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ABSTRACT
About twice in an average summer season, it is observed that sea-level cyclones of extraordinary intensity develop in the lee area of the northern Rocky Mountains. These cyclones
differ from the customary frontal waves in that the onset of the development is sudden, the
development period is short and the system remains quasi-stationary until full maturity is
reached. In common with the frontal waves and most minor disturbances in the same region
is the feature that the geneses are preceded by a forward march of an upper cold low or trough
from the northeastern Pacific Ocean.
An analysis of individual cases shows that the sea-level development begins at the time when
an area of positive vorticity advection aloft spreads over the eastern slopes of the mountain
range. The movement of the upper cold low is found to be strongly influenced by the behavior
of the next cold upper low or trough upstream.

1. Introduction
In recent years, much effort has been devoted
to studies of the motion in the upper troposphere
as related to cyclone and anticyclone developments
at low levels. Special emphasis has been placed
on the behaviour of the jet stream and the socalled cutoff lows which are shed equatorward
from developing upper troughs. An excellent
summary of these studies, with much original
data, has been provided by Riehl and collaborators (1952, 1954).
There is, however, another type of upper disturbance which is important for low-level developments in high latitudes. These are the upper
cold lows which remain poleward of the main jet
and migrate in an irregular manner, mainly from
west to east, along the inner fringe of the mean
circumpolar vortex. During the warm season,
such lows are particularly frequent in the general
vicinity of the Bering Sea, and, when these lows
drift eastward and cross the Rocky Mountains,
low-level cyclogeneses are sometimes observed
with intensities which are comparable with those
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of fully developed winter storms. On other occasions, this crossing of the Rocky Mountains by
an upper cold low is associated only with minor
developments. Some such cases have been investigated by Wilson (1948), Thompson (1950), Jacobson (1956) and McQueen and Thiel (1956),
but few useful criteria for separating the developing and the nondeveloping cases were found.
The present study was undertaken in the hope
of finding certain criteria or indications which
might provide guidance to the forecaster in deciding in advance whether or not intense development will take place. Although the same purpose might have been achieved by analyzing one
or two typical cases in detail, the paucity of upperair data made such analyses impracticable, and, in
the following, emphasis is placed upon such largescale features as are revealed by the average structure of well-chosen groups of cases.
2. Lee cyclone development
While no theory is capable of providing a quantitative account of cyclone development, certain
general aspects are fairly well understood in a
qualitative sense. In connection with the present
study, special reference must be made to the
work of Sutcliffe (1947) and the later extension
by Petterssen (1955a).
On the basis of certain plausible assumptions
and from considerations of the vorticity changes
associated with cyclone development, Petterssen
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formulated a working hypothesis which he stated
as follows: "Cyclone development at sea level occurs when and where an area of appreciable vorticity advection aloft becomes superimposed upon
a low-level frontal system, or baroclinic zone/'
This hypothesis was tested in detailed studies by
Breistein (1954), Estoque (1954), Means (1954),
Newton (1956) and Petterssen and Bradbury
(1954) and, also, in a routine forecasting experiment by Petterssen, Dunn and Means (1955b).
The success of these tests lends support to the
soundness of the hypothesis.
The arguments upon which the hypothesis is
based have been summarized by Petterssen as follows: In the first place, the rate of production of
vorticity ( Q ) at sea level is written
dQo/dt

= (dco/dp)0Qo

(1)

where w is the vertical velocity expressed in terms
of pressure ( p ) .
Secondly, by combining ( 1 ) with the vorticity
equation appropriate at the level of nondivergence,
one obtains
dQo/dt

=
=

-

(doj/dp)0Qo
dqT/dt
-

VL-VqT

~ Vt-VQo

(2)

where subscript L denotes the level of nondivergence, and qT is the vorticity of the thermal wind
(VT).

It will be seen from ( 2 ) that there can be no
production of vorticity at sea level unless the state
is baroclinic, and this accounts for part of the
substance of the hypothesis.
Thirdly, by combining ( 2 ) with the thermodynamic energy equation, it is found that, for adiabatic motion,
dQo/dt

= (du/dp)oQo
= A q l - A q o -

R/fV2S.

g/fV*Ah-

(3)

Here, the symbols have the following meanings:
advection of absolute vorticity
at the level of nondivergence (i.e.,
-V L -V<2l),

AQL—the

advection of absolute vorticity at
sea level,

AQO—the

Ah—the advection of thickness in the layer
below the level of nondivergence, and
S — a measure of the buoyancy, such that
5 = l o g (P0/PL)o>(Ta

-

r)

where r a and r are the appropriate adiabatic (wet

or dry) lapse rate and the actual lapse rate, respectively, both expressed in terms of pressure.
In the initial phase of cyclone development over
level ground, ( 3 ) may be simplified considerably.
Thus,
dQo/dt

= A

q l

-

R/fV2S

(4)

so that the effect of vorticity advection at the level
of nondivergence must be compensated for partly
by vorticity production at sea level and partly
by buoyancy. In the derivation of ( 4 ) it was assumed that the vertical velocity vanished at the
ground, and in this case w would have to be negative {i.e., upward motion) above the ground over
the development area. If vertical motion is permitted at the ground, ( 3 ) would have to be supplemented with terms representing the vertical
advection of vorticity, but the effect of such advection is generally considered to be small and
would certainly be so in the early stage of development before any appreciable amount of vorticity
has been created.
A more important effect of orographic vertical
motion may be inherent in the buoyancy term of
( 4 ) . On the windward side of the mountain
range, upward motion would be likely, and such
motion would oppose development when r a > T.
On the other hand, in the lee of a range, downward motion would give a positive contribution.
It should be noted that in this study we are
primarily concerned with events which lead to
the sudden onset of intense cyclogenesis. Once
the development is underway, it is quite possible
that terms in ( 3 ) involving downslope motion and
the intensity of the low-level baroclinic zone play
vital roles in determining the extent and intensity
of the mature storm. Clearly this question cannot be answered quantitatively by aid of such data
as are used in this study.
3. Preliminary study
Origins, characteristics of the motion, seasonal
frequencies, durations and other properties of
102 upper cold lows selected from the summer
months of an eight-year period were studied in a
preliminary attack on the problem. The parent
group of 102 cases was determined by the following conditions. All cold lows at the 500-mb level
which drifted into, or originated within, the primary area bounded by the parallels 35N and 65N,
the meridian 165W and the Continental Divide
were included provided that their intensities satisfied the following requirements:
( 1 ) at least one closed 200-ft contour,
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( 2 ) at least two closed 2C isotherms, more or
less concentric with the central closed contour,
( 3 ) conditions 1 and 2 satisfied at least on three
consecutive charts at 24-hr intervals.
The synoptic charts used were the Northern
Hemisphere Historical Weather Maps (1947 and
1948) prepared by Headquarters, Air Weather
Service, AAF, and the Daily Series Synoptic
Weather Maps, northern hemisphere sea-level and
500-mb charts prepared by the U. S. Weather
Bureau (1949 et seq.).
Detailed results of this work may be found elsewhere in a report by the writer (1957). All
cases considered in the present discussion were
chosen from the initial group of 102 cases.
In order to compare in some detail the behaviour of upper lows which led to intense lee cyclogenesis and those which did not, two subgroups
of cases were formed from the parent group.
These subdivisions represented the most intense
cases and the least intense cases as measured by
central pressures of the associated sea-level lows.
The fields of vorticity advection at 500 mb in the
neighbourhood of three upper lows which led to
intense low-level development and three which resulted in no appreciable low-level development
were computed for purposes of comparison. To
obtain a measure of the intensities of the sea-level
lows at different times, the absolute geostrophic
vorticity at the center of each low was computed
by using a finite-difference grid with a mesh size
of 300 km.
The data needed for the comparison are presented in figs. 1 to 4. In all diagrams, the cases
have been identified by a number NN—M such
that NN denotes the upper cold low and M (1, 2,
3, . . .) denotes the associated sea-level lows in
the order of appearance on the charts. The vorticity advection was computed with the aid of a
rectangular grid which had a mesh size of 300 km.
Each of the analyses shown in figs. 1 and 3 was
based on a network of 146 grid points. The time
T 0 refers to the time when the upper cold low first
made its appearance to the east of the Continental
Divide.
In order to simplify the terminology, all lee cyclones similar to those which were described in
the Introduction and which are the subject of this
paper have been referred to as type a, lows associated with distinct frontal waves as type b, and all
other centers as type c. Each of the cases in figs.
1 to 4 may be described as follows.
Case 34 (27-30 June, 1949).
Two sea-level
lows were associated with this upper low. The first

of these ( 3 4 - 2 ) was of development type c. It
maintained a more or less constant distance from
the upper low; throughout its history, it remained
outside the area of appreciable vorticity advection
aloft (see fig. 1), and its intensity remained relatively small. The other sea-level low ( 3 4 - 3 ) was
of development type a. It came into being at
about T0-12h (see fig. 2 ) in the lee of the Rocky
Mountains; it remained quasi-stationary, was overtaken by an area of much vorticity advection (see
fig. 1) and acquired great intensity. As soon as
the vorticity advection center aloft had passed,
the intensity decreased. This is the strongest June
storm of type a that occurred within the 8-yr period investigated.
Case 38 (14-17 July 1949).
Three low-level
centers were associated with this upper low. The
first of these ( 3 8 - 2 ) was of development type b.
The separation distance between upper and lower
vortices decreased considerably, but the sea-level
center never came under the influence of appreciable vorticity advection aloft (see fig. 1). Nevertheless, it acquired significant intensity (see fig. 2 )
in the lee of the Cascade Range in the State of
Washington. In this case, it is highly unlikely
that vorticity advection was involved in the intensification.
The second sea-level low, ( 3 8 - 3 ) , commenced
as a type b development near Vancouver Island;
it weakened while it crossed the mountains and
then stalled on the lee side for a period of about
24 hr. In the meantime, the upper cold low moved
in so that the separation distance between upper
and lower centers decreased almost to zero. A
major development of type a set in at about T012h (see fig. 2 ) under an area of strong vorticity
advection (see fig. 1). This resulted in a storm
of exceptional intensity fully comparable with
major winter storms.
The third sea-level low, ( 3 8 - 4 ) , was relatively
weak. During its short life, the vorticity advection over it remained close to zero.
Case 81 (22-25 August 1953). The movement
of the upper low was strongly accelerated on the
western side of the Divide, and so also were the
movements of the sea-level lows ( 8 1 - 2 ) and
( 8 1 - 3 ) . It will be seen from fig. 1 that 81-2 remained under an area of feeble vorticity advection,
and its intensity remained weak (see fig. 2 ) . On
the other hand, 8 1 - 3 became gradually exposed to
moderate vorticity advection and it acquired moderate intensity. Low 8 1 - 4 became a major storm
of development type a. It made its first appearance to the east of the Rocky Mountains and remained quasi-stationary for a period of about 18

Unauthenticated | Downloaded 01/09/23 11:23 PM UTC

VOL. 4 2 ,

No.

1, J A N U A R Y ,

1 9 6 1 23

.sm J*S

JU
o
TJ
U
'u X
<vCM
43 ro

H

>>

1 a
<j a
a x
o> O

2

X M—I
o o
™

rt

a a
£
« £
£ .2

|

g

s §
trt rt ^
u
o
<
u <
u
Qh &
Oh

«-s
sOH MsH
O O

T3 <
G
<
u Uo

> a

^o a;
? S

O £
> <
u
rt
. C
L
>
>
.Th a>
3
fJ-h qj
rt
O cn
> <
o u
& O

iiCO 2ts

O
<
>
Lo
O '55
O
o
2 8
to

Unauthenticated | Downloaded 01/09/23 11:23 PM UTC

24

BULLETIN

FIG. 2.

AMERICAN

METEOROLOGICAL

SOCIETY

Absolute geostrophic vorticity at the centers of the sea-level lows associated with 3
upper cold lows which led to intense development of type a.
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Same as fig. 2 for 3 cases of weak development.
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FIG. 5. Relation between the mean speed of the upper lows, the mean 12-hr pressure fall in
the centers of type a cyclones at sea level, and the separation distance between the upper lows and
the sea-level lows for 6 type a development cases. All quantities are averaged with reference
to T, the time of maximum 12-hr pressure fall in the centers of the sea-level lows.

hr. In the meantime, it was overtaken by an
area of strong vorticity advection aloft, and within
24 hr it grew to the strongest August storm of
type a observed during the 8-year period investigated.
The fields of vorticity advection associated with
three upper lows which led to little or no development in the lee area are shown in fig. 3. These
lows are Case 51 (11-14 June 1950), Case 55
( 2 7 - 3 0 July 1950) and Case 82 ( 2 5 - 2 8 August
1953). It will be seen that none of the 8 sea-level
lows in fig. 3 came under the influence of any appreciable vorticity advection aloft. Only one of
these sea-level lows ( 5 5 - 4 in fig. 4 ) acquired vorticity of moderate intensity. This low had barely
one closed 4-mb isobar, and the relatively high
value of vorticity was due to a trough with a
strong gradient on its western side.
Considering the data presented in figs. 1 to 4, it
will be seen that, in the broad sense, the results
tend to support the hypothesis which was out-

lined in the foregoing section. The only case
which clearly contradicts the hypothesis is case
38-2 (see fig. 2 ) . In the other cases, it is difficult to argue that the minor variations in the intensity curves (figs. 2 and 4 ) were, or were not,
due to variations in vorticity advection. One
difficulty here stems from the circumstance that
considerable errors may be involved in the computation of the geostrophic vorticity from synoptic analyses over a region which is partly occupied by mountains. Furthermore, in many cases,
the geostrophic vorticity can only represent a crude
approximation, and the computed values of the
geostrophic advection of geostrophic vorticity must
be still cruder.
4. Influence of structural changes
Some of the essential features of the accelerated
advance of upper cold lows and the associated lowlevel developments are shown in fig. 5. The curves
represent the mean values for the 6 most intense
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type-a development cases. It will be seen that
the speed of the upper low undergoes an increasing acceleration along its path until about T-24h,
at which time the first pressure falls associated
with the sea-level development set in. The initial pressure falls are widespread, and the first
appearance of a distinct center occurs between
T-I8h and T-12h, while the maximum pressure
fall, following the movement of the center, takes
place at T. The intensification is very rapid, and
the minimum central pressure is found at about
T + 18/z. From the time of the onset of the
falls to the time of the minimum central pressure,
the horizontal distance separating the sea-level
disturbance from the upper cold low has decreased
from about 1200 to 300 km.
The movements and the structural changes of
the 6 upper cold lows associated with the 6 cases
shown in fig. 5 are shown schematically in fig. 6.
On account of the varying positions and dimensions of the significant systems, mean charts
would have obliterated many of the typical features. Instead of constructing mean charts, individual charts were superimposed upon one another and the features common for all have been
represented as shown in fig. 6. These schematic
charts were next checked against the remaining 9
cases of upper cold lows associated with type-a
development, and none of these showed any principal departures from the sequence of events depicted in fig. 6, except that in 2 cases the separation distance between L1 and L2 was small initially
and remained small.
In fig. 6, use is made once again of the reference
time T0 which denotes the time of the first appearance of the upper low to the east of the Continental Divide. T0 is a convenient datum since it
may be used either for development type-a or for
the nondeveloping type-c cases. The typical
changes at the 500-mb level may now be described
as follows. At about T0-72h, a cold and highly
symmetrical upper low is situated about 500 km
off the west coast, and a second low or trough is
present to the west of the Aleutian Chain. L1 is
moving slowly toward the point of recurvature,
while Lo is accelerating. At about T0-48h, an
isotach maximum has appeared to the southwest
of L 1 and a slight trough extending southwestward
is noticeable. The speed of the upper low, L19 has
become accelerated as compared with the state at
T0-72h.
To a large extent, the last two statements
are based on the evidence provided by aircraft
weather reconnaissance data at the 500-mb level
to the west and southwest of L x .
At about T0-24h, the center L1 has passed the

29

point of recurvature and is approaching the Continental Divide. The isotach maximum has now
moved relative to the center and is situated to the
southeast of L x . It is of interest to note that at
T0-72h the vorticity advection is relatively small,
for the vorticity isopleths coincide very nearly
with the contours. As the asymmetry around the
x-axis increases, and as the wind to the south of
the center increases, as shown at T0-24h, the positive vorticity advection becomes very large near
the exit region of the isotach maximum. It is
just prior to this time that the vorticity advection
aloft begins to spread over the inverted trough
at the surface and the lee development commences.
In addition, it is just prior to T0-24h that the areas
of positive vorticity advection shown in fig. 1 became noticeably larger and more intense than
those shown in fig. 3. It was observed that, in
the 3 cases shown in fig. 3, no marked isotach
maximum was present to the south or southeast
of the upper low center after T0-24h.
At about T0, the sea-level storm has acquired
maximum intensity; the upper low has intensified
and become more symmetrical. Shortly after T0,
the axis connecting the sea-level low with the
upper low has become almost vertical and the two
lows move together toward Hudson Bay.
With the data available, it has not been possible
to investigate the conditions associated writh the
formation of the isotach maximum shown in fig. 6.
It is noteworthy, however, that the sequence of
isotach patterns bears a strong resemblance to
those investigated by Riehl and collaborators
(1954, p. 8 ) .
5. Influence of the upstream low or trough
During the investigation, the impression was
gained that the movement of the upstream low or
trough, indicated by L2 in fig. 6, was related in
some manner to the behaviour of the primary low
L1 and the subsequent low-level development.
Since L 2 was present in development type a as well
as in the nondeveloping type c cases, a comparison
of the two types was made using the 9 most intense and the 9 weakest cases of the parent group.
An examination of the distance of separation
between Lt and L 2 gave the results shown in fig.
7, where T0, as before, denotes the time when Lx
first appeared to the east of the Continental Divide.
The separation distances fall into 4 distinct groups.
Curve A refers to a few cases of development type
c where the separation distance remained very
large and more or less constant throughout the
period. Curve D refers to twro cases of development type a in which the separation distance was
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FIG. 8. Comparison between the mean intensity changes
of development type a upper lows and upper lows which
led to little or no development at sea level. Curves B and
C refer to the same cases as curves B and C in fig. 7.
Intensities in units of 10's ft.
FIG. 7. Mean separation distances between the primaryupper cold low ( L i ) and the nearest upstream low or
trough ( L 2 ) at the 500-mb level for 9 development type
a cases and 9 cases of little or no development at sea level.

small at the beginning and remained more or less
constant. In between, we have 6 cases (curve B )
of development type c in which the separation
distance decreases rapidly. This curve shows
essentially the same features as curve C which
refers to 7 cases of development type a. It is
evident, therefore, that the separation distance
alone will not distinguish between the two development types.
A fairly clear distinction between the cases represented by curves B and C in fig. 7 can be made
by appealing to the intensity of the upper low Llf
as shown in fig. 8. The intensities (/) shown in
fig. 8 were obtained from the formula
I = (Z x + Z 2 + Z 3 + Z 4 - 4Z 0 )
where Z is the contour height and the suffix notations are standard. In these computations, a grid
length of 600 km was used since the horizontal
dimensions of the lows were so large that more
reliable values of the overall intensity could be
obtained by using a relatively large mesh.
It will be seen that in the non-developing cases
(curve B ) the intensity decreases steadily after
T0-72h, whereas in the developing cases the intensity increases steadily. The trends shown by
curves B and C in figs. 7 and 8 held in all individ-

FIG. 9. Relation between the distance from the primary
upper low ( L i ) to the nearest upstream low or trough
(Lo) and the intensity of L 2 at the time of onset of the
acceleration of Li for the 13 cases contained in curves B
and C of figs. 7 and 8.

ual cases, and the scatter about the mean was
small. The marked decrease in the separation
distances between L x and L2 in all the cases contained in curves B and C was found to be closely
related to the speed changes of the primary low
It was found that, in each case, during the interval
of sharp decrease in the separation distance, L x
underwent a rather abrupt acceleration such that
its speed increased by a factor of 2 or more in the
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24-hr period following the onset of the acceleration. The separation distance at the time of the
onset of the acceleration of L1 is shown on the
abscissa of fig. 9 for all cases contained in curves
B and C of fig. 7. Along the ordinate is shown
the mean value of the intensity of the upstream
low or trough L 2 , 12 hr and 36 hr prior to the
onset of the acceleration of L1 for the same cases.
Fig. 9 may be interpreted as indicating that the
weaker the intensity of the upstream low or trough
( L 2 ) the shorter is the distance between L1 and
Lo at the time when L1 begins to accelerate. In
view of the small scatter, the regression line may
be used in providing a forecast of the onset of the
acceleration of L±. In all the cases included in
fig. 9, the speed of L± prior to the acceleration was
5 m sec - 1 or less for 24 hr or more and the 24-hr
mean speed following the acceleration ranged from
10 m sec - 1 to 16 m sec -1 .
6. Motion of the upper-level lows

axis reduces to

The results presented in the foregoing sections
have shown that the movement of an upper cold
low is one of the important factors to consider in
the forecasting of lee developments. While this
appears to be true of all types of developments,
it is particularly evident in the group referred to
as development type a.
On certain simplifying assumptions, Petterssen
(1952) has derived a formula for the rate of propagation of vorticity ridges and troughs. When the
formula was specialized to apply to streamline
waves near the core of the current at the 500-mb
level, remarkably good results were obtained (see
Johannessen and Cressman, 1952; and Staff Members, 1956).
Petterssen's formula may also be specialized to
apply to such vorticity centers as are associated
with upper lows. For the purpose of the present
discussion, the center of the low may be defined
as the place where the horizontal velocity components vanish. Thus,
v = 0.

= 0

For convenience, we choose the coordinate axes
as shown in fig. 10. It will be assumed that the
motion is symmetrical around the y-axis but not
necessarily so around the x-axis. With this choice,
the center is characterized by
du
dx

Q

dv
dy

0

dq
dx

FIG. 10. Orientation of the coordinate axes for the computation of the displacement of upper-level cyclones.

=

0

where q is the relative vorticity.
On account of these conditions, Petterssen's
formula for the rate of propagation along the x-

Cx

dv
dx

dx
d\

(5)

dx2
where D is the horizontal divergence of the wind
field represented in an isobaric surface.
Since it is not possible to construct a simple
model which will give a realistic representation of
the divergence, we shall be obliged to omit the
term containing dD/dx. The foregoing equation
then reduces to
dv
dx (dy + a y )
Cx =
(6)
d^q

dx2
If the motion were symmetrical in regard to the
A'-axis, so that dq/dy — 0, Cx would be negative,
for with our choice of axes (see fig. 10) dvjdx
> 0, df/dy > 0, and d2q/dx2 < 0. Since such motion is contrary to observation, one is led to the
tentative conclusion that at the kinematic center
dq/dy must be negative and its magnitude larger
than that of df/dy. In order to examine this
conclusion quantitatively, the terms in eq ( 6 )
were replaced by finite-difference approximations,
and the formula was tested on a limited number
of upper lows over the Continental United States.
In each of the tests, all available soundings were
replotted on a large-scale chart for analysis. The
results of 7 cases are shown in table 1. In each
case, the computation was performed on current
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1. Results of the tests of the finite-difference formula for the speed of cyclones a t the 500-mb level.
XI013 m _ 1 sec" 2

Date — time of
computation
(all 0300 GCT)

2
4
5
12
21
22
8

Dec.,
Dec.,
Dec.,
Dec.,
Dec.,
Dec.,
Jan.,

Averages

1956
1956
1956
1956
1956
1956
1957

/ dv\ d2w /dv\
1 1 /S COS 7
\dx/ dy2
\dxJ

Computed speed
m sec - 1

Observed 24-hr
mean speed
m sec - 1

Error
m sec - 1

dv a /dv\
dx dy \dxJ

8.8
11.8
14.0
20.3
8.1
12.7
9.1

7.5
9.9
14.6
18.9
9.4
12.0
10.1

1.3
1.9
-0.6
1.4
-1.3
0.7
-1.0

0.0
-0.8
-0.6
-0.3
0.0
-0.3
0.0

-5.6
-2.6
-1.8
-1.0
-5.6
-1.2
-0.4

0.00
0.05
0.03
0.03
0.07
0.03
0.01

12.1

11.8

1.2

-0.3

-2.6

0.03

data without knowledge of the subsequent motion
of the low.
The main purpose for which the data in table 1
were provided was to determine the relative importance of the terms in eq ( 6 ) . It will be seen
that, on the average, the term containing d2u/dy2
is almost one order of magnitude larger than the
term containing d/dy(dv/dx)
and almost two
orders of magnitude larger than the term containing p. From an inspection of the data given in
table 1, it would appear that the term containing
the Rossby parameter may be neglected, while the
term containing d/dy(dv/dx)
may give a significant contribution in individual cases. The number
of cases is, however, far too small to justify firm
conclusions.
Concerning the divergence term in eq ( 5 ) ,
the following rough estimate may be made. By
putting q + f = 4 X 10"4 sec"1 as a high value, we
may compute the value of dD/dx which would
make the magnitude of the divergence term comparable with the term containing d2u/dy2.
By
using the mean value of this term, as given in
table 1, one finds that the magnitude of dD/dx
would be of the order of 10~9 sec - 1 m _1 . This,
however, is one to two orders of magnitude larger
than the maximum value that can be determined
from the computations of Petterssen and Bradbury
(1954) for a cyclone development of extraordinary intensity. Furthermore, the sign of the term
was such that it would give a negative contribution to the speed. Although the data used in the
present investigation do not permit similar computations, it appears unlikely that the accelerated
advance of the upper low can be attributed to a
change in the divergence gradient.
7. Comments on structural changes
On the basis of the comments in the previous
section, it appears that the accelerated advance of
upper lows prior to the period of low-level devel-

opment is due primarily to structural changes.
Some aspects of the structural changes of upper
lows associated with moderate or intense low-level
lee cyclogenesis were considered in section 4. One
important feature was the appearance of an isotach
maximum to the southwest of the upper low center
at about T0-48h and its subsequent increase in
strength and its motion relative to the upper low
center. The overweight of northwesterly winds
to the southwest of the low shortly following the
first appearance of the isotach maximum gave a
large contribution to the term d2u/dy2 (see table
1), and the speed of the low became accelerated
as compared with the state at T0-72h.
A continued increase in the strength of the isotach maximum led to greater values of d2u/dy2 in the following 24 hr and to a further increase in the speed
of the center. Meanwhile, a slight motion of the
isotach maximum relative to the low center resulted in a change in the orientation of the symmetry axis (as shown schematically by the ;y-axis
in fig. 6 ) from northeast-southwest at T0-48h to
northwest-southeast at T0-\2h.
The path of the
upper low (see fig. 6 ) showed a corresponding
change in direction.
8. Conclusions
The purpose of the present study was a two-fold
one: first, to explore the mechanisms underlying
the initiation of a distinct type of cyclone development (type a ) which occurs to the east of the
Rocky Mountains and to ascertain whether these
develop broadly according to the skeleton theory
described by Sutcliffe (1947) and Petterssen
(1955a) or whether the orographic effects are
predominant; second, to search for sequences of
large-scale features aloft which precede the onset
of the aforementioned developments and, if such
exist, to organize the findings into forecasting aids
which lend themselves to routine application.
On account of the complexity of the problem
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and the paucity of data over the regions concerned,
few firm conclusions can be recorded. With this
reservation, the results may be summarized as
follows.
The results of the discussion in sections 2 and 3
seem to indicate that the initiation of type a cyclones takes place under circumstances which do
not contradict the above-mentioned theories. In
all cases, the development commenced when an
area of appreciable vorticity advection aloft, in
advance of the approaching upper cold low, spread
over a baroclinic zone in the lee of the Rocky
Mountains. One important effect of orography
appeared to be the maintenance of an inverted
pressure trough with an air-mass boundary in a
quasistationary position to the east of the range
while the upper low advanced. The accelerated
advance of the upper cold low and the stationariness of the baroclinic zone seem to account well
for the sudden onset and the large intensity of the
development. Although it is probable that other
important orographic influences are involved, particularly in the later stages of the cyclone development, quantitative evidence in support of this is
not available from the present study.
The search for sequences of upper-air structures
which preceded the onset of lee development of
type a gave results which may be summarized as
follows. If T0 denotes the time when the upper
cold low made its first appearance to the east of
the Divide, then at T0-72h little can be said as to
whether or not a lee development will occur. At
this time, the upper low ( L x ) is situated about 500
km to the west of the coast. After this time, the
separation distance between L x and L2 should be
watched carefully to determine which of the conditions given in section 5 will apply. In particular,
the appearance of an isotach maximum and a
trough to the southwest of L x should be noted.
By using these aids, a definite forecast as to
whether or not a type a development will occur
can then be made at T0-24h. This time, however,
is only 6 to 18 hr prior to the first appearance of
a distinct lee center, 18 to 30 hr prior to the time
of maximum intensification and 30 to 42 hr prior
to the time of maximum intensity of the storm.
An additional aid in the forecasting will be provided by using the regression line in fig. 9. The
results given in table 1 may be of qualitative assistance in a region of plentiful data.
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