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ABSTRACT

Rules have been developed for weather forecasting based on the recent researches in transport
of momentum. The tilt and curvature of the upper level trough lines give information on the
type of changes of circulation currently in process.

L T H O U G H the problem of the transport
of relative angular momentum was studied
by Jeffries in the 1920's, no further important advances were made in this field until
Starr considered the problem after World W a r II.
Lorenz [1, 2 ] , one of Starr's co-workers, summarizes the research in this field as follows:

A

"The flow of angular momentum across certain latitudes is found to be positively correlated with both contemporary and subsequent values of the zonal wind-speed
at certain latitudes. . . . It should be remembered that the
computations involved are based on geostrophic winds,
determined from subjectively analyzed maps, by means of
contour heights at points separated by several hundred
kilometers, at the single level of 500 mb once a day. Therefore, there appears to be strong evidence in favor of the
following claims:
1. An important part of the flow of angular momentum
is accomplished through the medium of horizontal
eddies.
2. An important part of the flow of angular momentum
due to horizontal eddies is due to large-scale horizontal eddies, whose forms can be described by specifying
the wind vectors at points separated by several hundred kilometers.
3. The forms of the large-scale horizontal eddies are so
definite that they are not obscured by the necessarily
subjective analysis of northern hemisphere maps,
nor by the use of the geostrophic-wind approximation.
4. An important part of the flow of angular momentum
can be deduced from measurements at one level.
5. An important part of the flow of angular momentum
can be deduced from observations taken once a day."

While the results of research on momentum have
been applied to the interpretation of the general
circulation of the atmosphere and to some specific
details of the general circulation, so far the impact
upon practical, day-to-day forecasting has fallen
short of its potentialities. It is the purpose of this
paper to help bridge the gap between results of the
momentum research and daily synoptic practice.
One of the valuable forecasting implications in this
research will be discussed.
1
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In the course of investigating the transfer of
angular momentum of the atmosphere with a view
of shedding light upon the problem of the maintenance of the general circulation, Starr et al. [2]
noted that the meridional transport of angular momentum is primarily in regions where the major
trough and ridge lines in the large-scale horizontal
circulation lie at an angle with the meridians (i.e.
are not N - S ) . In the following, troughs exhibiting
this characteristic will be referred to as "tilted
troughs." Machta [3], using a simple geometrical
model, demonstrated how meridional angular momentum transfer is related to the tilt of troughs.
Later Yeh [4] and Kuo [5], using the same model,
noted that the transfer of relative vorticity is proportional to the meridional gradient of the transfer
of relative angular momentum. Since in Machta's
model the transfer of angular momentum is proportional to the tilt of a trough, it follows intuitively
that the meridional gradient of this transfer is proportional to the meridional gradient of the tilt of
the trough (i.e., to the curvature of the trough
line). For practical use in forecasting, we made
three basic modifications in these models, modifications designed to incorporate certain actual atmospheric conditions different from those considered
in the mathematical development of the tilted
trough model. The three conditions utilized here
are: ( 1 ) the existence of boundary conditions at
the extremities of the trough lines; ( 2 ) the existence of jet-streams, and ( 3 ) the existence of meridional gradients of relative vorticity.
Machta's model of a tilted trough indicates a meridional flux of relative angular momentum
throughout the wave centered on the trough. This
permits no convergence or divergence of momentum, in a trough of infinite extent. In a restricted
trough, however, convergence or divergence of momentum may occur at the northern and southern
boundaries. In the case of a limited trough tilted
from northwest to southeast the practical implications are apt to be particularly spectacular. Here
there is a flux of momentum to the south and there-
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fore convergence of momentum is favored at the
southern end of the trough. This convergence at
the southern end of the trough happens to coincide with the latitudinal belt where west-wind momentum is ordinarily generated [11]. Therefore,
at the southern end of a limited trough having this
particular tilt the possibility of a rapid increase in
west wind with concomitant storminess is not to be
overlooked. Thus the imposition of boundary conditions on Machta's steady-state model may render
it more valuable for prognosis.
Another modification of Machta's model that is
useful for forecasting is the introduction of the
jet-stream, Machta having assumed a uniform
north-south distribution of westerly wind. Actually a west-wind maximum, i.e., a jet-stream, at
some latitude along the trough is the rule, not the
exception. From the theory it seems intuitively
proper that the tilted trough with a meridional
west-wind gradient implies, not only a north-south
flux of angular momentum, but an actual convergence of momentum. Analogously, if there is
initially somewhere along the trough line a maximum or minimum of vorticity, in contradistinction
to the essential conditions postulated by Yeh and
Kuo, the curvature of the trough may be used to
make inferences concerning the northward or
southward displacement of this maximum or minimum. In other words, the advective transfer of
vorticity may be inferred from the curvature of a
trough line. With these three modifications the
tilted-trough models constitute a potentially powerful forecasting tool. The importance of these modifications is that they introduce convergence of
angular momentum and vorticity into the original
models which dealt only with the flux of these
quantities. Applying the theory with these addenda, the forecaster can look at the 500-mb chart
and from the contour patterns infer the patterns of
convergence and divergence of angular momentum.
From these he can sometimes find clues as to
changes in the jet-stream, storm tracks, and areas
of cyclogenesis or cyclolysis. This was the approach we took in studying the relationship between cyclone behavior and tilted troughs in the
mid-troposphere.
The authors investigated all of the (historical)
500-mb daily maps for 1949 and 1950 to ascertain
what gross changes in the circulation pattern of
the atmosphere, particularly changes involving the
development or dissipation of cyclonic vortices,
were associated with different trough tilts and curvatures. W e shall discuss here one series of daily
weather maps, strikingly illustrative of our general conclusions, that for the seven-day period,
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January 1-7, 1949. Throughout this discussion
consideration will be given to troughs and ridges
that extend meridionally through the entire westerly wind belt. A troughline is defined as the
line where the winds shift latitudinally from north
of west to south of west, the minimum latitude
point of a contour line, in order that it will be consistent with the models used in this investigation.
On the 500-mb chart of January 1, 1949 (see
F I G U R E 1), note the trough off the west coast of
North America with the belt of maximum westerlies lying N W - S E in the southern Gulf of Alaska.
It is evident that the westerly winds to the rear
of the trough have a substantial southward component while westerly winds on the forward side
of the trough possess no marked northward component. The result is that in the vicinity of the
trough, the belt of westerlies is actually shifting
towards the south, simply by virtue of the transfer
of momentum implicit in the geometry of the
flow pattern. The implications of the geometry of
the flow pattern are based on the fact that dimensionally, momentum is mass times velocity. In this
study since mass is considered constant, we may
replace the term angular momentum, by the term,
west-wind speed. W e can re-state our deduction from the geometry of the flow field on January
1, 1949 by saying that there is advection of angular momentum to the south. Although this movement is actually synoptic with the chart, for practical forecasting purposes we can predict its continuance for as long as the tilt of the trough line
is essentially unchanged. On January 2 in western
North America there has been a shift of the jetstream to the south, in accordance, at least qualitatively, with the shift expected from the advection of angular momentum indicated by the trough
tilt on January 1. It is also evident that on January 2 the northern part of the trough in western
North America had accelerated with respect to the
central and southern parts, resulting in a trough
curvature markedly convex toward the west.
The trough tilting thus, from northeast to southwest in the northern part and more or less northwest to southeast in the south, is a notable example
of the type of situation in which Yeh's mathematical treatment of vorticity displacement indicates
that the rate of transfer of vorticity is simply equivalent to the meridional gradient of the transfer of
angular momentum. On the 500-mb charts for
January 2 the tilt of the trough line in western
North America is such that there is transfer of
west winds towards the south over the western
portion of the United States. Since the belt of
maximum westerlies is located nearly over Utah,
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the tilt of the trough line implies that the westerlies
will increase in velocity over the southwestern
United States. Analogously, to the north of Idaho,
where the tilt of the trough line is reversed, the implication is that west-wind velocities will be transported toward the north. This means that the
westerlies are increasing near both the northern
and southern boundaries of the trough and are
weakening in the middle. It follows from this redistribution of westerly winds that cyclonic vorticity in the form of shear is increasing in that
portion of the trough centered over Utah and is
decreasing north of there. This means that vorticity is being transported southward. This shift
in vorticity is significant because of the relationships on the one hand between the development and
paths of cyclonic vortices at sea level and, on the
other, of advection and patterns of cyclonic vorticity aloft [6] [14].
In this example, the character of the transfer
of angular momentum and vorticity associated with
the trough in western North America would, of
course, favor cyclogenesis in the vicinity of Utah
and suggests that the area of cyclonic circulation
shown on the sea-level map of January 1 in Alberta
and British Columbia, would subsequently be located much farther to the south. Actually the
changes in the sea-level circulation between January 1 and January 3 were consistent with this notion : the principal cyclonic circulation at sea level
appears in Colorado on January 2nd and in Oklahoma on January 3rd while to the north of the
Dakotas and Montana in the region where cyclonic
vorticity had been decreasing, the sea-level low
filled markedly by January 2nd and by January 3rd
had disappeared completely. In fact, on January
3rd sea-level pressures were high in this area.
The 500-mb chart for January 3, 1949, shows an
important increase in the cyclonic rotation aloft
over Utah, as might have been inferred from the
momentum transfer on the previous days. By
January 3rd, the major portion of the upper-level
trough, which we have been considering, had become nearly north-south. With such an orientation no differential advection of momentum is indicated and no further important changes in the circulation patterns would be expected on the basis
of differential advection.
In summary, the first three days of January
furnish an example of the motion and development
of a storm associated with a trough tilted from
northwest to southeast with a convex curvature
to the west. W e witnessed the unusual phenomenon of an Alberta low suddenly plummeting down
to the central Rockies region accompanied by a
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drastic alteration in the pressure patterns over
North America. By January 4 (see F I G U R E 2 )
the situation had reversed: the axis of the main
trough in central North America was northeast to
southwest and its curvature convex to the east.,
From the tilt of the trough we expect that the jetstream should now be moving back towards the
north, and from the curvature and initial distribution of vorticity, that cyclonic vorticity should be
transfered to the north. Extrapolating this instantaneous transport as before, we might expect a
displacement of the strong westerlies to the north
with increasing storminess in eastern Canada and
the northern United States, and decreasing storminess at lower latitudes in the United States. The
sea-level and upper-level charts for January 5 - 7
show how the redistribution of angular momentum
and vorticity was accomplished. By January 7 the
main cyclonic vortex once again was located in
Canada, while the 500-mb chart showed an absence
of strong westerlies in southern United States.
The contrast between the 500-mb charts of January 4 and January 7 is striking.
The reasoning used in this example was applied
with good prognostic results to similar cases occurring in 1949 and 1950. Qualitatively, at least,
the application of the modified tilted-trough models
to latitudinally extensive troughs in the westerlies
seems valid. The question arises, however, as to
whether or not the transfer of angular momentum
associated with tilted and curved troughs actually
is of sufficient magnitude to produce the observed
changes in the circulation pattern. It was, therefore, decided to make a quantitative estimate of the
contribution of the flux of angular momentum at
500-mb to changes in westerly wind velocities in
the vicinity of tilted troughs. For this purpose two
cases from the same series of 500-mb charts for
January 1949 were used. One case was chosen
with the trough tilted from northwest to southeast,
curved convexly to the west; the other case, with
the trough tilted from northeast to southwest,
curved convexly to the east. In both cases we tried
to eliminate most of the torque due to pressure
differences at the ends of the computational areas
by choosing a system which includes nearly one
full wavelength. However, our computations are
only approximate since some of this torque and all
of the mountain torques are neglected. Either of
these torque effects could be of the same order of
magnitude as the advective change. In our computations we used the method described in detail
by Machta [3], Leight [7], Lorenz [ 1 ] , and
Widger [8].
Essentially this method, as applied here, con-
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sists in dividing the area in the vicinity of the tilted
trough into strips five latitude degrees wide in the
north-south direction extending from the ridge immediately west of the tilted trough to the next ridge
to the east (approximately fifty longitude degrees
in these cases). For each strip the convergence of
angular momentum was obtained by computing the
algebraic sum of the advection of west wind velocity
across the four boundaries of the strip (i.e. west
wind times north wind at the northern boundary
of the strip minus west wind times north wind at
the southern boundary plus west wind squared at
the western boundary minus west wind squared
at the eastern boundary). The convergence of
angular momentum was then converted into wind
velocity by multiplying by a constant appropriate
for the latitude, the time interval of the forecast
(24 hours), the longitudinal extent of the strip,
and the normal density of the air. The computed
contribution of the advection of angular momentum
to the changes in wind velocity were then compared
with the actual observed wind changes (see T A B L E
I).
At all latitudes the sign of the observed
changes in wind velocity was the same as that obtained by the computations. Furthermore, for the
most part, the sizes of the computed changes were
of the same order of magnitude as the observed, the
only large discrepancy occurring near 45°N between January 5 and 6, 1949. This can probably
be accounted for by the mountain torque, which
happened to be exceedingly high on these days, as
Mintz and Kao [9] emphasized. The computations show that the meridional transfer of angular
momentum associated with tilted and curved
troughs actually is of sufficient magnitude and in
the right direction to produce the observed changes
in wind velocity. Therefore despite the approximations upon which these computations were
based it appears justified to use these considerations concerning the tilt and curvature of troughs
and ridges as an aid in making one- to two-day
forecasts. These concepts are particularly useful
in forecasting radical latitudinal changes in the
TABLE

I.

COMPARISON

CHANGES

OF

IN W E S T

COMPUTED

WIND

AND

VELOCITY

OBSERVED

(MPS.)

Latitude (°N)
velocity in m/sec

30.0

50.0

45.0

40.0

35.0

Jan. 1 - 2 , Computed*
Jan. 1-2, Observed*

-18
-9.2

-8
-9.2

2
1.9

10
5,2

3
5.2

Jan. 5 - 6 , Computed*
Jan. 5 - 6 , Observed*

18
7.2

60
12.8

53
10.8

2.5
0.8

-4
-2.0

25.0

-27
- 2.4

* S e e F I G U R E S 1, 2 , 5 , 6 .
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position of the main belt of westerly winds and of
areas of cyclonic activity.
Before closing, a few remarks about the implications of the tilted trough are in order. While the
tilt of a trough can generally serve as an indicator
of the transfer of angular momentum, the forecasting implications of the trough tilt are not applicable whenever the distribution of wind velocities
near the trough line differs from the model. The
important point to remember is that the model assumes that when the trough is tilted northeast to
southwest, the winds ahead of the trough are
stronger than those to the rear; when the trough
is tilted from northwest to southeast, the winds
to the rear have the higher velocities. Fortunately
the wind distribution postulated in the model is
usually observed in the atmosphere.
The usual tilt for troughs in the Northern Hemispere is from northeast to southwest. With a
trough of such tilt, many forecasting rules, developed empirically, are applicable and give adequate prognostications. Although the trough tilted
from northwest to southeast occurs with relative
infrequency, it is meteorologically important because, accompanying as it does the southward
shift of the westerlies, it is associated with periods
of storminess in the lower middle latitudes. Namias [10] has pointed out that northwest to southeast troughs frequently occur in conjunction with
blocking regimes and during the phases of major
index cycles in the general circulation of the atmosphere when the westerlies are being displaced
southward rapidly. It is during these low-index
regimes that disastrous forecasting errors have
been made. Although it has been supposed that
these errors were in the main due to the development of storms incident to the sudden release of
large quantities of potential energy, this study and
others [12] [13] suggest that there are times when
the development of these storms can be anticipated
through a consideration of the redistribution of
vorticity and of relative angular momentum.
The method presented here for forecasting the
motion and development of storms associated with
northwest to southeast tilted troughs is by no
means the only possibility along this line. It is put
forth as an illustration of the translation of the
valuable information made available by modern
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meteorological research into terms at once comprehensible and useful to the practicing forecaster.
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ANNOUNCEMENT
Translation Lists Available
Alphabetical lists of translations made by the American
Meteorological Society under its contract with the Geophysical Research Directorate of the Air Force Cambridge Research Center are now available in the office of
the Executive Secretary, 3 Joy Street, Boston 8, Massachusetts. Plans are under consideration as to whether
the translations will be made available on a loan basis
only or reproduced in limited quantities for sale.—K. C. S.
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