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14ABSTRACT

Cyclogenesis and the Low-Level Jet

Over the Southern Great Plains. (December 1980)

David Scott Ladwig, B.S., Oklahoma State University

Chairman of Advisory Committee: Dr. Dusan Ojuric

An investigation of the development of the low-level jet as an

integral part of winter extratropical cyclones on the lee side of the

Rocky Mountains during the winter months of 1977 and 1978 is presen-

ted. Twenty-nine cases of cyclogenesis were identified during the

time period. Data for each case were tabulated, and, based upon the

results of the study, four cases were chosen for closer examination.

All cases were analyzed using standard synoptic methods supplemented

by charts of the wind at the level of the maximum wind in the lower

troposphere.

A descriptive model which shows the simultaneous development of

the cyclone and low-level jet is presented. The formation of the low-

level jet is shown to be partially a result of the geostrophic adjust-

ment of initially isallobaric wind. This isallobaric wind results

from pressure falls on the lee side of the Rocky Mountains during j
cyclogenesis.

The low-level Jet originates over the high plains of western

Oklahoma, Texas, and Kansas. As the southerly jet continues to de-

velop, southerly wind spreads horizontally to the east and southeast
wwith the speed of a gravity-inertia wave. Upon reaching the Gulf of
I
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Mexico, low-level water vapor is advected by the jet into the

southern Great Plains. The availability of water vapor and subse-

quently latent heat then contributes to the further development of the

cyclone.
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Over the Southern Great Plains. (December 1980)

David Scott Ladwig, B.S., Oklahoma State University

Chairman of Advisory Committee: Dr. Dusan Djuric

An investigation of the development of the low-level jet as an

integral part of winter extratropical cyclones on the lee side of the

Rocky Mountains during the winter months of 1977 and 1978 is presen-

ted. Twenty-nine cases of cyclogenesis were identified during the

time period. Data for each case were tabulated, and, based upon the

results of the study, four cases were chosen for closer examination.

All cases were analyzed using standard synoptic methods supplemented

by charts of the wind at the level of the maximum wind in the lower

troposphere.

A descriptive model which shows the simultaneous development of

the cyclone and low-level jet is presented. The formation of the low-

level jet is shown to be partially a result of the geostrophic adjust-

ment of initially isallobaric wind. This isallobaric wind results

from pressure falls on the lee side of the Rocky Mountains during

cyclogenesis.

The low-level jet originates over the high plains of western

Oklahoma, Texas, and Kansas. As the southerly jet continues to de-

velop, southerly wind spreads horizontally to the east and southeast

with the speed of a gravity-inertia wave. Upon reaching the Gulf of
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Mexico, low-level water vapor is advected by the jet into the

southern Great Plains. The availability of water vapor and subse-

quently latent heat then contributes to the further development of the

cyclone.
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1. INTRODUCTION

a. General

The movement of cyclones through the southern Great Plains pro-

vides the mechanism for a substantial amount of precipitation re-

ceived in the southern Great Plains during the winter months. As

these cyclones originate on the lee side of the Rocky Mountains, low-

level water vapor is advected from the Gulf of Mexico into the

southern Great Plains by low-level winds. At times, the low-level

winds form in bands with the maximum wind being over 12.5 m s.l, thus

are called low-level jets (LLJ). While the LLJ advects low-level

water vapor into the Great Plains and cyclones moving through the

Great Plains are responsible for most of the precipitation received

in the region, little has been said about the apparent relationship

between cyclones and LLJ development. The purpose of this research

is to document this relationship between cyclogenesis and the de-

velopment of the LLJ in the winter months.

b. Literature review

In his discussion of circulation changes associated with cyclo-

genesis, Newton (Ig5b) cited the existence of a LLJ which hugged the

eastern slopes of the Rocky Mountains during cyclogenesis. Later

(1961), he showed a model of an idealized cyclone moving through the

The citations on the following pages follow the style of the
Journal of Applied Meteorology.

nt
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Great Plains. This model included a moist tongue coincident with a

LLJ.

A number of authors have discussed the advection of water vapor

in the lower levels of the atmosphere from the Gulf of Mexico into

the Great Plains. Much of the work has dealt with the transformation

of polar air masses which move over the Gulf of Mexico and then re-

turn into the Great Plains. Henry and Thompson (1976) and Karnavas

(1978) discussed sensible and latent heat flux from the Gulf of

Mexico into the polar air mass and the transformation of the polar

air that resulted. Karnavas (1978) continued by showing that the

entry of low-level cloudiness into the southern Great Plains was

closely tied to the movement of the polar anticyclone to the north-

east. Henry (1979) proposed a system by which polar air entering the

southern Great Plains could be differentiated from tropical air

through the use of equivalent temperature and wind direction.

Damiani (1979) showed that the rapid entry of water vapor in the

lower levels was closely tied to the development of a low-level wind

maximum in the polar air mass. This maximum developed over the high

plains of western Texas, Oklahoma, and Kansas shortly after the polar

air mass reached the northern Gulf of Mexico. Djuric and Damiani

(1980) showed that after development over the high plains, the LLJ

spread horizontally, eventually reaching the northern Gulf of Mexico.

The entry of low-level water vapor into the southern Great Plains

coincided with the southern extension of the LLJ reaching the Gulf.

While this study deals with the winter months, Beckman (1973) found

several cases of LLJ formation in a polar air mass during the spring

A
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months.

Three basic causes have been proposed for the formation of the

LLJ by authors investigating the phenomenon. Blackadar (1957) pro-

posed a theory that described the coupling and decoupling of flow

near the top of the frictional boundary layer. The coupling and de-

coupling of the flow was caused by the formation and destruction of

the nocturnal inversion. When this occurred, an inertial oscillation

of the ageostrophic wind vector could be identified. This oscilla-

tion coincided with the formation of low-level wind maxima. Wexler

(1961) identified a cause of LLJ formation as the northward deflec-

tion of easterly currents by the Rocky Mountains. As these winds

were deflected to the north, the increase in coriolis force was com-

pensated for by a strong increase in anticyclonic shear on the

eastern side of the stream, satisfying the law governing the conser-

vation of absolute vorticity. Frictional influences from the sloping

terrain on the western side of the flow accounted for the shear on

the western side of the stream. A third cause, proposed by Holton

(1967), showed that the LLJ could be explained by the combined circu-

lations of air associated with heating and cooling of the slopes of

the Rocky Mountains and high plains, and the baroclinic field that

resulted from this heating and cooling.

Climatological studies have shown the occurrence of low-level

wind maxima to be most prevalent in the southern Great Plains

(Bonner, 1968). The same study showed that the greatest number of

LLJs occurred during the spring and summer months, but there were a

substantial number of occurrences during the winter months. This

4it
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study also established convenient criteria to define the existence of

the LLJ.

Tepper (1955) developed a model which showed that through the

addition of momentum to a narrow southerly stream, a low pressure

trough developed to the left of the stream. He also showed that

through the addition of momentum, pressure-jump lines developed and

propagated to the right of the stream. Djuric (1980) proposed a

model of a LLJ which developed under an inversion as a result of de-

creasing pressure to the left of the LLJ. He suggested that the

initiation of the LLJ resulted from isallobaric winds and their sub-

sequent geostrophic adjustment. The isallobaric winds were brought

about by decreasing pressure on the lee side of the Rocky Mountains.

This model showed that a perturbation developed within or below an

inversion layer. This perturbation then moved horizontally to the

east and southeast with the speed of a gravity-inertia wave. The

initiation of a southerly wind occurred after the passing of the

perturbation over a station.

The papers of Tepper (1955), Newton (1956), and Djuric (1980)

indicate that a connection between the development of a LLJ and the

cyclogenesis process on the lee side of the Rocky Mountains exists.

The work of previous authors deals with the phenomenon of the de-

velopment of cyclones and LLJs separately, but there appears to be a

strong link between the two processes. This study will show the

interrelationship between the two phenomena and propose a model which

describes the simultaneous development of the cyclone and the LLJ

which precedes the development time shown in Newton's (1967) model.
w

_ _ _ _ _ _ _
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2. HYPOTHESIS OF LOW-LEVEL JET DEVELOPMENT

If simultaneous development of a cyclone and associated LLJ can

be shown, a cause for LLJ development can be hypothesized. The LLJ

may develop in response to acceleration induced by pressure fall on

the lee side of the Rocky Mountains. The pressure fall results from

large scale cyclogenesis.

Djuric and Damiani (1980) showed that the LLJ is observed in a

layer normally within 2 km of the earth's surface. The LLJ was

observed above the frictional boundary layer described by Blackadar

(1957). The flow is governed by the horizontal equations of motion:

du f v - -
p ax

and d- fu - -

Frictional terms are omitted since the LLJ develops above the fric-

tional boundary layer where frictional effects are negligible com-

pared to the remaining terms. If the assumption of acceleration due

to pressure fall is made then an approximate solution to the above

equations is:

u +1 a P)
Pf ay Pf'ay at

any p+ 1 a (_tand v a x ax .at

As pressure falls on the lee side of the Rocky Mountains during

* .:-__ __- _ _ __.,__ _ __ __ __ _
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cyclogenesis, the wind over the High Plains responds to an isallo-

baric acceleration. At this time, the isallobaric terms are dominant

in the equations. After some time, geostrophic adjustment takes

place and the geostrophic terms in the above equations become domi-

nant. This time was shown by Cahn (1945) and Obukhov (1949) to be

approximately 6 h. As geostrophic adjustment takes place, southerly

wind is observed over the High Plains. As pressure continues to fall,

the southerly wind strengthens over the High Plains, taking the

appearance of a LLJ.

I

t

i
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3. METHODOLOGY

The methodology used in this study of cyclogenesis and the LLJ

evolved from earlier investigations of these phenomena by other

authors. Isallobaric analysis at the surface during the development

of a cyclone and the associated LLJ showed similar patterns in each

case; pressure falls accompanied cyclone development on the lee side

of the Rocky Mountains. Since there appeared to be a possible corre-

lation between the developing LLJ and the isallobaric field, cases

were chosen based upon pressure falls on the lee side of the Rocky

Mountains. Since large pressure falls are sometimes observed during

cyclogenesis, cyclone development was used as a criterion for the

selection of cases. If there is a correlation between the develop-

ment of a cyclone and the occurrence of the LLJ, it should be possi-

ble to develop a model which shows the relationship between these

phenomena.

a. Selection of cases

The criteria listed below were used to select cases.

(1) Low pressure developed on the lee side of the Rocky Moun-

tains. Each low pressure area was identified by at least one closed

isobar (4mb) on the National Meteorological Center surface analysis.

(2) The low pressure area had to develop into a frontal cyclone

and move into the Great Plains.

Based upon the above criteria, cases were selected from micro-

film reels of the northern hemispheric surface charts supplied by the
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National Climatic Center. In this study, low pressure development on

the lee side of the Rocky Mountains refers to development in eastern

Colorado, western Kansas or Oklahoma, northern New Mexico, or north-

west Texas. Cases were selected from the winter months of January

through March, and October through December during 1977 and 1978.

Thirty-two cases of cyclogenesis were identified based upon the

above criteria. Each of the cases was examined further through the

use of National Meteorological Center facsimile charts and Service A

and C teletype data. Three cases were discarded due to missing or

garbled teletype or facsimile data. Facsimile and teletype data were

obtained from those currently available in the archives of the Depart-

ment of Meteorology at Texas A&M University.

b. Analysis procedure

National Meteorological Center facsimile charts were used when

possible to identify upper-air features coincident with early develop-

ment of the cyclone. A detailed surface analysis was made at each

upper-air radiosonde sounding time (0000 and 1200 GMT). Special

attention was paid to the position of fronts and high and low

pressure areas. Isallobaric and isodrosothermic analysis also was

done. Additional surface charts were analyzed as necessary to de-

scribe a given case in greater detail than that available on the

three-hourly National Meteorological Center surface charts. As

shown by Bonner (1968), and Djuric and Damiani (1980), the LLJ may

not be apparent on either the National Meteorological Center 850 mb

or 2nd Standard Level charts. To identify the existence and the
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horizontal extent of the LLJ, charts were prepared which identify the

wind direction and speed at the level of the maximum wind in the

lowest 2 km of the atmosphere. The following events were used in the

selection of a maximum wind with the indicated priority:

(1) Highest wind speed below a frontal or subsidence inversion

within 2 km of the surface, or,

(2) Highest wind speed within 2 km of the surface.

If more than one inversion existed, the inversion used was the one

most similar to the inversion above neighboring stations. Care was

used to ascertain if the highest wind speed selected was representa-

tive of those characteristics normally associated with a LLJ. To

identify the highest wind speed chosen as representative of the LLJ,

the highest wind speed must have exceeded the wind speeds at levels

above and below the level of the highest wind speed chosen by at

least 2.1 m s- I

_________



10

4. WEATHER SITUATIONS

a. Data tabulation

Each of the 29 cases of cyclone development on the lee side of

the Rocky Mountains was examined for the characteristics listed be-

low. The results of the data tabulation were then used to identify

those characteristics which were common throughout the majority of

cases. Characteristics were chosen based upon those items which were

identified by previous authors investigating the development of the

LLJ or cyclogenesis. Results of the data tabulation are shown in

Table 1. A description of column headings is given below.

(1) Category of LLJ development. Each case of cyclone develop-

ment was examined for the presence of a LLJ. The category "Strong"

represents those cases where the LLJ core speed exceeded 12.5 m s .

Also, at least 60% of the stations which had an observed LLJ had to

have an observed inversion capping the LLJ. The category is similar

to the Category 1 identified by Bonner (1968). The category "Weak"

indicates those cases where the observed LLJ core speed was less than

12.5 m s-l. The category "None" indicates that no LLJ was observed.

(2) 700 mb flow direction. This characteristic identifies the

flow direction over the area of initial cyclone development. This

characteristic may be related to cyclone development.

(3) Cyclone development and duration. The initial and lowest

central cyclone pressures are given as well as the duration of the

cyclone while in the southern Great Plains. Cyclone duration while

in the southern Great Plains refers to an area bounded on the east by

- - -p -------.------------ - - - - - - - - - -
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Table 1. Cases of cyclone development during 1977 and 1978.

Cyclone
Category of LLJ 700 mb Flow Development

Development Direction Init Low Dur Moist
Date Strong Weak None From (mb) (mb) (h) Adv*

1977

3-4 Jan X W 1004 999 36+ no
21-23 Feb X NW 984 976 24+ yes
25-26 Feb X W 1005 998 36+ yes(r)
10-11 Mar X SW 993 985 30+ yes
16-17 Mar X W 1000 987 30+ yes
20-21 Mar X NW 1006 1002 36+ yes
3-4 Oct X NW 1011 1000 27 yes
9-10 Oct X W 1006 1002 36 yes
27-28 Oct X SW 1008 1007 45 yes
29-30 Oct X SW 1009 999 16 yes
18-21 Nov X NW 1006 992 48+ yes
4-5 Dec X W 1001 990 48+ yes(r)
7-8 Dec X W 1006 994 27+ yes
10-12 Dec X W 1011 999 36+ yes
18-19 Dec X W 1003 996 36 yes

1978

6-8 Jan X NW 1007 1005 30+ yes
14-16 Jan X NW 1014 1002 48+ yes
1-3 Mar X NW 999 998 30+ yes(r)
5-6 Mar X W 1008 1000 48 yes
10-11 Mar X W 1009 998 42+ yes
12-14 Mar X NW 999 996 30+ yes
1-3 Oct X W 1008 1007 30+ no
17-18 Oct X SW 1010 1010 18 no
21-23 Oct X SW 1004 1004 30+ no
24-25 Oct X W 998 995 18 yes
8-10 Nov X NW 1003 996 36+ yes
24-26 Nov X W 1008 1002 36+ yes
17-20 Dec X NW 1004 995 30+ yes
27-29 Dec X W 1013 997 30+ yes

* (r) means that residual low cloudiness was observed throughout the
southern Great Plains which made the determination of advective
processes difficult.
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the eastern Kansas and Oklahoma borders, and to the north by the

northern Nebraska border.

(4) Low-level cloudiness or moist tongue. This characteristic

identifies the expansion of low-level cloudiness from Gulf coastal

regions into the southern Great Plains, or the advection of water

vapor into the area as indicated by a moist tongue in a surface

isodrosotherm analysis.

Three cases are not shown in the table due to missing or garbled

data. These cases were 5-8 November 1977, 26-28 November 1977, and

3-5 January 1978.

b. Selected case studies

From the 26 cases tabulated where there was simultaneous de-

velopment of a cyclone and a LLJ, four typical cases were chosen for

closer examination based upon observed characteristics. Although the

cases chosen are similar to the remaining 22 cases, these cases

emphasize variations such as timing in the development, duration of a

case, strength of the cyclone or LLJ, and the advective processes

present. The surface maps shown in each case are those analyzed by

the National Meteorological Center.

(1) 18-20 November 1977. One of the typical cases of simul-

taneous development of the cyclone and associated ILJ occurred on

18-20 November 1977. Fig. la shows the surface weather situation at

0000 GMT 18 November 1977. A stationary front was located in central

Colorado with high pressure over northern Oklahoma. There was weak

southerly flow at the surface on the lee side of the Rocky Mountains
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20 20

2o.1616

a. 0000 GMT 18 November 1977

16

b. 0900 GMT 18 November 1977

Fig. 1. Surface synoptic charts. Scalloped areas indicate
areas of cloudiness at a height of less than or equal to 900 m
(3000 ft) AGL.
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while flow at 700 mb and 500 mb was from the northwest. At 850 mb, a

weak trough was located over Utah and Arizona. During the night,

pressure fell throughout the southern lee side of the Rocky Mountains.

By 0900 GMT, a closed low pressure area developed along the station-

ary front in central Colorado (Fig. lb). During this period, flow in

the mid- and upper-levels became zonal. Also, the LLJ developed over

the high plains during this time.

Subsequent development and movement of the cyclone is shown in

Figs. 2a-d. As the cyclone developed, an area of low cloudiness ex-

panded from the Gulf of Mexico into the southern Great Plains. This

expansion of low cloudiness was coincident with the southern exten-

sion of the LLJ reaching an area over the northern Gulf of Mexico.

The development and movement of the LLJ is shown in Figs. 3a-d.

The cyclone continues to develop on 19 November 1977 as the mid-

and upper-level flow becomes southwesterly as an upper-air trough

approaches. On 20 November 1977, the cyclone moves through the Great

Plains to the ncrtheast. The cyclone duration exceeded 60 h, and the

cyclone had a minimum observed central pressure of 990 mb. During

this time, the LLJ maintained its vertical and horizontal definition

as it moved to the east in advance of the cyclone. During the

episode, the LLJ had a maximum observed core speed of 23 m s-I and

was observed in the polar air mass at a continuous height of approxi-

mately 0.5-1 km.

As a result of the LLJ, the thermal contrast, baroclinity, and

availability of water vapor for precipitation processes was increased.

This case appears to be rather typical of the winter cyclones studied

4
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in the sense that the LLJ seems to be an important part of the winter

extratropical frontal cyclone developing on the lee side of the Rocky

Mountains.

(2) 17-20 December 1978. Coincident development of a cyclone

and the LLJ occurred. Fig. 4a shows the weather situation at the

surface on 17 December 1978. A strong polar anticyclone was located

over the central United States at the surface. A high pressure ridge

was located over the Great Plains at 850 mb, while the flow at 700 mb

and 500 mb was zonal to northwesterly over the lee side of the Rocky

Mountains. Pressure fell on the lee side of the Rocky Mountains

during the next 48 h, and a closed low pressure area developed at

0000 GMT 18 December 1978 (Fig. 4b-c). During the latter portion of

the 48 h period, mid- and upper-tropospheric flow became south-

westerly over the lee side of the Rocky Mountains, and there was weak

positive vorticity advection at 500 mb over the area of cyclone de-

velopment.

By 1800 GMT 19 December 1978 (Fig. 4e), the central cyclone

pressure was 1000 mb, and the cyclone began to move to the east. Un-

like the case of 18-20 November 1977, low-level cloudiness was not

observed in the southern Great Plains, but was observed over Texas

Gulf coastal areas throughout the period. Although low-cloudiness

was not observed over the southern Great Plains, a moist tongue was

present at the surface indicating that the advection of low-level

water vapor occurred in the southern Great Plains. Subsequent de-

velopment and movement of the cyclone is shown in Fig. 4f.

Development of the LLJ is shown in Figs. 5a-d. As the cyclone

. .. . .. .. . ... - - -p ,-- - ---



1 1

18 -1

3i' H 28 /24 is 20 2
pI

2 28

20 24

a. 0000 GMT 17 December 1978 b. 0000 GMT 18 December 1978

08 12 L 04

0 04

__ -_jO

122

16

c. 0000 GMT 19 December 1978 d. 1200 GMT 19 December 1978

Fig. 4. Same as Fig. 1 except for 17-20 December 1978.



19

0%040 04

f.0000GT2 eebr17

Fig 4.Cotined



20

-1015"I 20 is-15

210

10

I 15

100 15

10

a. 0000 GMT 17 December 1978 b. 1200 GMT 17 December 1978

,o ' j< -o 2

c. 0000 GIMT 18 December 1978 d. 1200 GMT 18 December 1978

Fig. 5. Same as Fig. 3 except for 17-18 December 1978. Thepennant represents 25 m s- 02

. . -. . .

-. n , |I Il



v4
21

moved to the east, southerly wind at the LLJ level spread horizon-

tally. The southern extension of the LLJ, upon reaching the Gulf,

advected low-level water vapor into the southern Mississippi Valley

on 20 December 1978. Low cloudiness reported in southern Texas

during the early portion of the period occurred beneath the wind ob-

served at the level of the maximum wind in the lowest 2 km of the

atmosphere. During the period, the LLJ was observed in the polar

air mass and had an observed maximum core speed of 27.5 m s-1. The

cyclone attained a minimum central pressure of 994 mb as it moved

through the Great Plains. The height of the LLJ was continuous at

approximately 0.5 km above the surface early in this case and rose to

a height of 1 km as. the LLJ core moved into central Oklahoma.

Although there is simultaneous development of the LLJ and the

cyclone, this development process is somewhat slower than in the

previous case. This case also emphasizes that if an expansion of

areas of low cloudiness into the southern Great Plains is not present,

a surface isodrosotherm analysis should be made to identify the

advection of low-level water vapor by the LLJ in the extratropical

cyclone.

(3) 10-13 December 1977. As in the previous case, a strong

polar anticyclone was located over the southern Great Plains. Again

there was simultaneous development of the cyclone and LLJ, but the

development process is somewhat faster and the advection of low-level

water vapor more evident than in the previous case.

Fig. 6a shows the surface weather situation on 10 December 1977.

A strong polar anticyclone had moved into the southern Great Plains.

4- --- -- --------
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Surface winds on the lee side of the Rocky Mountains were light and

southerly. At 850 mb, a high pressure area was centered over

northern Texas with southerly flow reaching from Del Rio, Texas, into

South Dakota. At 700 mb and 500 mb, flow was northwesterly over the

lee side of the Rocky Mountains. Flow became westerly over the area

of cyclone development on 11 December 1977. A deep upper-air trough

at 700 mb approached the area of cyclone development late on 11

December 1977. At 500 mb, there was weak negative vorticity advec-

tion over the region on 10 December 1977, with positive vorticity

advection during the remainder of the period.

During the night, pressure fell on the lee side of the Rocky

Maintains and by 1200 GMT 10 December 1977, a low developed in

northern Colorado (Fig. 6b). During the same time period, both an

850 mb lee trough and a LLJ had developed. Subsequent development of

the cyclone is shown in Figs. 6c-h. The development of the LLJ is

shown in Figs. 7a-b with the core of the LLJ located over the high

plains and extending into central Kansas. Subsequent development and

movement of the LLJ is shown in Figs. 7c-f. The southern extension

of the LLJ reached the Gulf of Mexico between 1200 GMT 10 December

1977 and 0000 GMT 11 December 1977, coincident with the advection of

low-level water vapor, indicated by the expansion of low cloudiness

areas into the southern Great Plains.

The cvclone moved to the east on 13 December 1977 and had a

minimum central pressure of 1004 mb while in the Great Plains. As

the cyclone moved to the east, the LLJ core retained its v rtical and

horizontal characteristics as it moved in advance of the cyclone.
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During the period, the LLJ had a maximum observed core speed of 30

m s 1. The LLJ core maintained a continuous height of 1 km above the

surface throughout the period and was located within the polar air

mass.

This episode again shows the increase in baroclinity resulting

from the advection of warm and moist air brought about by the LLJ

during cyclogenesis. This case was the most developed of those cases

studied from the winter months of 1977 and 1978.

(4) 9-11 October 1977. In contrast to the previous cases, this

case shows the rapid development of a cyclone and associated LLJ and

their movement to the east. The rapid development and movement

appears to respond to the rapid movement to the east of an upper-

level trough. Fig. 8a shows the surface weather situation at 0000

GMT 9 October 1977. A strong cyclone was located over the Great

Lakes with a cold front extending into southern Texas. A new cold

frontal system was approaching northwestern Colorado while a trough

was observed on the lee side of the Rocky Mountains. There was weak

southerly flow over the high plains at the surface. Flow at 700 mb

and 500 mb was northwesterly over the area of cyclone development.

High pressure located over the Texas panhandle at 0000 GMT moved into

central Texas by 1200 GMT at which time a low pressure area developed

over southern Wyoming. During this time, there was neutral vorticity

advection at 500 mb.

A lee trough continued to develop throughout the day on 9

October 1977 (Fig. 8b-c), and a closed low pressure area was observed

in southern Colorado by 0000 GMT 10 October 1977 (Fig. 8d).
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Subsequent development and movement of this low pressure area is

shown in Figs. 8e-g. The low which developed in southern Oklahoma

filled during the next 6 h as the major low pressure area moved along

the front to the northeast (Fig. 8f).

A LLJ developed early on 9 October 1977, and its development and

movement is shown in Figs. 9a-d. The southern extension of the LLJ

reached the Gulf of Mexico at 0000 GMT 10 October 1977 when areas of

low cloudiness expanded into the southern Great Plains. As the

cyclone moved to the east, the LLJ moved in advance of the cyclone

while maintaining its vertical and horizontal characteristics. The

LLJ was observed in the polar air mass at a height of approximately

1 km above the surface. During the period, the LLJ had an observed

maximum core speed of 21.5 m s-l .

The simultaneous development of the cyclone and the LLJ is again

evident although the definition of each is not as clear as that of

previous cases. This may be a result of the rapid movement of the

upper-air trough.
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5. PROPERTIES OF CASES STUDIES

a. Statistics of cases studied

From the two years of data, there were 29 cases where missing or

garbled data did not affect the analysis of each of the characteris-

tics shown in Table 1. Three cases are not shown due to missing or

garbled data.

Of the 29 cases of cyclone development, 26 (89.6%) had LLJ de-

velopment. Of these 26 cases, 23 (88.5%) had a "Strong" LLJ, while

3 had a "Weak" LLJ (11.5%).

There was very little difference between the average initial and

the lowest central cyclone pressure with respect to the strength of

the LLJ. It was noted, however, that the lowest central cyclone

pressure was observed in cases where there was a strong LLJ.

At the time of the initial low pressure development on the lee

side of the Rocky Mountains, northwesterly to westerly flow was

observed in 80.8% of the 26 cases in which there was LLJ development.

This indicates that the initial development of the cyclone is proba-

bly dependent on the adiabatic warming associated with zonal flow

aloft on the lee side of the Rocky Mountains.

Of the 29 cases, 76% had advection of low-level water vapor in-

dicated by a moist tongue in a surface isodrosotherm analysis or the

observed expansion of areas of low cloudiness. In 10% of the cases,

there was low cloudiness that remained in the region after passage of

a previous cold frontal system. In 23 of the 26 cases in which there

was LLJ advection of low-level water vapor, there was an average

-F- ---
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difference in initial and lowest central cyclone pressure of 8.28 mb.

This difference was only 2.5 mb for those cases in which there was no p

LLJ advection of low-level water vapor. This finding supports the

concept of enhanced cyclone development in the presence of adveto..,n

of low-level water vapor.

Three cases were noted in which no LLJ developed. In these

cases, pressure fall during cyclogenesis was less than 5 mb, and there

was no indication of an inversion in the lowest 2 km of the atmos-

phere. These two characteristics were much more apparent in the

other 26 cases where there was simultaneous cyclone and LLJ develop-

ment.

b. Individual case studies

In each of the cases studied, there were many similar character-

istics. As lows developed on the lee side of the Rocky Mountains,

there was subsequent development of a LLJ over the high plains. The

development pattern was similar to that described by Djuric and

Damiani (1980); therefore, the development pattern from that report

using the stages of "A" through "D" is used in this study with the

addition of Stage A'. In Stage A, northerly wind was observed over

the high plains at the level of the maximum wind in the lower tropo-

sphere. During Stage A' (Fig. lOa), the LLJ begins to form over the

High Plains as a result of an isallobaric wind which is initiated by

pressure fall on the lee side of the Rocky Mountains. During the

next 12 h, the wind adjusts geostrophically over the high plains.

The wind now appears to be representative of a LLJ and the development
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is categorized as Stage B (Fig. lOb). This development pattern seems

to confirm the hypothesis presented in Section 2 of this paper.

During Stage B, there was a strong gradient of isallobars in central

Oklahoma and Texas. An isallobaric wind appears to develop in this

area in response to the pressure fall.

The geostrophic adjustment of the initial isallobaric wind

merits a more detailed description. As a katallobaric axis ap-

proaches the station, wind at the level of the maximum wind in the

lowest 2 km of the atmosphere acquires an isallobaric component from

the east. As the axis passes over the station, the gradient re-

verses, and the wind has an isallobaric component directed from the

west. Due to inertia, the wind blows from the east but is decreased

by this reversed isallobaric component. Also, as the katallobaric

axis continues to move to the east past the station, the wind over

the station responds to the increasing pressure gradient from the de-

veloping cyclone on the lee side of the Rocky Mountains. This, com-

bined with coriolis effects, brings about the geostrophic adjusted

flow.

By Stage C (Fig. l0c), southerly wind at the LLJ core level

spreads into Oklahoma and Texas, and the wind at the level of the

maximum wind in the lowest 2 km of the atmosphere appears to have

become geostrophically adjusted in these areas. The LLJ core remain-

ed over western Texas, Oklahoma, and Kansas during this time. As the

cyclone continued to intensify, the LLJ development could be catego-

rized as Stage D (Fig. lOd). At this time the core of the LLJ

moved to a position over the central Great Plains.
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A somewhat different LLJ development pattern appeared in the

case of 10-13 December 1977. In this case, Stage A' did not appear,

and the first appearance of the LLJ coincided with Stage B (Fig. 11).

The remainder of the developmental process proceded as described

earlier. The difference in the developmental process appears to be

dependent on the position of the anticyclone over the Great Plains.

A high pressure area was centered in northern Texas at 850 mb, and

strong return flow on the western side of the anticyclone was ap-

parent not only over the high plains, but in southern Texas.

The expansion of areas of observed low-level cloudiness was used

as an indication of the movement of water vapor into the southern

Great Plains. In three of the cases, the areas of observed low-level

cloudiness expanded from the Texas Gulf coast into the southern Great

Plains. The effect of LLJ advection of low-level water vapor could

be seen better through the use of a surface isodrosothermic analysis.

The location and development of the moist tongue closely paralleled

the location and development of the LLJ as the LLJ core moved through

the Great Plains. Using the case of 10-13 December 1977 as an ex-

ample, the core of the LLJ moved into the southern Great Plains at

0000 GMT 12 December 1977 (Fig. 12a). An isodrosotherm analysis at

the surface and the observed low cloudiness is shown in Fig. 12b.

The low cloudiness was observed below the level of the LLJ core.

Both the axis of the moist tongue at the surface and the areas of

observed low cloudiness are displaced to the left of the core of the

LLJ. This may be due to either a secondary circulation in the Ekman

layer imposed by the LLJ or the trajectory of parcels which were in

-- - - - - -
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Fig. 12, Comparison of LLJ core position to surface moist
tongue and areas of low cloudiness at 0000 GMT 12 December 1977.
Double arrow represents LLJ core. Heavy dashed line represents axis
of surface moist tongue.
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the LLJ during a previous time period. This characteristic was evi-

dent in each of the other cases studied. In each, the advection of

low-level water vapor into the southern Great Plains occurred when

the southern extension of the LLJ reached the northern Gulf of

Mexico.

A marked pattern appears in the isallobaric field beneath the

LLJ core in each case. Three-hourly pressure tendency, analyzed at

the surface at upper-air sounding times, shows that as the LLJ de-

velops, an axis of maximum pressure fall is observed at the surface

below the LLJ core. Using the case of 17-20 December 1978 as an

example, Fig. 13a shows the initial development of the LLJ, and Fig.

13b shows the surface isallobaric pattern at 1200 GMT 17 December

1978. One maximum of pressure fall corresponds to the position of

the LLJ core, while another axis corresponds to the region of

pressure fall associated with the developing cyclone in southern

Colorado. The high wind speed located over southeastern Texas showed

no LLJ characteristics, and there was no notable isallobaric feature

in this area. During the next 12 h, the LLJ core rotated to a

southwest-to-northeast orientation (Fig. 14a). Again, there is a

maximum of pressure fall at the surface beneath the LLJ core in

western Kansas (Fig. 14b). The relative maximum of pressure fall in

Oklahoma corresponds to the edge of the horizontally spreading

southerly wind at the level of the LLJ core. By 1200 GMT 18 Decem-

ber 1978, the LLJ core moved into central Oklahoma (Fig. 15a).

Again, an axis of maximum pressure fall corresDonded closely with the

position of the LLJ core (Fig. 15b).

-r .m
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Fig. 13. Comparison of the winds at the level of the maximum

wind in the lowest 2 km of the atmosphere with the surface isallobaric

pattern at 1200 GMT 17 December 1978. Isotachs are anilyzed at 5 m s

intervals and isallobars are analyzed at 0.5 mb (3 h)- intervals.
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6. MODELS

a. The descriptive model

Based upon the results of both the data tabulation of all cases

and the study of individual cases, a model is presented which shows

the simultaneous development of the cyclone on the lee side of the

Rocky Mountains and its associated LLJ. Figs. 16-20 show the develop-

ment of the cyclone and LLJ in 12 h steps. The final step shown in

Fig. 20 is that of the fully developed cyclone moving through the

Great Plains and described in Newton's (1967) model. This model in-

corporates those characteristics found in nearly every case of cyclo-

genesis during the period of this study.

Initially, a polar air mass of either maritime or continental

origin moves into the southern Great Plains. The high pressure area

may continue to move southward toward the Gulf of Mexico or move

northeastward (Fig. 16a). There is no indication of a southerly wind

maximum at the level of the maximum wind in the lowest 2 km (Fig.

16b), although weak southerly flow may be present at the surface over

the high plains. At this time, pressure falls are observed on the

lee side of the Rocky Mountains. During the next 12 h, a low

pressure area developed on the lee side of the Rocky Mountains (Fig.

17a). A cold frontal system may approach from the northwest during

this stage. As pressure continued to fall on the lee side of the

Rocky Mountains while a second katallobaric center was observed over

the High Plains. This axis corresponds to the position of the de-

veloping LLJ core (Fig. 17b). Another axis of maximum pressure fall
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Fig. 16. Model depicting cyclone and LLJ development. Solid
lines represent isobars and dashed lines represent isallobars. I o-

tachs are in 5 m s-1. "F" denotes pressure fall areas (mb (3 h)-
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Fig. 17. Same as Fig. 16 except for 12 h later.
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Fig. 20. Newton's (1967) model of a cyclone moving through
the Great Plains.

. .. ... . -' -- - - -.-. . .- -. . . . . . . .



49

may be found in the central Great Plains. Normally no advection of

low-level water vapor is observed at this time. Since flow is

normally westerly to northwesterly in the mid- and upper-troposphere

over the area of cyclone development, adiabatic warming resulting

from the zonal-to-northwesterly flow aloft is the probable cause of

pressure fall on the lee side of the Rocky Mountains.

During the next 12 h the low pressure area on the lee side of

the Rocky Mountains deepened. Mid- and upper-tropospheric flow may

become southwesterly indicating the approach of the mid- and upper-

level trough (Fig. 18a). Also, the cold frontal system advances from

the northwest closer to the lee side of the Rocky Mountains. Three

principal katallobaric centers are now present. One corresponds to

the region of low pressure development. Another appears below the

LLJ core, and a third appears near the eastern edge of the area of

southerly wind at the level of the LLJ core (Fig. 18b). At this time,

LLJ advection of water vapor may be noted if the southern extension

of the LLJ reaches an area over the northern Gulf of Mexico.

During the final 12 h leading to the time shown in Newton's

(1967) model, the upper-tropospheric trough approaches the area of

cyclone development. The low pressure area has now become a wave on

the front, and pressure falls are noted to the right of the cyclone

(Fig. 19a). The same katallobaric pattern noted previously is ob-

served beneath the position of the LLJ core (Fig. 19b). The expan-

sion of areas of low-level cloudiness and increasing dew-point

temperature is now present well into the southern Great Plains. The

axis of the moist tongue at the surface and cloudiness observed below
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the height of the LLJ core are displaced somewhat to the left of the

position of the LLJ core. Fig 20 shows the development time presen-

ted in Newton's (1967) model.

b. Low-level Jet origi

Data from the two winters suggests that, although there was weak

return flow on the western side of the anticyclones over the Great

Plains which may be a contributing factor to the development of the

LLJ, a second, and possibly more important, factor exists. This ex-

planation can be found in the results of the isobaric and isallobaric

analysis done in this study and confirms the hypothesis of LLJ de-

velopment resulting from pressure fall during cyclogenesis presented

earlier in this paper.

During the early period of LLJ development, light easterly winds

may be observed over the high plains at the elevation at which the

LLJ later forms. Later in the episode, this same observation is

noted over the central Great Plains after the LLJ has developed over

the high plains. At this time, there is an axis of maximum pressure

fall at the surface beneath both the LLJ core and the horizontal

edge of the spreading southerly wind at LLJ core level. This

isallobaric pattern suggests that the development of the LLJ may be

due to the isallobaric wind which develops in response to pressure

falls on the lee side of the Rocky Mountains. This isallobaric wind

gradually adjusts and becomes geostrophic. As this geostrophic ad-

justment process takes place, the wind turns from an easterly direc-

tion to a southerly direction.
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This development process is shown schematically using the five

stage approach described by Djuric and Damiani (1980) in a cross-

section at a latitude of 360 North (Fig. 21). During Stage A, a

polar high pressure area moved into the southern Great Plains. At

this time, an arbitrary constant pressure surface above the surface

and within or below an inversion is smooth and sloped downward to the

right to account for the northerly wind observed over the Great

Plains. Between Stages A and B (Stage A'), isallobaric wind result-

ing from pressure fall on the lee side of the Rocky Mountains may be

apparent at the level where the LLJ is later observed. In Stage B, a

weak southerly LLJ is observed over the high plains centered on the

steep slope of the constant pressure surface while a perturbation on

the constant pressure surface moves to the east into Oklahoma. Dur-

ing Stage C, the southerly LLJ continues to strengthen due to the

increasing pressure gradient brought about by the developing cyclone.

The perturbation continues to move to the east with the approximate

speed of a gravity-inertia wave. As the perturbation approaches a

station, the wind at the level of the maximum wind in the lowest 2 km

over the station acquires an isallobaric component. A geostrophi-

cally adjusted wind can only be found at some time after the pertur-

bation has passed over a specific station. While the perturbation is

moving to the east, pressure continues to fall on the lee side of the

Rocky Mountains, and the LLJ continues to strengthen. This continu-

ing pressure fall may be in response to either continued adiabatic

warming resulting from zonal flow aloft, or to the approach of an

upper-tropospheric trough. In Stage D, the LLJ core moves to the

- - - - - - ----- a ~ - ~ - -- ---- -- --
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Fig. 21. Development and movement of the LLJ. The cross-
section is at a latitude of 360 N. Dashed lines represent an arbitrary
constant pressure surface. Solid lines represent isotachs. The
abscissa is in degrees longitude. "Z" represents height.
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east into the central Great Plains. The low pressure area in Colorado

becomes a frontal cyclone, and, during Stage E, begins to move to the

east. At this time, the constant pressure surface over the lee side

of the Rocky Mountains begins to rise, and the wind becomes westerly

to northwesterly over the High Plains.

The description given above offers a possible explanation of the

development of the LLJ during the development of a cyclone. The geo-

strophic adjustment of initially isallobaric wind developing as a re-

sult of pressure fall on the lee side of the Rocky Mountains may

account for the appearance of strong LLJs in this area.

c. Computations using models

Computed height fall patterns at an arbitrary level within the

layer in which the LLJ is observed correspond closely to the observed

surface pressure tendency patterns. The correlation between these

patterns seems to verify that axes of maximum pressure fall at the

surface are observed beneath the core of the LLJ. Using the numeri-

cal model designed by Djuric (1980), height falls were computed on a

constant pressure surface within the layer in which a LLJ is observed.

This computation was then compared to the LLJ core position and the

position of katallobaric axes at the surface. The calculations were

made on an axis extending from Dodge City, Kansas (DDLI to Victoria,

Texas (VCT). Data for the initialization of the model came from the

case at 0000 GMT 19 November 1977. A short alteration was made in

the program used for the model so that the computation of height

falls could be printed out. Surface pressure falls were converted to
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height falls using the hydrostatic equation differentiated with re-

spect to time, A comparison of the observed wind at the level of the

maximum wind and the computed and observed height fall is shown in

Fig. 22. At this time, the southern extension of the LLJ is over

Stephenville, Texas (SEP), The LLJ core has not yet reached VCT, but

is spreading in that direction. The observed peak wind speed over

GAG corresponds to a westerly jet somewhat higher in altitude than the

southerly jet over SEP. Observed height fall closely corresponds, as

stated previously, to the position of the LLJ and the edge of the

horizontally spreading southerly wind. The computed height fall from

the model appears to simulate and verify the occurrence of axes of

relative maximum height (or pressure) fall beneath the LLJ core and

the horizontally spreading edge of the southerly wind at the LLJ core

height.

An expansion of Fig. 14b is shown in Fig. 23. In the surface

isallobaric analysis at 0000 GMT 18 December 1978, a wave pattern

appeared at the surface. This same pattern appeared in some of the

other cases studied. The observation of a wave pattern closely

parallels the findings of the models of Tepper (1955) and Djuric

(1980). Tepper showed that through the addition of momentum to a

stream, pressure-jump lines developed and propagated to the right of

the stream. A similar pattern is apparent in this case (Fig. 23).

As the LLJ increases in strength, a wave pattern appears to develop

and may result from the increasing strength of the jet, Although

these perturbations are not true pressure-jump lines, some mechanism

is present which produces the pressure fluctuations which subsequently

- r-.--~ - _ _ _ _ - _ _ _ _
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20. OBSERVED WIND SPEED

V 15
(m s-i) I

10.

-7.
-6

-5MODEL HEIGHT FALLS

-4

-3
-2

-1
(m(2 h)lo 0.

1 OBSERVED HEIGHT FALLS
2 .

I

3 . /
4 .

I5 /

6
7

GAG HBR SPS MWLI ACT AUS SAT
DDC SEP VCT

Fig. 22. Comparison of the computed and observed height falls to
the observed winds at the level of the maximum wind at 0000 GMT 19
November 1977. Height falls are measured in m (2 h)-l. Standard
station identifiers are used on the abscissa.
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Fig. 23. Surface isallobaric pattern at 0000 GMT 18 December

1978. Solid lines represent isallobars (mb (3 h)-l). Dashed lines
represent axes of relative maximum pressure fall. Heavy arrow repre-
sents the LLJ core position.
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propagate to the east. Djuric (1980) also found this type of wave

pattern in calculations made by his model. He found that these

perturbations or waves propagate to the east with the approximate

speed of a gravity-inertia wave. Although no thunderstorms occurred

in this case, the initiation of the wave pattern as the LLJ streng-

thens could be important in the study of the initiation of convective

activity.

I
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7. CONCLUSIONS

Based upon statistics and the study of individual cases from the

winter months of 1977 and 1978, a descriptive model is presented

which emphasizes the simultaneous development of the winter extra-

tropical cyclone and associated LLJ. Further, the importance of the

LLJ in the transport of latent heat into the Great Plains, thus en-

hancing the development of the cyclone as it moves through the Great

Plains, is shown.

Evidence is presented that suggests that an explanation of the

cause of the LLJ is the gradual geostrophic adjustment of initially

isallobaric wind. The isallobaric wind is initiated as a result of

pressure fall on the lee side of the Rocky Mountains. The LLJ that

develops is located in a layer beneath a frontal or subsidence inver-

sion normally within 2 km of the surface. In the cases studied in

this paper, the LLJ was found only in the polar air mass.

The position of the LLJ can be identified in a surface isallo-

baric analysis. The use of pressure tendency to locate the position

of the LLJ core offers an accurate method that can be used between

upper-air radiosonde sounding times. This method of locating the

position of the LLJ is more accurate than the identification surface

moist tongue position and its correlation with the LLJ position.
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