eral, is less intense than the first.

The tropical tropopause sometimes extends
surprisingly far northward and has been ob-
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Fic. 2.22: Meridional distribution of wind (solid curves) and
temperature (dashed curve) for 0300 GCT, November 30, 1946,
at: (a) 500 mb, (5) 300 1.b, and (¢) 200 mb [59].

(3)

served not far from the northern jet stream
maximum. A typical sounding for the southern
United States would show some break in the
lapse rate at or a little above 200 mb, followed
by a thin isothermal layer. Above this, the
temperature decreases again and reaches a min-
imum at about 100 mb~—the height of the tropi-
cal tropopause, The general isothermal layer or.
temperature increase with height starts above
this tropopause.

A tropopause with ‘a characteristic potential
temperature of 310°A extends poleward from
the jet stream ‘and is situated at about 300 mb.
This tropopause usually has its minimum ele-
vation just north of the jet stream, and slopes
upward toward the north. Frequently, it does
not extend all the way to the pole, but disap-
pears at some intermediaté latitude. While an-
other tropopause, at a much higher elevation is
in evidence in polar latitudes in winter. The

“gouthern part of the latter tropopause can be

seen near the left margin of fig. 2.1.
- > .
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CﬂAFIER . CLIMATOLOGY OF THE jE'l‘ STREAM

1. Mml Variations

MEAN SEASONAL ISOTACHS

The jet stream features described in the preceding
chapter and the latitude and altitude at which we ob-
serve the core not only vary rapidly with the synoptic
situation but, in addition, change gradually with the
season. As is evident from fig. 3.1, the accumulative
effect of this seasonal change is large. This figure con-
tains isotachs of the mean monthly geostrophic west
wind distribution for January and July at the level
of strongest wind, obtained from cross-sections con-
structed with the aid of normal monthly pressure maps
for the northern hemisphere [52].

The level of strongest wind, as given by these mean
sections, was located between 11 and 14 km. Although
the data available for the construction of the normal
monthly pressure.charts was sparse over large parts of
the hemisphere, especially the Pacific Ocean and the
Far East, fig. 3.1 nevertheless is the only attempt to
date at hemispheric representation of the seasonal
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Fic. 3.1a: Average position and strength ot the jet stream for ‘

January. Solid lines indicate geostrophic wind speed (mph)
at the level of maximum speed [52].
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Fic. 3.1b: Same as 3.1a for July.

zonal flow distribution in the high troposphere. In
presenting this figure, we wish to stress that future
charts of this kind will show large changes in some
areas.

The average latitude of the hemispheric jet as given
by fig. 3.1 is 25°N in winter and 42°N in summer.
Thus, the jet axis and all climatological and synoptic
features associated with it migrate seasonally over a
range of nearly 20 degrees of latitude, which is a con-
siderable distance though only half of the sun’s move-
ment. In the core, the mean jet intensity is more than
40 mps in winter but drops to about 15 mps in sum-

‘mer. This seasonal decrease of the strength of the

upper-air circulation from winter to summer—amount-
ing to 65 per cent in-the jet core—is a typical feature
also of the southern hemisphere.

In addition to the average intensity and latitude of
the mean jet stream, fig. 3.1 clearly shows that the in-
tensity varies greatly with longitude. This is especially
trne in winter when we find the highest wind concen-
trations near the east coasts of the continents and the
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weakest winds near the west coasts. Thus, in the mean
picture, the upper westerlies during this season
strengthen as they move over the anticyclonic surface
circulations of the continents and weaken as they pass
over the oceans. To some exient, at least, this mean
picture is deceptive as far as application to daily situa-
tions is concerned. The. mean latitude of the jet stream
fluctuates more from day to day on che west coasts than
on the east coasts, Quite generally, the variability of the
upper winds increases from the western edge toward
the eastern edge of the oceans.

Another aspect of the mean high-level flow pattern
of winter, not very evident in fig. 3.1, should be men-
tioned here. In winter the whole belt of westerlies does
not always circulate symmetrically around the North
Pole, but around a “circulation pole” which is dis-

"placed from the geographic pole toward the western

Pacific Ocean. On daily charts this tendency toward
eccentrjcity manifests itself by the fact that the jet
stream center in the Pacific Ocean lies at an appre-
ciably lower latitude than in the Atlantic Ocean and
Europe, often by 20° or more. Fig. 3.1 fails to bring
this out, probably on account of the lack of reliable
data and also because of the existence of a second mean
jet stream center over the low latitudes near the north-
ern rim of the trades. We suggest that a different pic-
ture would result if we would tabulate the latitude of
the jet stream center as a function of longitude from
daily or five-day mean charts, and then determine the
mean latitude of the jet as the mean of these tabula-
tions.

It is worth re-emphasizing that the climatological jet
is a result of averaging. This has been emphasized by
Palmén [57] who states: “In order to avoid misunder-
standing it should be pointed out that this upper jet
computed from mean meridiona! cross-sections for
seasons or longer periods is not identical with the
“meandering” jet stream associated closely with polar
front disturbances. This latter phenomenon can hardly
be studied by the aid of climatological data, as Palmén
and Newton [60] have shown, because of the strong
irregular displacements of the polar front and the
principal air masses.”

Petterssen [63] has summarized the charts forming
the basis for fig. 3.1 into hemispheric cross-sections of
the zonal wind component for the different seasons
(fig. 3.2) . These sections of necessity corroborate what
we have just said. They also show that in the seasonal
mean the average altitude of the jet stream center is
nearly unchanged. The average increase of west wind
with height is more than twice as strong in winter as in
summer, and the altitude of the upper limit of the west-
erlies lowers considerably in summer. Perhaps the moat
surprising feature of figs. 3.1-2 is that in spite of the
method of averaging and the synoptic variability of the
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Fic. 32a: Mean zonal component of the geostrophic wind
(mps) in winter averaged over the northern hemisphere [68].
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Fic. 3.2b: Same as 3.2a for summer.

jet position, a definite core nevertheless is obeerved
both in the horizontal and in the vertical view.

" As a final point of interest of fig. 3.2, we should
point out that the latitude of the strongest westerlies
was above or a little south of the dividing line between
the casterlies and westerlies at the surface, i.c., the
subtropical ridge line. This is true especially in winter.
We shall come back to this surprising fact in chap. VII
in connection with the problem of jet stream formation

- and maintenance.

MEAN CROSS-SECTIONS FOR VARIOUS LONCITUDES

North America.—The first mean croas-sections con-
structed after aerological data became more abundant
in the carly 1940’s were those of Willett [108] (fig.
1.3). Unfortunately, the stations available to him were
spread over a large longitudinal range (76°) and the
sections thus were not located everywhere normal to
the mean upper air flow. Subsequently, Hess [31] pre-
pared mean winter and summer sections along 80°W
fig. 3.3). This is a longitude where & mean upper
trough is located in winter and the flow is, therefore,
essentially from the west.

Thus Hese’s sections are normal to the average flow
aloft and bring out the mean west wind distribution
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with latitude. But the.reader should remember that
the structure of the westerlies as portrayed is repre-
sentative of mean trough conditions.

On the whole figs. 3.2 and 3.3 are similar as they
show & well-defined jet stream core in summer and
winter. This core moves poleward in summer and its
strength weakens, We see, however, that the jet center
over North America lies at a higher latitude through-
out the year— approximately by 10° —and that its
strength averages about 10 mps more than that of fig.
3.2. The secondary jet shown in the far north in winter
is associated with the cold upper troposphere of the
arctic night.

Ceniral Asia and China.— A cross-section, prepared
by Chaudhury [17] from data for January and Feb-
ruary in 1946 for stations roughly along 76°E (fig.
3.4), reveals a different structure of the westerlies over
central Asia. A maximum of 70 mps and more lies at
about 30°N and a weaker one, whose existence is not
considered to be proved beyond doubt, is indicated
near 15°N. From the slope of the low-level isotherms
and on the basis of data from other winter periods, it
is certain that « third jet center exists north of the
Himalayas. This northern current does appear in a
section prepared by Yeh [112] from wind observations
taken roughly along 120°E during December 1945

and January 1946 (fig. 3.5). Yeh also verifies the
presence of the principal jet further south which skirts
the equatorward rim of the Himalayas and then crosses
eastern China between 25°-30°N with a speed of over
120 mph. Apparently, it is this current which is fea-
tured on the isotach chart of winter for the Far East
(fig. 3.1) drawn by Namias and Clapp [52]. We see
from the more recent data that the mean latitude of the
current should appear more than 10° further north.
As brought out later in this chapter large mountain
barriers of the type of the Himalayas tend to channel
the upper air currents around their periphery and
therewith produce a much more steady wind regime
aloft than is found elsewhere. Yeh [112] has demon-
strated clearly that the latitude of the main jet center
varies very little from day to day over eastern Asia
after the winter regime of the atmosphere has estab-
lished itself during October or November. If we plot
wind speed as a function of time and latitude, as done
by Yeh at 115°E (fig. 3.6), we see this rather invariant
jet position. Thus, over the Far East in winter, a verti-
cal section fixed with respect to the earth would also
be fixed with respect to the jet axis. Mean sections
averaged over a fixed geographical interval would re-
tain the sharp features of synoptic situations (fig. 3.7)
to the same extent as the section computed relative to
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Fic. 3.3b: Same as fig. 3.3a for summer.
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Fic. 3.4: Mean meridional cross-section for January and F e7b]m|ry 1946 along 76°E. Thin solid lines are isolines of the geostrophic

zonal wind (mps) and dashed lines are isotherms in °C [1

the 500-mb polar front over the U. S. by Palmén and
Newton [60] (fig. 2.10). When the vorticity distri-
bution is computed from fig. 3.7, the resulting profile
(fig. 3.8) somewhat resembles that of fig. 2.13. North
of the jet center the absolute vorticity almost attains
the Coriolis parameter at the pole and, speaking genc:-
ally, is fairly constant from the arctic to the latitude of

strongest westerlies. South of this latitude, we en-
counter a broad band in which the absolute vorticity
is zero, a most remarkable result (cf. chap. VII),

It is noteworthy that the jet stream crossing Siberia
fluctuates greatly compared to the southern jet (fig.
3.6). This northern jet is not constrained in its motion
by the great high plateau of central Asia.
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Fic. 3.5: Meridional cross-sestion of mean zonal wind (mph) for December 1945 and January 1946 computed from rawin data

along 120°E [112].

Fic. 3.6: Time section of the 300-mb geostrophic zonal wind (mph) along long. 115°E from October 1945 to January 1946 {1121,

Europe.— A mean cross-section for the Greenwich
meridian constructed for February 1951 [38] (fig.
3.9) shows a broad jet of 35 mps in the vicinity of
40°N. The broader maxima and lower speed of this

section compared to fig. 3.3 at least partly reflect the .

large latitudinal oscillations of the jet over western
Europe.

The structure of the northern hemisphere winter
jet shown by the preceding figures is quite different
at the four longitudes. Agreement is best at 80°W and
120°E in comparison with 76°E and 0°. This may be
accounted for by the fact that both 80°W and 120°E
lie along the east coasts of continents where a mean’
long-wave trough persists during winter. The height of
the principal jet, shown by the cross.sections, is near
200 mb over eastern North America and eastern Asia
but somewhat lower over western Europe. It is note-

worthy that the magnitude of the wind speeds shown
by Yeh’s cross-section, which is based on mean winds
from rawin stations, compares closely with the com-
puted geostrophic speeds of the other northern hemi-
sphere sections, and also with the geostrophic wind
distribution over the Far East.

Southern hemisphere.—Mean winter and summer
cross-sections for the southern hemisphere have been
computed along 150°E and 170°E [36, 43]. It is very
interesting to note how little winter conditions at 170°E
in the southern hemisphere (fig. 3.10a) differ from
those at 80°W in the northern hemisphere (fig. 3.3a)
even though one longitude extends over an ocean and
the other crosses the eastern part of a continent.
Intensity and mean altitude of the jet core are about
equal. The southern jet lies a little closer to the equator
at 170°E than the northern jet at 80°W, but its latitude
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TIME SECTIONS AT 300 MB AND 700 MB
(-] o : 1
: ! Figs. 3.11-12 give the seasonal variation of west-
. wind speed at 300 mb and 700 mb from July 1945 to
w0} O January 1946 averaged over the northern hemisphere
KO} exclusive of Asia. As should be expected, the strength
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Fic. 3.7: Monthly mean profile of 300-mb zonal wind along =St i
115°E avetaged with respect to the center of the southern jet 1
stream computed from ﬁ;. 36 [118] -4 Fe
is the same as the latter at 120°E (ﬁg 3.5). -0 :
Agreement between the winter sections of the south- .
ern hemisphere is quite good, but in summer condi- -2 (L
tions at 150°E and 170°E differ considerably. At 150°E 5 ST EY U VR SRS W W [,
a single jet of over 50 mph appears at 40°S while at - 0 2 4 €6 8 10 12107 sec™)

170°E (fig. 3.10), we note a double structure with
slightly stronger )eu at 45°.50°S and 30°S. In either
case the summer jet is found at a lower latitude than in
Hess’s summer section (55°N). However, a tendency

for a secondary maximum near 40°N is also shown by
Hess.

Fic. 38: Monthly mean profile of absolute vorticity computed
from fig. 3.7 mzf

of the westerlies is greater at 300 mb compared to
700 mb. The slope of the axis of strongest westerlies is
nearly vertical in summer, whereas in winter we fmfl
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Fic. 3.9: Cross-section of mean zonal geostrophic wind (mps) for February 1951 slong Greenwich meridian [38).
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Fic. 3.10b: Same as fig. 3.10a for southern hemisphere summer.
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Fic. 3.11: Seasonal distribution of zonal flow (mps) at 300
mb, July 1945-Janunary 1946. Heavy solid line indicates maxi-
mum westerlies, and heavy dashed line, boundary between east-
erlies and westerlies [71].

the strongest 300-mb current well south of that at 700
mb. This is in agreement with mean cross-sections
such as fig.3.2 but is the opposite from what we often
observe synoptically. This peculiar difference between
jet structure on individaal days and in the mean must
find its explariation in the methods of averaging used
to determine mean conditions. It is noteworthy that at
120°E, where daily and seasonal jet positions agree
closely (fig. 3.5), this reversed slope does not exist.
The latitude of strongest westerlies as given by figs.
3.2 and 3.11 agree closely in July, and so does their
intensity. Subsequently, the mean jet stream continues

to shift further northward and reaches 50°N in Sep-
tember. At the same time the seasonal increase in wind
speed aloft has begun. Thus, the time of highest jet
latitude and lowest intensity does not coincide but
differs by two months.

In the period December 1945-January 1946, the
strongest westerlies were located at about 32°N. This
is not nearly as far southward as is indicated for mean
conditions in fig. 3.2. But we should remember that
only the general features of figs. 3.11-12 are representa-
tive to any great extent. Variations of detail from year
to year are very great. The strongest westerlies, for
instance, in some years reach their lowest latitude

as early as November, and in other years not until
March-April.

Fic. 3.12: Same as 3.11 for 700 mb.

2. Influence of Large-Scale Thermal and Physical Features

MEAN TEMPERATURE FIELD

It has long been realized that at upper levels, as
well as at the surface, the pole to equator tempera-
ture difference and consequently the zonal thermal wind
is not evenly distributed. Instead, a large proportion of
the temperature gradient is concentrated in middle
latitudes (cf. fig. 3.10) and this concentration shifts
latitudinally with the seasons. In associating the region
of strongest mean temperature gradient with the jet,
it is not implied that the existence of the jet can be
explained by the temperature field, or vice versa. How-
ever, the close relation between the fields of tempera-
ture and motion is useful in discussing seasonal
changes in the structure of the westerlies.

The seasonal variation of the jet shown by the
preceding sections is approximately equal to the sea-
sonal variations of the thermal wind given by the pole
to equator temperature difference and by the latitu-
dinal shift of the zone of greatest horizontal temperature
gradient. For example, the displacement of the jet from
55°N in summer to 35°N in winter in eastern North

America and its increase in speed from 254 to 504
mps (fig. 3.3) is closely connected with the southward
movement of the mean polar front and increased tem-
perature contrasts between polar and tropical air
masses. The greater strength and the more equator-
ward position of the jet in the southern hemisphere
during the southern hemispheric summer compared to
that of the northern hemisphere during the northern
hemispheric summer are related to the fact that during
the hot season the troposphere of the southern hemi-
sphere middle latitudes remains much colder and the
zone of maximum temperature gradient remains fur-
ther equatorward than in the northern hemisphere.

Thus, seasonal variations of the mean westerlies in
middle latitudes may be related to changes in the
mean latitudinal temnperature distribution. However,
any longitudinal variations in the upper westerlies
must be accounted for by other means. These varia-
tions appear to be principally controlled by the land-
sea distribution and by the location of large mountain
areas.
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THE LAND-SEA DISTRIBUTION

In chap. VII, the analogous behavior between the
jets of atmosphere and ocean and those produced in
model experiments is cited as evidence for the dynamic
maintenance of jets, In addition, the similarity between
the structure of the westerlies in rorthern and southern
hemispheres ' renders untenable any jet hypothesis
which requires large permanent thermal contrasts such
as a snow line or a coast line. Nevertheless, the differ-
ential heating and cooling between the large land and
water bodies undoubtedly exerts some influence on the
upper westerlies.

In winter the maximum temperature gradients are
found over the continents and, as we have seen (fig.
3.1), the mean jet intensifies from the western to the
eastern end of a continent. However, marked strength-
ening of the jet also is indicated over the continents in
summer when the temperature gradients are weak.
Clearly, reasoning from differential heating and cool-
ing effects of land and sea would not predict in an
obvious way the longitudinal variations shown by fig.
3.1.

Comparison of long-wave patterns and areas of wind
concentrations in northern and southern hemispheres

should conclusively test the importance of the land-sea
distribution in shaping the mean flow pattern aloft.
Continental influences operating through differential
heating should be small in the southérn hemisphere.
This check must await more complete upper-air data
from the southern hemisphere, In the following section,
however, we shall be able to make some observations
on the upper-air circulation over South America.
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Fic. 3.13: Schematic representation of flow around the Hima-
layan plateau [115].
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Fig. 3.14: 300-mb chart, November 4, 1945, 0400Z. Contour heights are in 100's of feet [112].
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LARGE MOUNTAIN BARRIERS

The large barriers in temperate latitudes are of two
types: (a) Those oriented roughly along the current,
and (b) those normal to the flow. An obstacle of the
first type, for example the Himalayas, largely diverts
the westerlies. A long barrier of the second type, such
as the Rockies, forces the westerlies to ascend over it.

The Himalayas markedly influence the upper-flow
pattern over eastern Asia, particularly during the winter
season. This effect is shown schematically by fig. 3.13
in which the westerly current is divided by the moun-
tain barrier. The split of the westerlies over central
Asia is demonstrated by the sections presented by Yeh
[112] and Chaudhury [17]. In addition to these sec-
tions, Yeh presents a synoptic 300-mb chart (fig. 3.14)
which indicates the spreading of the contours over cen-
tral Asia leaving a dead spot over the mountains and
producing small vortices in their lee.

During summer, the westerlies are entirely north
of the Himalayas. The shift to the north side of the
barrier in late spring and early summer produces a
marked change in the circulation over India and
Burma which, according to Yin [115], is coupled with
the “burst of the monsvon” in that region. In the case
studied by Yin the collaps: of the southern jet at the
onset of the monsoon was shown quite clearly by a
latitudinal time section at the 500-mb level (fig. 3.15).

The return of a portion of the westerlies to the south
of the high plateau marks the beginning of the steady
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Fic. 3.15: Mean geostrophic west wind at 500 mb between
long. 0° and 130°E as a function of time.and longitude, com-
puted for five-day periods during May and June 1946. Isotachs
are labelled in mps with the position of the maximum (the jet)
urnd m]inimum being indicated by heavier solid and dashed lines

115].

winter regime of eastern Asia described by Yeh [112].
We have already seen the effectiveness of the mountain
barrier in maintaining a steady flow in fig, 3.6 which
showed that the latitude of the jet center was nearly
invariant during the winter of 1945-46. The constancy
of the strong jet near 30°N is corroborated by com-
putations of wind steadiness at a number of stations
in China (table 3-I) and by fig. 2.9.
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2,000 foeteess | 22 8 a2 1 62
10,000 feetesss | 66 89 47 67 84 84
20,000 feet.c.s | 81 9% 89 95 97 87
80,000 fosteoss | 85 96 " 97 98 89
40,000 foet..se | 98 98 92 96 9 9

Table 3-1: Wind steadiness in cent as & function of height
for stations in China computed I:;'r the winter of 1945-46. Wind

steadiness (S) in per cent is defined by the formuls s=& 100

where R is the speed of the vector resultant wind and V the
average speed regardless of direction [112].

No other mountain barrier of similar shape and
orientation relative to the mean flow aloft approaches
the size and height of the Himalayan plateau, The Alps,
which have a somewhat similar orientation, are not
only lower but also have a very much smaller area.
Their effect certainly is small in comparison with that
of the Himalayas.

The principal barriers situated normal to the west-
erlies are the Rockies of North America and the Andes
of South America. These ranges affect the upper flow
quite differently from the Himalayas. Because of the
large latitudinal extent of these barriers the westerlies
are forced to move over rather than around them. The
deformation to which an initially straight flow is sub-
jected while ascending and then descending over a
barrier of this type has been discussed from the stand-
point of vorticity by Holmboe, Fcrsythe, and Gustin
[32] and by Boffi [13]. The theorem of conservation
of potential vorticity states that the ratio of .absolute
vorticity to the vertical depth of an air column is con-
stant [79]. The following qualitative discussion of
this theorem has been given by Boffi:

“As the sir currents approach the mountains from the
west, their vertical depth decreases, and therefore their
absolute vorticity must also decrease. In a broad-scale cus-

rent such as is considered here, extending over a wide
band of latitude, the decrease of absolute vorticity is ac-
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complished by turning of the air columns toward lower
latitudes, associated with the appearance of anticyclonic-
flow curvature over the mountains. This decrease of the
relative vorticity and the transport of air toward lower lati-
tudes both contribute to the decrease in the absolute
vorticity.

“Esst of the Continental Divide the absolute vorticity
again increases. Since the upper-air current is there flowing
from the southwest (in the southern hemisphere, northwest
in the northern hemisphere), it is still moving toward
regions where the earth’s own vorticity becomes smaller. The
increase in abeolute vorticity, therefore, must be accom-
plished by an overcompensating increase in the relative
vorticity. The anticyclonic-fiow curvature must decrease rap-
idly and give way to cyclonic-low curvature, tuminy the cur-
rent back toward east and eventually to southeast (northeast
in the northern hemisphere). The trough east of the moun-
tains must be more sharply defined than the ridge over the
mountains, at least in its western portions.

“It is evident that the higher the mountain range which
the broadscale air current must cross, the more pronounced
will bé both the resulting ridge of high pressure over the
mountains and the trough to their cast. It follows also that
the larger the obstacle over which the air has to flow the more
permanent a feature of the general circulation must be the
deformation in the general flow pattern produced by the
mountains, and the smaller the aperiodic variations from
average conditions that should be found.”

Seasonal upper-air charts over both North and South
America (figs. 3.16, 3.17) clearly show that a ridge

tends to be established in the mean over the mountains,
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ul;u]:. 3.16: Mean tiow at six km in winter over South America

while a trough persists downstream in their lee. This
trough over North America lies at about 80°W. In
South America, data are not sufficient to accurately
place the Andes lee trough. According to the best avail-
able information, it is located over the Atlantic at
approximately the same distance downstream from
the mountain barrier as in North America.

Fic. 3.17: Average January
United States (solid lines) md storm tracks [13].
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Fic. 3.18: The mean height of the Sw-mb ‘wirface-as.a _func-
tion of longitude. In summer the
ia the latitude belt 45°N-50°N, in winter 35°N-40°N [14].

The fact that the trough is located over the ocean can
be cited as strong evidence against a simple thermal
explanation of the maintenance of east coast troughs.
It is not possible to explain the existence of such a
trough on the basis of differential heating when in the
same season the North American trough lies—on-
side of the coastal thermal field and in South America
on the other side. As stated by Boffi [13]:

“It is evident that the position of the mean ridges and
troughs aloft is primarily a function of the dynamic effect
that the mountains produce on the bhroadscale air currents
crossing the mountains, irrespective of the distance of the
eastern coast line from the mountains. Therefore, it is de-
duced that the local solenoid field produced at east coasts by
the temperature contrast between land and water is an effect
of an entirely subordinate order of magnitude as compared
with the influence of the large mountain barriers. These
mountain barriers, moveover, must be considered as the pri-
mary anchor of the long wave pattern in the westerlies.”

represents conditions -
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Since both the Rockies and Andes have a large
latitudinal extent, seasonal variations in the location
of the westerlies could be expected to be of much less
importance than in the case of the Himalayas if the
mountains exert the primary control on the air flow.
Mean 500-mb longitudinal profiles for winter and suin-
mer presented by Bolin [14] (fig. 3.18) show clearly
that such is the case. As observed by Bolin:

“We know that the contineats act as cold sources and the

oceans as warm sources in winter while conditions are re-
versed in summer. In spite of this fact certain basic features
of the wave pattern at upper levels do not change essentially
from summer.to wister. . . . Even though the intensity of the
waves around the hemisphere is much leds in summer than in

winter, the position of tle troughs and ridges is slmost the
same,”

Bolin herewith deduces from the lack of seasonal
variation of trough position what we have noted above
in comparing North and South America during the
same season. We also can point out that although the
intensity of the troughs downstream from both the
Rockies and the Himalayas decreases from winter to
summer (fig. 3.18), the change over East Asia is
much greater. This may be connected with the fact
that the westeriies cease to flow around the southern
rim of the Himalayas in summer whereas they are
still forced to cross the Rocky Mountains in spite of
the polewarll displacement of the jet stream center.

3. Influence of the Jet on Surfsce Climates

In this section, we shall attempt to relate some of the
elements of surface climate —such as temperature, rain-
fall, and storm tracks —to structure, motion, and
location of the hemispheric jet. A complete discussion
of the relation between climatological features at the
surface and the upper flow would require consideration
of all large-scale features such as mean long-wave
trough and ridge positions. Within the limits of this
volume, we shall not undertake such a complete treat-
ment. It appears, however, that many climatological
foatures can be fitted into a physical pattern by using
the jet as a basis for classification. We shall illustrate
these relations with a few selected examples.

INFLUENCE OF JET STRUCTURE

The climate of western Europe is strongly affected
by the structure of the upper westerlies. Rex [67] has
shown that during certain periods well-defined blocks
‘sre established over the Atlantic with the jet splitting
into two branches (fig. 3.19). The northern branch
usuaily passes in the vicinity of Iceland and northern
Scandinavia, and the southern branch runs near the
Axores and then across Spain or North Africa. During
blocking periods, a deep, persistent anticyclone is
maintained over western Europe, Temperature anom-

_ alies are positive over the north Atlantic and over
northwest Europe and negative in central and south-
west Europe (fig. 3.20). This anomaly pattern can be
interpreted vartly as a result of the displacement of
the normal cyclone track into a more SW-NE orienta-
tion over the Atlantic. The warm air masses on the
west side of the anticyclone are brought further north
than usual and on the east side Siberian air masses
extend much further into western Europe. The mean
precipitation anomalies (fig. 3.21) show, in general,
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Fic. 3.19: The European winter block (3 mean picture).
He:;llt of the 500-mb surface (tens of meters) shown by the
dashed lines. Sca-level pressure distribution (mb) shown

by the thin solid lines [671.

a marked decrease of precipitation in western Europe.
The summer precipitation pattern is not essentially dif-
ferent from that of winter. A high frequency of blocks
can result in large mean temperature and precipitation
anomalies during any season or year. However, the
details shown by fig. 3.19 also point to the importance
of local features in determining the effect of a block-
ing period on the precipitation at any given station.

Variation in the structure of the westerlies over long
periods of time has been offered as a hypothesis for
long term climatic changes [109]: If the structure of
the westerlies over western Europe varies from periods
of essentially zonal flow to other periods in which me-
ridional flow predominates, as during blocking, signi-
ficant changes in climate should be expected.
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INFLUENCE OF JET INCIDENCE ON LOCAL CLIMATE

The climatological element which has been most
closely associated with the jet stream is preclpltatlon
Starrett [96] found that precipitation maxima tend to
be oriented along or just north of the band of strongest
winds at the 300-mb level. This tendency is discussed in
relaticn to synoptic jet streams in chap. IV. Figs. 3.22
and 3.23 show mean precipitation fiequency profiles
in the case of straight flow and in the vicinity of
troughs.
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Fic. 3.20: European winter temperature anomalies during
bloclung Lines of equal temrenture anomaly are given for each

2°C above and below normal and are shown by the thin dashed
lmes. Areas recording mean temperatures more than 4°C above
normal are indicated by the horizontal hatchmgs and areas re-
cording mean temperatures more than 4°C below normal by
the vertical hatchings [67].

Since Starrett’s study was made over the United
States where the jet position oscillates widely from day
to day, averages were taken in respect to the jet posi-
tion, In East Asia, as discussed previously, the winter
jet maintains a nearly constant latitude. Here it is of
interest to compare the mean upper-flow pattern with
the mean precipitation pattern of winter (fig. 3.24).
A maximum of precipitation practically coincides with
the center of the upper jet stream. Rainfall decreases
northward and southward from there but much more
rapidly on the south side. The extreme concentration
of this precipitation is evident from the fact that over
considerable areas to the north and south of the jet
axis the gradient of mean winter precipitation is in
excess of 20 cm per 100 miles. Such remarkable agree-
ment between precipitation relative to the jet in the
United States as found by Starrett, and the average
regional rainfall pattern of China relative to the aver-

age position of the jet over China is possible only if the

latitudinal fluctuations of the jet stream over eastern

China are restricted to very narrow limits not only from
one day to the next but also from one year to the next.

In areas where the jet location is more variable
seasonal mean precipitation gradients are much smal-
ler. However, even in these areas the jet may tend to
persist for several weeks at times and result in the
concentration of the monthly precipitation within ner-
row zones. Thus, at a given station in middle latitudes
the deviation of the seasonal precipitation from the
mean can often be linked to above or below average
frequency of the jet in the vicinity,

The importance of jet incidence also affects longer
term trende, Willeit [110] has noted that a correlation
exists between sunspot activity and the westerlies which
are displaced southward (the circumpolar vortex ex-
pands) during periods of weak sunspot activity. Fur-
ther, Saucier [90] has shown that the frequency of
cyclogenesis in the Texas and Gulf region is negatively
correlated to sunspots. It would appear that these cor-
relations are physically consistent and that the increase
of cyclogenesis during periods of low sunspot activity
can. be associated with the southward displacement of
the westerlies over the central United States.

The seasonal movement of the westerlies is clearly
reflected in rainfall curves for stations along the west
coast of North America. Fig. 3.25 gives the month of
maximum precipitation for selected stations between
San Diego, Califomia, and Anchorage, Alaska. At
Anchorage, the maximum occurs in August-September
when the jet is located near its most poleward position.
In more southerly latitudes it «ccurs at progressively
later dates reflecting the southward drift of the jet. At
San Diego, the month of maximum precnpxtatxon is
February Since most of the west coast precipitation
is closely associated with travelling cyclonic disturb-
ances, fig. 3.25 also reflects the seasonal movement of
cyclone tracks from summer to winter,

The cyclone tracks have been computed by Petterssen
[63] in a novel way by locating the areas where highs
and lows alternate most frequently (fig. 3.26). Since
the travelling surface disturbances propagate in the
main along the jet stream, fig. 3.26 affords a better
means than fig. 3.1 to determine the me .n jet position
in winter, We note that the pattern of fig. 3.26 is much
simpler over the oceans than over the continents. In
the lee of the Rockies there is no distinct pattern. This
suggests a large variability of jet positions and fre-
quent presence of multlple jets. The situation simplifies
going eastward, and only one principal belt of slter-
nating hnghs and lows leads from the North American
continent into the Atlantic Ocean. Over Europe-Asm
we observe the same condition. The pattern is simple
over East Asia where the southern jet is only weakly
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Fic. 3.22: Profiles of frequency (per cent) of precipitation Fic. 3.23: Profiles of frequency (per cent) of precipitation
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Fie. 3.24: Distribution of mean zonal wind speed in mph
(solid lines) of December 1945 and January 1946 at 30,000 ft
and mean precipitation pattern in centimeters (dashed lines)

" in winter over China. The figures' are the mean speeds at the

various stations and the heavy line shows the position of the
jet stream axis [112].
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Fic. 3.25: The month of maximum precipitation as a function
of latitude along the west coast of North America.

reflected at the surface but very complicated over Eu-
rope. One belt of frequent cyclonic activity extends from
the eastern Atlantic over Britain and Germany and a
secondary belt over the Mediterranean. This pattern,
which to some extent reflects the frequent blocking
activity over the eastern Atlantic, results in a complex
rainfall distribution over western Europe. Conse-
quently, stations along the European west coast do
not show a simple/ progression of the month of maxi-
mum precipitation as in North America.

The seasonal poleward advance of the jet in spring

Fic. 3.26: Rate of alternation (per cent) between cyclones
and enticyclones during the winter scason, indicating the dis-
teibution’ of travelling disturbances. The ratio of alternation is
defined as the ratio (F./F.) when F.<Fa, or by (F4/F.) when
Fe>Fa where Fo and Fu denote the percentage frequencies of
occurrences of cyclone and anticyclone centers, respectively, in
a given 100,000 km square [63].

and summer does not appear to take place in a con-
tinuous manner along the west coast of North America.
Instead, one jet tends to die out in the south in late
winter and another one develops near the Arctic Circle.
Consequently, no definite secondary maximum of
rainfall is noted in the Washington-Oregon region, for
example, as would be expected if the jet moved siowly
northward between late winter and late summer.

Over the central United States, a northward trend
of the jet can be noted from the rainfall curves. At
most stations in the Arkansas-Tennessee area a March-
April maximum is observed; in Iowa-Illinois rainfall
is highest in May-June; along the Canadian border we
observe a June-July peak. Even far inland from the
west coast of North America, however, we observe a
definite tendency for a second wind maximum to
develop over northern Canada. The “Hudson Bay
High,” a generally recognized feature of North Ameri-
can weather during spring [15], separates these two
streams. Hudson Bay highs are noted for their dryness.
Thus, it can happen during spring that the Chicago
Forecast Center of the United States Weather Bureau
is concerned with floods in the central plains states and
at the very same time with forest fire danger near the
Canadian border,




CHAPTER 1V.

THE JET STREAM

IN RELATION TO MIDDLE LATITUDE CYCLONES

1. The Jet Stream as a Factor in the Development of Extratropical Cyclones

Prior to the extensive explaradon of the upper air,
short-range forecasting was based on the polar-front
theory of wave cyclones developed by the Norwegians
during World War I. According to this theory, extra-
tropical cyclones are regarded as waves travelling
along sloping fronts between cold air masses of polar
origin and warm air masses originating in tropical
regions. As a result of shearing instability along the
fronts, these waves increase in amplitude and eventu-
ally develop into closed vortices.

While the polar-front theory had the great merit of
crystallizing an amorphous collection of ideas concern-
ing the inception and development of cyclones into a
model, it has now become evident that this model does
not accurately describe conditions in the upper air.
Nor does it provide a complete clue to cyclones observed
in middle latitudes. Whereas it is undoubtedly true that
extratropical cyclones often do develop as waves on
the polar fronts, strong fronts have been known to exist
for a number of days without any cyclonic activity
developing on them. And conversely, cyclones often
develop without the sequence described by the polar-
front theory being in evidence. Palmén [56], for
instance, has shown. with a series of weather maps that
the structure characteristic of the occluded frontal
cyclone can develop as a result of processes other than
the occlusion of frontal waves.

In a recent paper, Berggren, Bolin, and Rossby [9]
came to the conclusion that middle latitude cyclones
comprise a heterogeneous collection of different types
of disturbances including typical frontal waves as well
as dynamically quite dissimilar major storms associ-
ated with the deepening of planetary wave troughs in
the west-wind belt. The development and behavior of
these cyclones cannot be adequately studied in terms
of a single model such as the polar-front model. They
depend on the synchronization of different factors
throughout the troposphere. The structure of the jet
stream is one of the most important of these factors.

In recent years, several writers [54, 68, 75, 96]
have observed that cyclonic activity and precipitation
tend to be concentrated along the jet stream. This fact

38

does not contradict but rather supplements the polar-
front theory of cyclone formation. The concentration
of a pre-existing meridional temperature gradient into
a front and the concentration of the zonal wind

into a jet are parallel phenomena [56, 102}, and the
jet stream structure often provides the best single clue
to the developmen: of waves along the polar front, the
intensification of zxisting disturbances as well as the
distribution of precipitation around them. It also gives
an insight into the circumstances in which substantial
departures from model conditions are likely to occur.
Thus, a good analysis of the jet stream constitutes one
of the most useful tools for short-range forecasting.
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Fic. 4.1: Profile of the westerlies at 700 mb and 300 mb: (a
December 6, 1946, 0300Z; (b) January 10, 1947, 0300Z; (c;
Jannary 28, 1947, 0300Z, and (d) for nine cases with pro-
nounced jet stream, averaged with respect to wind maximum
at 300 mb._'Ordinate gives distance from zone of wind maximum
at 300 mb in degrees of latitude, numbers along curves indicate
number of observations [68].
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EARLY SYNOPTIC EVIDENCE

The formation of extratropical cyclones, for instance
over the great plains east of the Rocky Mountains, is
known to take place generally in connection with pre-
existing upper-air troughs, Such troughs may have
great amplitude prior to cyclogenesis. There  are
numerous cases, however, when they are relatively weak
and the upper flow is mainly westerly. When such a
weak upper-air disturbance moves eastward from the
Rockies, an incipient low pressure center in the lee of
the mountains will develop to great proportions in some
situations while in others it will remain weak. In an
attempt to find possible high-level criteria to separate
the deepening and nondeepening situations, the
strength of the westerlies over North America was
computed on a daily basis for the winter of 1946-47
[68]. The following types of profiles were observed
(fig. 4.1):

(1) The lateral shear at 700 mb and 300 mb is small
and the vertical shear between the two surfaces
also is small (fig. 4.1a). Low pressure centers
that formed during this period remained weak.

(2) The lateral shear at 700 mb and 300 mb is
small but the vertical shear is considerably
larger than in the preceding case (fig. 4.1b).
Low pressure centers forming under such con-
ditions moved rapidily eastward without great
intensification. They are warm “high index”
cyclones. We may relate this type of wind pro-
file to the “fingery” structure of the upper west-
erlies during high index.

(3) The lateral shear at 700 mb is small but it at-
tains large values in a narrow latitudinal band
at 300 mb. Both cyclonic and anticyclonic shears
at that surface become very great and between
these two shear zones, the wind reaches a well-
defined maximum (fig. 4.1c). The vertical shear
also attains high values in the region of strong
wind. Both horizontal and vertical wind shears
are weak outside this narrow central zone. All
this accords well with the wind structure of well-
developed jets described in chap. II.

When a pronounced jet of this type became super-
imposed on a strong frontal zone or some perturba-
tion of the low troposphere, intense cyclogenesis en-
sued. But it is always dangerous to make very broad
generalizations. Therefore, it was stressed that the
above observations applied only in connection with
patterns of very long waves, and that these observations
did not imply that the jet stream alone can create
cyclones. But there seems to be little doubt that the
structure of the jet stream is germane to the problem of
formation and deepening of extratropical cyclones. Its

coincidence in a favorable sense with other factors like
the long-wave pattern and low-tropospheric disturb-
ances largely determines the intensity of cyclones.

LATER DEVELOPMENTS

The above initial investigation considered the jet
stream as a more or less homogeneous entity, and the
profiles were averaged for the whole United States, Im-
portant additions have since been made to our knowl-
edge of the structure of the jet. The alternating regions
of maximum and minimum wind speed which travel
along its axis, together with the preferred velocity con-
centrations with respect to the long-wave troughs and
ridges during different stages of the index cycle, are
now known to play an important role in determining
regions along the jet where the formation or intensi-
fication of extratropical cyclones is likely to occur.

AN EXAMPLE

The following example illustrates the relation of the
jet stream structure to the development of extratropical
cyclones. :

Fig. 4.2 shows a sequence of surface maps and fig.
4.3 gives the corresponding isotach patterns at 300 mb.
In fig. 4.3a a disorganized jet consisting of a number
of “fingers” overlies the area between Texas and the
Middle West, and a well-organized jet maximum with
central speed exceeding 200 knots is approaching from
the West Coast,

The corresponding surface map (fig. 4.2a) shows two
centers of low pressure. One, with a central pressure of
987 mb and associated with an occluded frontal system
is situated outside the region of organized velocity con-
centration at 300 mb. The other with a central pressure
of 990 mb is found at the eastern tip of a cold front
running west and southwest to the Pacific Coast. This
low is situated to the left of the axis and downstream
from the well-organized jet maximum approaching
from the northwest.

Fig. 4.3b shows the velocity maximum in a more
easterly position and the axis of the organized jet ex-
tending over most of the United States in a trough-like
configuration. On the corresponding surface map (fig.
4.2b), we see that the deeper of the two lows on the
previous map has now started to fill up. On the other
hand, the weaker low whose position is indicated by
the dot has deepened by some three mb. Notice the
region of pressure fall, depicted by tfle dashed lines,
which is centered to the east of the low pressure center.

The next stage is shown by figs. 4.2¢c and 4.3c. The
low which was initially associated with the occluded
frontal system, has now disappeared and the other low
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dominates the picture. As indicated by the dot on fig.
4.3c, this low is located to the west of a center of strong
pressure fall. The jet maximum ha¢ advanced further
and ‘a new maximum has developed eastward of the
trough line. Both the center of pressure fall and the
center of the low are located to the left of the axis and
forward of the new jet maximum,

During the next 12 hours (fig. 4.2d.), the low center
decelerates and intensifies. Its pressure falls to 981
mb, and it now has the appearance of a well-developed
wave cyclone.

The following important facts may be gleaned from
the example above:

(1) The low which was situated outside the regions
of the organized jet filled up and disappeared.

(2) The deepening low was associated with a well-
defined jet maximum. Throughout the period
of its intensification it was located to the left
and forward of this maximum. This region of
decreasing veiocities downstream is one of
diverging upper contours (fig. 4.3d) (delta
region).

Fic. 4.2: Surface maps drawn at 12-hour intervals: (a) November 12, 1951, 1830Z; (b) November 13, 1951, 0630Z; (c) November
13, 1951, 1830Z and (d) November 14, 1951, 0630Z. Shaded areas denote regions of precipitation [75].
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Fic. 4.3: a, b, c show the isotach pattern (thin solid lines) at 300 mb for November 12. 1951, 1500Z, and November 13 1951, 03002

and 1500Z. Shaded areas denote regions of precipitation; thick, solid lines join points of highest wind
isolines of three-hour pressure fall at the surface; and heavy dots indicate the location of the lowest su
represents the 300-mb contour field (100's feet, first digit omitted) at 1500Z November 13,1951 [751.

(3) The greatest deepening occurred when the low
reached a position east of the long-wave trough
indicated by the trough in the jet axis.

e above correspondence between the jet stream
and deepening of extratropical cyclones has often been
observed. In the following we shall try to elucidate some
principles governing this correspondence and, at the
same time, explain other features of the role of the
jet stream in cyclogenesis which were not brought out
in this example.

THE PROBLEM OF PRESSURE CHANGES

(a) The jet stream in relation to pressure changes.—
The change of pressure at the ground measures the
variations of the weight of all the air in a column
from the ground to the limit of the atmosphere. Con-

; broken lines are
pmoure Fig. 43d

vergence of mass into or divergence of mass from this
column produces these variations. We can get a di-
vergence of mass in two ways: (1) The winds advect
air that is denser or less dense than the air previously
present, and (2) the winds diverge or converge. In the
atmosphere, the second effect mentioned predominates,
even near strong fronts and, therefore, we shall dis-
cuss it exclusively.

If a surface pressure change of three mb/hr were
produced by uniform divergence from bottom to top
of the atmosphere, this divergence would have an aver-
age value of about 10~¢ sec—!, But direct measure-
ments from wind observations made by Houghton and
Austin [33] and Sheppard [93], have revealed values
up to 50 times this amount at different levels, This dis-
crepancy indicates that surface pressure change is a
relatively small residual between horizontal divergence
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of one sign in the lower layers and an approximately
equal divergence of opposite sign in the upper layers.
Thus, convergence in the lower layers must give way
to divergence higher up; conversely, low-level diver.
gence must reveri to convergence at some upper “level
of nondivergence.”

It is our experience that in middle latitudes, cloudi.
ness is in general located at low levels in regions where
the surface pressure falls. And when cloudiness is
brought about by ascending motion connected with
low-level convergence, the surface pressure fall indi-
cates an overcompensating divergence in the higher
levels.

Divergence is solely determined by wind structure
and in particular by departures from geostrophic con-
ditions since geostrophic winds are nondivergent [39].
The dependence of surface pressure changes on diver-
gence in the upper troposphere makes the upper wind
structure of primary importance in surface develop-
ment. The jet stream with its strong wind shears and
considerable departures from geostrophic conditions is
an important seat for higher-level convergence and
divergence and must, therefore, play an important role
in the formation and intensification of middle latitude
cyclones.

Scherhag [22] was among the first to introduce the
idea of diverging upper winds as a basis for surface
developments. His rule can be stated as follows:

When cyclones develop, they do so in a “delta”
region, i.e., a region where the upper contours diverge.
They weaken or fill up in an entrance region where
the upper contours come together.

This rule has been the subject of both acclaim [76]
and criticism [5, 7]. But in spite of its limitations
which are concomitant to the lack of precise defini-
tions of delta and entrance regions, and the implied
identification of mase divergence with the divergence
of contours, Scherhag’s rule served to redirect the at-
tention of meteorologists to the dynamical nature of
the processes attending surface pressure changes.

(b) The relation between surface pressure changes
and the changes of vorticity aloft.—In view of the dif-
ficulty in measuring divergence directly from weather
maps, it is more convenient to relate surface pressure
changes to some quantity which is reiated to the di-
vergence and which, moreover, can be measured with
some accuracy. Vorticity is such a quantity.

The relation between surface pressure changes and
changes of vorticity aloft have been the subject of ex-
tensive theoretical investigation by Sutcliffe [97, 98,
99, 100], Charney [16], and others [56, 91]. The
following relation evolves from a simplified derivation
presented in an appendix at the end of this chapter:

The surface pressure falls where the relative vor-

ticity decreases downstream in the upper troposphere,
and conversely.

It should be noted that the sign of the gradient of
the vorticity rather than of the vorticity itself is in-
volved in the relation. The same effect obtains if: (1)
there is cyclonic relative vorticity -upstream and anti-
cyclonic relative vorticity downstream, or, if (2) cy-
clonic relative vorticity exists everywhere, but its dis-
tribution is such that it decreases downstream, or, (3)
anticyclonic relative vorticity exists everywhere, pro-
vided it increases downstream. Vorticity relative to
the earth in any current is produced by sheer within
this current and by a curvature effect. The latter is de-
fined as kv where v is the wind speed and k the stream-
line curvature. Thus, the value of the wind speed enters
into the relation and helps to determine the effect of
the curvature variation relative to the other terms. But
it is important to note that the effect of the wind speed
vanishes when the curvature of the streamlines is zero
or uniform, This helps to account for the fact that only
weak rapidly moving lows are observed to form under
some jets of great intensity but having small stream-
line curvatures and uniform, though intense, wind
shears along their axes.

In cases where the relative vorticity gradient is given
mainly by the downstream variations of curvature, the
principal surface pressure falls should occur in the
region where the curvature of the streamlines changes
most rapidly from cyclonic to anticyclonic. This ex-
plains the observed tendency for cyclones to deepen
below inflection points downstream from long-wave
troughs and upstream from ridges. The fact that the
most intense deepening does not always occur exactly
below the inflection point but a little distance upstream
or downstream from it is a consequence of the appre-
ciable effect of the shear terms,

(c) Some models of upper wind fields and the pre-
ferred regions of surface pressure fall associated with
them.~The relative contribution toward surface pres-
sure changes of the curvature and the shear terms
which compose the relative vorticity varies in different
situations. In some cases, they act in the same direction
and the sign of their combined effects is easy to de-
termine by inspection of upper-air patterns. In other
cases, they act in oppcsite directions and their respec-
tive effects must be determined by computation before
their net effect on surface pressure can be ascertained.
The following models [72] illustrate different com-
binations of curvature and shear variations, which are
likely to be encountered in the jet stream region, and
the preferred localities of surface pressure fall asso-
ciated with them,

Fig. 4.4a shows a symmetrical sinusoidal streamline
pattern with a jet stream in the center. The isotachs are
parallel to the streamlines and, therefore, there is no
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Fic. 4.4: Models of upper flow patterns. Solid lines are stream-
lines and broken lines are isotachs [72].

shear along the direction of air flow. Thus, only varia.
tions of curvature need to be considered. In region I,

east of the trough, the cyclonic curvature and, there-

fore, the vorticity decrease downstream. In region II,
the vorticity increases downstream. In this case the
whole region east of the trough is favorable for deepen-
ing of surface systems while the whole region to the
west of the trough is unfavorable.

In fig. 4.4b, we see a straight westerly current with
no curvature effect. The cyclonic shear which in this
case determines the relative vorticity decreases down-
stream in regions I and IV. These are consequently
favorable for the intensification of surface cyclones.

The reverse is true in regions 1I and III which are un-
favorable for deepening.

In fig. 4.4c, a jet maximum is located in the trough.
In region I, both cyclonic shear and curvature decrease
downstream, Therefore, this region is highly favorable
for deepening. In region III, both quantities increase
downstream marking this region as unfavorable for
deepening, )

In regions II and IV, the situation is not deétermin-
able by inspection since the curvature variation and
the shear variation have opposing effects. In the former,
the cyclonic curvature decreases and the cyclonic shear
increases downstream, Whether or not th:+ region is
favorable for surface deepening depends on the pre-
ponderance of the variation of the curvature or of the
shear.

Similarly, we cannot determine the situation in
region IV by inspection. Here, the cyclonic shear
decreases downstream while the cyclonic curvature
increases in the same direction. Any tendency for
deepening or filling depends on whether the effect of
the shear variation is greater or smaller than that of
the curvature variation.

Fig. 44d shows a jet maximum centered on the
ridge. For the reasons discussed above, region II is
unfavorable and region IV favorable for surface deep-
ening, But regions I and 11l are indeterminate and may
not favor deepening, depending on the net effect of
the interplay between curvature and shear variations.

The following remarks can be made in the light of
the analysis of the above models:

1. A “delta” region is not necesearily favorable
for deepening nor is an “entrance” region neces-
sarily favorable for filling,

2. The analysis of fig. 4.4 c-d verifies a general rule
that deepening of surface systems occurs with
preference east of long-wave troughs. It also pro-
vides the means to recognize exceptional cases
where this rule does not apply.

3. An explanation of the frequent formation of new
lows or the occurrence of secondary lows to the
southeast ot the primary low is obtained by ex-
amining figs. 2.7d and 2.8d (chap. II) which
correspond to a period when a wind maximum
has emerged out of the long-wave trough. Down-
stream from the maximum, the analysis Jf fig.
4.4c still holds and the qusdrant to the left of
the jet axis remains favorable for deepening. But
upstream from the maximum, a new cyclogenetic
area is created by the emergence of the wind
maximum from the trough. To the right of the
jet axis, cyclonic curvature now decreases and
anticyclonic shear increases downstream. Both
favor deepening and make this region suitable
for the formation of new low-pressure centers.
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2. The Problem of Precipitation

The problem of the formation of precipitation in
middle latitudes, which is intimately connected with
that of the development of cyclones, is related to the
jet stream in a manner very similar to that existing be-
tween the latter and cyclogenesis. Suggestions as to the
existence of such a relation appeared soon after the
jet stream came into prominence as an important fea-
ture of the guneral atmospheric circulation [68, 102].

tion forms from freezing rain to hail occurred in the Chicago
area in heavy] amount, as the cyclonic center was advancing
rapidly nortbwestward from the Rockies while deepening
strongly.

“The preceding sections show clearly, as has also been ob-
served in connection with many synoptic disturbances of
lower latitudes, that the magnitude of rainfall associated
with perturbations does not depend on the initial depth of
the moist layer that is transported into the disturbed zone.
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Fic. 45: Surface map January 29, 1947, 0630Z: Heavy arrow indicates center of upper jet stream; and shaded areas are regions

of steady and intermittent precipitation [68].

In an analysis of the heavy precipitation of January
29, 1947, over the midwestern United States (fig. 4.5)
the fo