
NASA Contractor Report 3497 

Effects of Diabatic Heating on the 
Ageostrophic Circulation of an 
Upper Tropospheric Jet Streak 

Dennis Arthur Keyser and Donald R. Johnson 

CONTRACT NASS-33222 
JANUARY 1982 



TECH LIBRARY KAFB, NM 

IlnllIII#llil~WllrmlmIIllRYl 
Cltlb~t~0 

NASA Contractor Report 3497 

Effects of Diabatic Heating on the 
Ageostrophic Circulation of an 
Upper Tropospheric Jet Streak 

Dennis Arthur Keyser and Donald R. Johnson 
University of Wisconsin - Madison 
Madison, Wisconsin 

Prepared for 
Marshall Space Flight Center 
under Contract NASS-33222 

National Aeronautics 
and Space Administration 

Scientific and Technical 
Information Branch 

1982 



ACKNOWLEDGMENTS 

We express our appreciation to Professors John Young and Pao Wang 

for their comments and constructive criticisms, to Dr. Gregory Wilson 

of NASA's Marshall Space Flight Center for providing the data base for 

this research effort, to Dr. Louis Uccellini and Jack Katzfey for help- 

ful suggestions and to members of the Atmospheric Sciences Division, 

Space Sciences Laboratory, NASA Marshall Space Flight Center, for their 

overall assistance. The assistance of Tom Whittaker and Rich Selin for 

computer programming aid, Gail Tut-luck and Nancy Malz for typing and 

Jim Ferwerda and Rob Clement for drafting is also gratefully acknow- 

ledged. 

This research was sponsored by the National Aeronautics and Space 

Administration, through NASA grant NAS8-33222. 

ii 



ABSTRACT 

Interaction between the mass circulation within a Mesoscale Con- 

vective Complex (MCC) (Maddox, 1980) and a direct mass circulation in 

the entrance region of an upper tropospheric polar jet streak is exam- 

ined within the isentropic structure to investigate mechanisms respon- 

sible for linking these two scales of motion. Twice during NASA's 

fourth Atmospheric Variability Experiment (AVE IV) (Fucik and Turner, 

1975) maximum wind speeds within a jet streak increased nearly 15 m 5-l 

over three to six hours as the jet streak propagated eastward over the 

Great Lakes region. Severe convection, in the form of an MCC located 

southwest of the jet streak within the direct circulation in the en- 

trance region, also intensified and increased in area1 extent over this 

same time period. The results establish that latent heating in the MCC 

modifies the direct mass circulation in the jet streak entrance region 

through the diabatically induced components of ageostrophic motion 

analyzed within isentropic coordinates. Within the strong mesoscale 

mass circulation of each MCC strong horizontal mass flux convergence 

into the MCC at low levels is balanced b.y strong horizontal mass flux 

divergence away from the convection at upper levels. Locations of 

large diabatic heating rates (a 8 K (6 hr.)-l) correspond well to the 

MCC position for each case; diabatic heating forces the upward vertical 

branch for the mesoscale mass circulation. 

Within the MCC, diabatically induced ageostrophic components of 

ageostrophic motion are important contributors to the total ageostro- 
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phic motion field at mid- and upper tropospheric levels. The diabatic 

isallobaric component of ageostrophic motion, forced through the ef- 

fects of differential heating on the thermal wind, is particularly 

strong in the upper troposphere and dominates the opposing adiabatic 

isallobaric mode of adjustment. In both cases of jet streak-MCC inter- 

action, the net isa llobaric motion in the entrance region at jet streak 

level exceeds 8 m s-l. The intensity of the other diabatic component, 

the inertial ageostrophic motion induced by vertical advection of mo- 

mentum in a sheared environment through heating, ranges from 5 to 

10 m s-l in the mid- and upper troposphere of the entrance region for 

each case. Both the isallobaric wind and the inertialdiabatic compo- 

nent are directed from the anticyclonic to the cyclonic side of the jet 

streak in the entrance region at jet streak level, in the same sense as 

pre-existing ageostrophic motion in the upper branch of the direct mass 

circulation. This results in an intensification of the direct mass 

circulation. The resultant generation of kinetic energy ultimately 

produces stronger winds in the jet streak downstream. 

A comparison between actual and semi-geostrophic forms for ageo- 

strophic motion points out that the rapid evolution of ageostrophic mo- 

tion within the shorter time scales of MCCs limits the applicability of 

semi-geostrophic theory in prescribing the structure of ageostrophic 

motion. Discrepancies between observed and semi-geostrophic forms for 

ageostrophic motion reached 20 m s-l and were linked mainly to differ- 

ences in the fields of inertial advective ageostrophic motion. 
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1. Introduction 

In recent years investigationsof satellite images have documented 

the existence of large, organized convective storm systems called Meso- 

scale Convective Complexes (MCCs) (Maddox, 1980) which occur with reg- 

ularity over the central United States between March and September. 

These weather systems, with length scales of 250 km to 2500 km and du- 

rations of at least six hours, generally produce large amounts of pre- 

cipitation over wide geographical regions. Table I presents a complete 

definition of meso-a scale MCCs based on observations of enhanced in- 

frared satellite imagery. Investigations have concluded that these 

convective storm systems can interact with and even modify the mass and 

momentum distribution of the synoptic scale environment. 

Although the dynamics associated with scale interaction are not 

yet well understood, scientists have long recognized that thermodynamic 

and dynamic interaction between various scales of atmospheric circula- 

tion systems occurs with energy transferred up and down the spectrum of 

atmospheric motion. In their study of the dynamical interaction be- 

tween sub-synoptic scale squall lines and the synoptic scale flow 

field, Newton and Newton (1959) found that in the presence of an envi- 

ronment with vertical wind shear, the nonhydrostatic pressure field 

created by relative motions at the boundary of the convective system 

can force vertical accelerations as large as normal buoyancy forces. 

They concluded that such a process alters the dynamic control exerted 

by the synoptic scale such that the squall line will self-propagate 



Table I 

Size: 

Physical Characteristics of Mesoscale Convective Complexes 
(Maddox, 1980) 

A-Contiguous cold cloud shield with infrared temperature 
c-32 "C must have an area >lOO,OOO km2 

B-Interior cold cloud region with temperature G-52 "C 
must have an area XXI,000 km2 

Initiate: Size definitions A and B are first satisfied 

Duration: Size definitions A and B must be met for a period 
> 6 hours 

Maximum 
Extent: 

Shape: 

Contiguous cold cloud shield (infrared ~-32 "C) reaches 
maximum size 

Eccentricity (minor axis/major axis) ) 0.7 at time of 
maximum extent 

Terminate: Size definitions A and B no longer satisfied 



through the environmental flow field. Normally, scale interaction be- 

tween squall line systems, typically small in transverse'scale, and the 

synoptic scale environment is difficult to diagnose with standard raw- 

insonde data because of the sub-grid nature of these storm systems. 

The size and time duration of the MCC with its relatively large radial 

scale, however, ensures that its mesoscale pressure and momentum field 

will be detected by several synoptic RAOB stations (Maddox, 1980). 

Consequently, rawinsonde data from the standard observing network may 

be used to study the MCC and its interaction with the larger scale. 

Convective storm systems act to vertically exchange properties be- 

tween the lower and upper troposphere and are important in maintaining 

the large scale balance of angular momentum, energy and moisture in 

mid-latitudes (Palmen and Newton, 1969). Ninomiya (1971a, b) concluded 

that thunderstorm outflow aloft, associated with intense convection, 

was responsible for changing the pre-existing upper level flow in the 

vicinity of the storm development. He concluded that the release of 

latent heat in these convective systems was the primary factor in in- 

tensifying the upper level synoptic scale flow pattern through the 

strengthening of the horizontal temperature gradient. 

Fritsch and Maddox (1980) studied the effects of MCCs on the syn- 

optic scale flow and found that diabatic processes within these storm 

systems acted to intensify height gradients to the north of the convec- 

tion and in turn suppress such gradients to the south. The end result 

was to substantially change the wind and height fields of the synoptic 



scale patterns by increasing the wind speeds to the north 

vective region and weakening them to the south. 

In other studies, Maddox, et al. (1980) and Maddox ( 

of the 

1979) a 

con- 

Is0 

related the growth of a convective complex to the subsequent increase 

in the maximum winds in an upper tropospheric jet streak found north 

and downstream of the convective complex. They concluded that convec- 

tive warming due to diabatic latent heating appeared to intensify mass 

circulations in the mid-troposphere. The result was an increase in 

pressure heights in the upper troposphere over the convection and the 

production of stronger winds at jet streak level through thermal wind 

effects. 

In this case study of severe weather, the role of diabatic heating 

within the convective region in altering the ageostrophic mass circula- 

tion in the entrance region of the jet streak will be examined. The 

focus will be on the dynamical and thermodynamical interaction between 

an MCC and a synoptic scale upper tropospheric jet streak. 

As parcels of air in the upper troposphere move through a propa- 

gating jet streak, they first accelerate into the core of maximum winds 

through ageostrophic motion towards lower pressure and then decelerate 

upon exiting the core through ageostrophic motion towards higher pres- 

sure; thus, the momentum field is altered by the ageostrophic motion 

that is an important feature of propagating jet streaks. Studies by 

Cahir (1971) have shown that for a changing momentum field at the scale 

of upper tropospheric jet streaks, the mass field correspondingly ad- 
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justs as the atmosphere attempts to maintain geostrophic and thermal 

wind balance. This mass adjustment leads to an intensification in at- 

mospheric baroclinity in the exit region of the jet streak that is ne- 

cessary to thermally support the core of maximum winds entering this 

region. The mass adjustment in the entrance region, on the other hand, 

relaxes the baroclinity as the jet streak propagates downstream. 

Uccellini and Johnson (1979) have demonstrated that the adiabatic 

mass adjustment associated with the changing momentum field in an upper 

tropospheric jet streak prior to the development of deep convection is 

accomplished through transverse ageostrophic circulations in the en- 

trance and exit regions of the jet streak. With a two layer model in 

the isentropic framework they point out that at the level of the jet 

streak, where wind speeds and the along-stream variation of the pres- 

sure gradient force are large, the inertial advective wind is the domi- 

nant component of ageostrophic motion primarily responsible for the 

mass transport. Within the confluent and diffluent pattern of the 

streamlines in the entrance and exit regions, the motion is in the di- 

rection of the pressure gradient force in the entrance region where 

winds are subgeostrophic and against the pressure gradient force in the 

exit region where winds are supergeostrophic (see Figure 1). This 

ageostrophic circulation at jet streak level transports mass from the 

cyclonic side of the jet streak to the anticyclonic-side in the exit 

region and from the anticyclonic side to the cyclonic side in the en- 

trance region. As a result of this mass transport by upper level ageo- 



.’ -. 
ENTRANCE EXIT 

Figure 1 . . 
strophic 
gradient 
tion, 5 i 
strophic 

Schematic of acceleration (u au /as) 
component (Vag) forced by along-s 4 

and transverse ageo- 
ream variation of pressure 

force at the Jet streak level. I/J is Montgomery stream func- 
s along-stream coordinate , IJ is total wind and ug is geo- 
wind (from Uccellini and Johnson, 1979). 
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strophic winds, the pressure gradient force intensifies locally in 

layers beneath the exit region and-correspondingly weakens in layers 

beneath the entrance region of the jet streak. This temporal variation 

in the mass field in the upper layer simultaneously forces a dominant 

mode of ageostrophic motion at lower levels in the form of an isallo- 

baric wind. In this lower branch of the transverse circulation mass is 

transported from the anticyclonic to the cyclonic side in the exit 

region and from the cyclonic to the anticyclonic side in the entrance 

region (Uccellini and Johnson, 1979). The effects of upper and lower 

mass circulations in the exit region of the jet streak are shown in 

Figure 2. 

In their case study emphasizing primarily the mass-momentum ad- 

justment during the twenty-four hours preceding the severe weather 

events, Uccellini and Johnson only evaluated the component of the isal- 

lobaric wind forced by horizontal mass flux divergence in the upper 

layer. They did not estimate the effect of diabatic heating on the 

vertical mass transport and the additional component of the isallobaric 

wind associated with this process. This diabatic component of the 

isallobaric wind may be important in regions of intense convection and 

may act to intensify the transverse mass circulations associated with 

the jet streak. Eliassen (1959) studied the role of diabatic heating 

on altering mass circulations and found that such heating can strength- 

en a pre-existing circulation. 

Ageostrophic mass circulations within isentropic coordinates 

(Sechrist and Johnson, 1970) can be linked together with the tradition- 
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Figure 2: Upper panel: Cross section through exit region of ap- 
proaching jet streak (J). Lower panel: Mass divergence associated 
with transverse ageostrophic component with original position of 02 
represented by dashed surface (from Gall and Johnson, 1977). 



al "four cell" pattern that is observed with the jet streak (Riehl, et 

al. 1952; Sechrist and Whittaker, 1979) (see Figure 3). In the exit 

region, mass convergence in the upper layer on the anticyclonic side of 

the jet streak implies descending motion in the right front quadrant 

and, from Dynes compensation rule, mass divergence in the lower layer. 

On the cyclonic side, mass convergence at low levels results in ascend- 

ing motion and a compensating divergence of mass in upper layers. The 

result is a thermally-indirect circulation in the jet streak exit re- 

gion which is linked to adiabatic mass transport in the isentropic 

framework. The thermally-direct circulation found in the entrance re- 

gion of the jet streak is based on the same principles except-that the 

location of rising and sinking air is reversed in this situation. 

The case study examined by Uccellini and Johnson discovered a di- 

rect link between the upper tropospheric jet streak and a lower tropo- 

spheric jet streak embedded in the return branch of the indirect circu- 

lation in the entrance region. Severe weather in the form of an elon- 

gated squall line broke out in the vicinity of this low level jet 

streak due to the convective instability created in this region by 

strong differential advection of sensible and latent energies by the 

upper and lower level jet streaks. 

In contrast, for the case study of this study, the MCC and severe 

weather were located southwest of the jet streak within the direct mass 

circulation of the entrance region. Since the severe weather activity 

was in different locations relative to the jet streak in these two 



10 

A Y 
t I 

B Y 
t I 

C 

I 

I, Y 

-ENTRANCE EXIT -2- 

-ENTRANCE EXIT -> 

Figure 3: Mass convergence and divergence patterns (a) at the level 
of the upper tropospheric jet streak and (b) at a lower level beneath 
the upper tropospheric jet streak. Vertical cross section (c) 
through entrance and exit regions depicting direct and indirect 
transverse mass circulations. 
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cases, it seems likely that the forcing of mass circulations acts in 

different ways in the development and maintenance of deep convection 

within larger scales. 

Through the use of higher temporal resolution data from NASA's 

fourth Atmospheric Variability Experiment, this study addresses the 

scale interaction problem through a case study of the ageostrophic mo- 

tion for two situations where maximum wind magnitudes in an upper tro- 

pospheric jet streak are significantly augmented some three to six 

hours after the onset of severe convection to the south and southwest 

of the jet core. The large precipitation totals from the two MCCs ob- 

served by the data network indicate the importance of diabatic latent 

heating within these storm systems. The primary purpose of this study 

is to investigate how diabatic heating in this mesoscale storm modifies 

the synoptic scale environmental flow through dynamical mechanisms 

which link the mass circulations of these two scales. The effect of 

diabatic heating on the mass circulation, and its alteration of the 

ageostrophic motion within the MCC as it relates to the thermally- 

direct circulation of the jet streak entrance region, is then examined. 

It is the ageostrophic motion that is primarily responsible for forcing 

the mass circulations around the jet streak and within the MCC. This 

component of motion links the mass-momentum adjustment of the jet 

streak and the MCC. A relative comparison of fields of the components 

of ageostrophic motion are examined with particular emphasis on those 

components forced by diabatic processes. A further goal of this study 
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is to verify that this mode of ageostrophic motion can significantly 

contribute to the rapid acceleration of winds and thus ultimately in- 

tensify the upper tropospheric jet streak downstream. 
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2. Dynamics of mass and ageostrophic motion fields 

a. Mass circulations and diabatic heating rates 

The interaction of ageostrophic mass circulations in the MCC, its 

environment and the entrance region of the jet streak is an important 

process to examine in this case study. In order to scrutinize the 

evolving mass structure within the atmosphere, the mass continuity 

equation in isentropic coordinates, 

I; bJ) + b*(pJu,) + 
9 

;;(pJ;;) = 0, (1) 

is employed. In (1) p is density, L! is the horizontal velocity, 8 is 

potential temperature, and J is a Jacobian transformation of the verti- 

cal coordinate from the Cartesian to the isentropic framework, 

3 = laz/M(. With the hydrostatic assumption, the mass in an incremen- 

tal volume element equals lg- 1 ap/ael where g is gravity and p is pres- 

sure. Physically, (1) states that local mass changes in an isentropic 

volume element are due to horizontal mass flux divergence and/or verti- 

cal mass flux divergence. For example, an increase in the amount of 

mass in an atmospheric column must be the effect of either: (1) more 

mass transported horizontally into the column than out of the column or 

(2) more mass transported vertically into the bottom of the column than 

out of the top of the column. In the isentropic framework the vertical 

mass flux divergence is uniquely determined by diabatic processes in 

the atmosphere. 

The vertical mass flux, pJ(do/dt), determined at any isentropic 

level 8 through the vertical integration of the mass continuity equa- 
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tion (l), is given by 

de d0 eT aP aP 
pJ-- teT) - -- 1, (2) 

dt 
= PJ~E[‘T) + 1 Ve+JU)de - g-l[-- 

8 
at 

8 ate 

where eT is the highest theta surface used in the calculations. In 

this case study an upper boundary condition that the vertical mass flux 

vanishes on the 385 K isentropic surface is employed. This assumption 

should be acceptable for a diagnostic study if the highest potential 

temperature surface is above the region of strong diabatic heating, yet 

below the layers of strong stratospheric heating within the ozone 

layer. The 385 K isentropic surface is near the 100 mb level, the 

highest level of data available for this diagnostic study. The calcu- 

lation of the vertical mass flux is a residual determination from a 

direct evaluation of the observed mass tendency and horizontal mass 

flux divergence. The diabatic heating rate on the level 0 is obtained 

by dividing (2) by ~3. Because of inaccuracies mainly due to trunca- 

tion errors in the finite difference estimates of the horizontal mass 

flux divergence (Sechrist and Johnson, 1970; Peterson, 1981) and una- 

voidable rawinsonde recording errors in upper level winds, an adjust- 

ment factor must be applied. The adjustment factor is simply the resi- 

dual between the local mass tendency and horizontal mass flux diver- 

gence in (l), from a vertical integration from the earth's surface to 

the highest isentropic level. The adjustment factor 6~ per unit mass 

is 

eT 
6A = {/ Ve*(pJU)de - g-l[!! (eT) _ ? 

eT 
(%)1)/l pJde , (3) 

8, ate ate BS 
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where es is the potential temperature at the surface of the earth. The 

adjustment factor is then multiplied by the mass for each isentropic 

layer and added onto the calculated horizontal mass flux divergence 

term to yield the adjusted horizontal mass flux divergence given by 

[ve*(PJ~)]A = Ve*(pJU_) - PJ~A . (4) 

b. Ageostrophic motion 

Ageostrophic motion is an important dynamical process linking the 

circulations associated with the jet streak and the MCC for two basic 

reasons. First of all within the mass transport, PJU, the ageo- 

strophic component, pJl!ag, in the entrance and exit regions of the jet 

streak is important for transporting mass transverse to the jet streak 

in both the upper and lower branches of the direct and indirect circu- 

lations (see Uccellini and Johnson, 1979). Secondly, within its defi- 

nition from the equation of motion, ageostrophic effects also force 

horizontal branches of the mass circulation within the MCC which become 

linked with the strong diabatic heating occurring within the region of 

severe convection. 

A derivation of the expression for the ageostrophic motion begins 

with the complete horizontal equation of motion, 

d 
-- u = 've$m - f k, x t + CH, 
dt - 

(5) 

where 9m is the Montgomery stream function, f the Coriolis parameter, 

and EH the horizontal frictional force. An expansion of the total 

acceleration within an isentropic coordinate system, 
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(6) 

determines the three components of acceleration consisting of the local 

tendency and the horizontal and vertical advection of velocity. With 

the total horizontal wind vector on the right-hand side of (5) parti- 

tioned into geostrophic and ageostrophic components llg and U_ag respec- 

tively, the substitution of (6) into (5), a rearrangement of terms and 

neglect of the horizontal frictional force gives the total ageostrophic 

motion 

$g= _ f-l k x (-"- 
ate 

A B C 

The three major components of ageostrophic motion (Haltiner and Martin, 

1957) are associated with local changes in the horizontal wind vector 

and with the horizontal and vertical advection of the velocity. Within 

the isentropic structure these three components of ageostrophic motion 

will be called the local wind tendency (term A), inertial advective 

(term B) and inertial diabatic (term C) components respectively. See 

portion A of Table II for a summary of their form of decomposition used 

in this diagnostic study within isentropic coordinates. The influence 

of both friction and convective momentum transport in mid- and upper 

levels of the atmosphere cannot be determined and thus the effect of 

these processes in forcing ageostrophic motion cannot be studied. 
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Table II 

A. 

B. 

Expression for Components of Frictionless Ageostrophic Motion 
In Isentropic Coordinates 

Total Form 

= f-l k x (f; 
de a 

Uas 
+ u*ve + -- 

e I dt Se)! 

A B C 

Term A - Local wind tendency component: 

(yag)A = f-l k, X i; y 
e , 

Term B - Inertial advective component: 

(vag)B = f -l k x (U*V,;) _ _ 

Term C - Inertial diabatic component: 

de a 
(LJag)C = f -1 k x mm -- u _ dt ae - 

Semi-geostrophic Form 

(II-l) 

(11-1-A) 

(11-1-B) 

(11-1-C) 

A B C 
or 

(H-2) 
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Table II, cont. 

Term A - Isa1 lobaric wind component 

(vag)As 
a$m 

= f-1 k x f, Ug = -fm2 Ve-- 
- ate- ate 

Term B - Inertial advective component: 

(uag)Bs = f -' k x (U*VeUg) _ _ _ 

Term C - Inertial diabatic component: 

de a 
(vag)Cs = f-l k x -- -- U 

dt ae -g 

(11-2-A) 

(11-2-B) 

(11-2-C) 
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With the assumption 

de a 
+ U*Ve + -- 

e ” 
dt ;;?!g 

or equivalently, 

d 
se 
dt !I!s 

03) 

the geostrophic momentum approximation (Eliassen, 1949, 1962; Hoskins, 

1975) provides for expressions for semi-geostrophic components (Hos- 

kins, 1975) of the total and each of the components of ageostrophic mo- 

tion (see portion B of Table II). From the geostrophic wind relation- 

ship, 

us _ = f-l k x VeQm , (9) 

alternative semi-geostrophic expressions for ageostrophic components 

are determined (see second form for 11-2). In this form, the ageostro- 

phic component of the tendency of the geostrophic velocity becomes an 

isallobaric component (11-2-A), while the inertial advective (11-2-B) 

and inertial diabatic (II-E-C) components become related to the horl- ~ 

zontal pressure gradient. The application of semi-geostrophic theory 

simplifies (11-2) through the elimination of higher order components 

associated with substantial derivatives of the ageostrophic motion 

field itself. Hoskins has successfully utilized the semi-geostrophic 

approximation to the total wind field in dynamical studies of fronts 

and jets with relatively large time and space scales. 
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The isallobaric wind component (Brunt and Douglass, 1928) (11-2-A) 

is determined by temporal changes in the pressure gradient force. Its 

magnitude within the isentropic structure is proportional to the gradi- 

ent of the $m tendency, while its direction is perpendicular to the 

isallobars and directed toward the center of falling Qm values. The 

isallobaric wind can be influenced by diabatic as well as adiabatic 

processes in the atmosphere. 

The inertial components of ageostrophic motion in both their total 

and semi-geostrophic forms within isentropic coordinates contain modes 

for both adiabatic and diabatic forcing. Inertial processes in the at- 

mosphere are associated with the nonlinear advection of the horizontal 

wind field (or the geostrophic wind field in semi-geostrophic theory). 

The inertial advective component ((11-1-B) and (11-2-B)) is in a sense 

associated with the ad iabatic component of motion since t instanta- 

neously acts to advect momentum quasi-horizontally along isentropic 

surfaces. The inertial diabatic motion ((11-1-C) and 11-2-C)) is re- 

lated to the vertical advection of horizontal momentum through isentro- 

the pit surfaces, and is uniquely associated with diabatic processes in 

atmosphere. In regions of larger scale flow, the ageostrophic mass 

circulation in the entrance and exit regions of an upper tropospher 

jet streak is dominated by the isallobaric term and the inertial ad 

iC 

vective component, with the former being more important in the lower 

branch of the circulation while the latter is Imore important in the up- 

per branch of the transverse circulation (Uccellini and Johnson, 1979). 
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The focus in this study is to determine the relative importance of the 

inertial didbatic component in regions where diabatic heating and ver- 

tical wind shears are large, within the smaller scale of the MCC. 

c) Cornponents of isallobaric motion 

The isallobaric wind component (11-2-A) is now expanded into com- 

ponents dealing with surface and integrated layer pressure tendencies 

which contain explicit modes associated with adiabatic and diabatic 

processes. The expansion of the isallobaric wind begins with the ver- 

tical integration of the isentropic form of the hydrostatic equation 

a Qm 
m-e = 
a9 cp ($,,'K 3 (10) 

where cp is the specific heat capacity under constant pressure, K is 

the ratio of the gas constant for dry air R to cp while poo is the re- 

ference pressure of 1000 mb. With an integration of (10) from the 

earth's surface to some arbitrary isentropic level 9, the Montgomery 

stredr function is 

e P 
'P,q = q&es) t f c (---)" d9 . 

k pP S 00 

The horizontal gradient of the Montgomery stream funct 

(11) 

ion is g iven by 

9 
79Qm = wklw + 70 i cpcp 

OS 
P--j” de l 

00 

(12) 

A locdl differentiation of (12) with respect to time along with several 

substitutions (see Uccellini and Johnson, 1979) yields an expanded form 

for the isallobaric wind 
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uagi~ = 
Ts % -f-2 R{Ve(-- --- m 
Ps at 

e 
1 + oe I ($-- 

9s 00 

A 

1 aP 
)" - -- 

p ato 
de). 

B 

In (13) T, and ps are temperature and pressure at the earth 

From its defining relation, the f irst term A is uniquely re 

(13) 

's surface. 

lated to the 

local derivative of the surface geostrophic wind while the second term 

B is uniquely related to the local derivative of the thermdl wind. In 

the form of (13), surface geostrophic and thermal wind components of 

the isallobaric wind are now expressed in terms of the gradient of the 

surface pressure tendency (term A) and an indefinite integral of a 

pressure-weighted pressure tendency (term B) (Uccellini and Johnson, 

1979). The first term A is determined by the vertically-integrated 

mass flux divergence while the second term B is associdted with an in- 

ternal redistribution of mass through the time derivative of the gradi- 

ent of the thickness field. The relationship of these processes to the 

local derivative of the defining geostrophic and therrrlal wind relations 

(12) and (13) should be kept in mind. 

Individual modes for adiabatic and didbatic mass transport in the 

forcing of the isallobaric wind are linked through the local pressure 

tendencies in terms A and H of (13). An indefinite vertical integra- 

tion of the mass continuity equation (1) from the highest isentropic 

boundary eT (385 K) downward to the arbitrary level (3 results in an ex- 

pression for the local pressure tendency 
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a~ ap 3T 

at, = 5; (eT) - g L C'Je*(nJU) + f-(nJ"")]do. c. 
0 a3 dt 

A B 

(14) 

Through (14), the tendency of pressure is related to the pressure 

change at the top of the layer and to adiabatic (term A) and diabatic 

(term B) forms of mass flux divergence within the layer. The adiabatic 

and diabatic components of the total pressure tendency are arbitrarily 

expressed by 

eT (ife)a = [ife(‘T)]a - g J v~*(pJU)d’ 3 (15) 8 

and 

'T a 
(I; )d = [;;e(9T)]d - g I a; pJ$;)dR (16) 

9 3 

= I-;! (eT)]d 
d8 

- g PJ-- 
e dt 

9T 

0 
(17) 

respectively, where the subscripts a and d indicate adiabatic and dia- 

batic components of pressure tendency. The adiabatic component of the 

total pressure tendency is linked to the vertically-integrated horizon- 

tal mass flux divergence in the atmospheric column while the diabatic 

pressure tendency component is associated with the vertically-inte- 

grated vertical mass flux divergence. 

With the boundary conditions that the local pressure tendency and 

the vertical mass flux vanish at the top of the atmosphere and the as- 
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sumption that the vertical mass flux is zero at 385 K, the diabatic 

component of the pressure tendency is zero at 385 K. Thus, the verti- 

cal integration of the adiabatic pressure tendency (15) at the level 

385 K must be equal to the vertically-integrated horizontal mass flux 

divergence from the atmosphere's top down to the 385 K surface. With 

the partitioning of the isentropic pressure tendency into adiabatic and 

diabatic components, the total isallobaric ageostrophic motion corres- 

pondingly divides into adiabatic and diabatic counterparts given by 

U agis = (U_agis)a + (Uagis)d , (18) 

where the respective components are 

and 

Ts aI% 
(U_,gis)a = -fm2 R[Vg(-- ---) t Vg y Cp-- 

Ps at 

1 aP 
1" - 

es lJo0 P 
(5; )a dsI ( 

9 
19) 

-k aps 
= -fD2 R{Ve(-- ---) + Ve 7 (!-l)K 

P, at 0, PO0 
; $('T) 

eT 
- g I Ve*(PJU) delde} 

e 

(Uagis)d = -fm2 R[Vg y (p--)K 
1 aP 
- 'a; )d d91. 

es POO P e 
e P de 

= - f-2 g R[V, / (---)" 1 pJdt da] 
es PO0 P 

(20) 

(21) 
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cP 0 aPK de 
= -----m-m ve 1 -- __ de 

fZ(Poo)K 8, ae dt 

KS 8 Qm = - mm ve j oJ(--)de , 
f2 es P 

(23) 

where Qm is the rate of heat addition per unit mass. 

The form of the adiabatic isallobaric ageostrophic component re- 

veals that the adiabatic component of the isallobaric wind is deter- 

mined from the gradient of the tendency of the surface geostrophic 

wind, the gradient of the adiabatic pressure tendency at 385 K and the 

gradient of the horizontal mass flux divergence between the isentropic 

level of interest and the 385 K surface. Recall that the first term is 

the tendency of the surface geostrophic wind. Thus, in this decomposi- 

tion, the surface pressure tendency term in (13) is defined to be part 

of the adiabatic component for consistency and for physical reasons. 

The physical and mathematical relations require that diabatic heating 

result only in the vertical redistribution of mass within the atmos- 

pheric column. Such a process does not alter the surface pressure ten- 

dency since it is determined by the net horizontal mass flux divergence 

throughout the entire vertical extent of the atmosphere. Note in the 

decomposition that the evaluation of (20) and (22) to determine the 

total isallobaric component at the earth's surface retains this feature 

and reflects the independence of this process from the effects of dia- 

batic heating. 
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The second term of (19), the indefinite integral extending from 

the earth's surface to the level of interest, shows when expanded in 

(20) that the adiabatic tendency of the thermal wind component is de- 

termined through the gradient of the local tendency of mass at 385 K 

and through the gradient of the horizontal mass flux divergence. Mass 

adjustment above 385 K changes the pressure distribution through the 

entire atmospheric column below 385 K. The changing pressure distribu- 

tion by this process is uniquely related to changes in the temperature 

within the atmospheric column from the earth's surface to the level of 

interest, the gradient of which is related to the changes of the ther- 

mal wind component. Likewise, the last term of (20) is the component 

of the thermal wind changes due to the gradient of the pressure tenden- 

cy from the horizontal mass flux divergence within the layer over which 

the integral of the shear of the geostrophic wind is defined. 

The contrast of the forms for the diabatic component of the isal- 

lobaric wind component in (21)-(24) reveals that its distribution is 

determined primarily by the gradient of heating within an atmospheric 

column weighted by the inverse of pressure. In general for a given 

gradient of the heat addition per unit mass, or for that matter, a 

given gradient of the vertical diabatic mass flux, the effect of heat- 

ing in this ageostrophic component is enhanced at lower pressure. An 

offsetting factor is the condition that with the decrease of saturation 

mixing ratios with height, less heat is released with decreasing pres- 

sure. However, maximum latent heat release within deep convection with 
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high equivalent potential temperatures is surprisingly high being above 

600 mb. Thus, the effects of substantial release of latent heat at 

higher elevations and lower pressure in deep convection opens up the 

degree of freedom for this effect to be maximized in upper levels. It 

is also important to note that this diabatic component of the isallo- 

baric wind will increase with height throughout the entire vertical ex- 

tent of the diabatic heating within the atmosphere, which in deep con- 

vection must reach a maximum near the tropopause with occasional pene- 

tration into the stratosphere. 
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3. Data source and synoptic events 

a. AVE IV data set 

In this case study of scale interaction between the MCC and its 

environment NASA's fourth Atmopsheric Variability Experiment (AVE IV) 

provided the primary data base. The purpose of the AVE program (Hill 

and Turner, 1977) is four-fold; 1) to evaluate the accuracy of satel- 

lite data in relation to mesoscale studies, 2) to investigate atmos- 

pheric variability on a smaller scale than can be detected through con- 

ventional twelve hour data, 3) to examine interrelationships of differ- 

ent atmospheric scales of motion with emphasis on severe weather devel- 

opment and 4) to provide information to improve numerical prediction 

models at the mesoscale. To date a total of seven AVE experiments and 

six AVE-SESAME studies have been conducted. 

The primary advantage of the AVE IV data set over twelve hour con- 

ventional rawinsonde data is its higher three and six hour temporal 

resolution. Such data sets are necessary to capture meso-synoptic 

scale interactions over the several hour duration of a thunderstorm, 

squall line or convective complex event. In addition to its limita- 

tions for synoptic studies, information at twelve hour intervals fails 

to capture the degree of importance that thunderstorms and convective 

complexes play in modifying the synoptic scale flow field and cannot 

resolve the structure and dynamics of the severe weather event. An MCC 

could form, move through a region and dissipate in well under the 

twelve hour time interval of the standard RAOB data collection. 
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The AVE IV experiment consists of soundings of the atmosphere 

taken at nine time periods: April 24 at OOZ, 06Z, 122, 152, 182 and 

212; and April 25 at OOZ, 062 and 122. The forty-two rawinsonde sta- 

tions east of the Rocky Mountains which participated in the experiment 

are shown in Figure 4. 

The AVE IV rawinsonde data is presented by Fucik and Turner (1975) 

in tabular form at 25 mb intervals extending vertically from the sur- 

face to the 25 mb level; surface data was provided by the National Cli- 

matic Center. Wilson (1980) describes the methods of AVE IV data re- 

duction and provides estimates of errors associated with the various 

parameters determined from the data. 

For his AVE IV case study, Wilson utilized the Barnes (1973) ob- 

jective analysis method to grid the data onto a conformal conic projec- 

tion with a horizontal square grid increment of 158 km (see Figure 5). 

The Barnes method allows data from each rawinsonde station to influence 

grid points within a radius of three grid distances and employs four 

successive corrections to a first-guess field. A nine-point filter, 

applied to the analyzed fields, retains approximately 90% of the ampli- 

tudes of wavelengths of 1400 km. Wilson's gridded isobaric analyses 

provided the information base that was vertically interpolated at each 

grid point into isentropic coordinates for the diagnostic study summar- 

ized in this study. 

The AVE IV case was chosen for diagnostic studies in this investi- 

gation for three reasons; 1) no intense cyclone activity was present to 



30 

Figure 4: 
ment. 

Rawinsonde stations participating in the AVE IV experi- 

Figure 5: AVE IV grid network used in diagnostic studies. 
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influence ageostrophic circulations, 2) the data had supposedly been 

carefully checked and only five stations were listed as having unusual 

or erroneous soundings (see Fucik and Turner, 1975) and 3) the appear- 

ance of two polar jet streaks, both of which intensified dramatically 

over a six hour time period, appeared to be directly linked to the 

strong convective activity and severe weather which occurred from OOZ 

24 April to 122 25 April. Unfortunately, some drawbacks are also ap- 

parent with this case. The most important problem is the limited area 

covered by the network. The three hour data does not extend into 

southeastern Canada where a fairly deep trough moves through at the end 

of the experiment as the jet streak over the northeastern United States 

intensifies so rapidly. An additional problem is that both the first 

and last three time periods were separated by intervals of six hours. 

A three hour interval would have provided more insight into the adjust- 

ment process associated with the intensifying jet streak over the 

northeast. 

Theoretically, data with a high temporal resolution, such as the 

AVE IV information, should improve the accuracy in the diagnostic 

analyses of mesoscale processes in the atmosphere. However, problems 

can occur with an increase of the temporal resolution. Since data ob- 

servations are discrete and undoubtedly contain bias and random errors, 

the variance of the smaller scale fields estimated from discrete infor- 

mation will increase unboundedly and result in spatially- and 

temporally-inconsistent mass and momentum fields unless the accuracy of 
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the observations is increased accordingly. Such a problem was initial- 

ly encountered in the research endeavor and was corrected only by en- 

suring that the AVE IV information display temporal and spatial inte- 

grity. 

b. Synoptic situation 

The severe weather outbreak for the AVE IV case occurred on 24-25 

Apri 1 1975. During this time two separate MCCs moved through the 

AVE IV region spawning some 23 tornadoes or funnel clouds and producing 

heavy precipitation, strong winds and extensive hail. A composite map 

showing the location of severe weather activity is presented in Figure 

6, while Table III identifies the severe weather events related to the 

AVE IV case. 

Figures 7a-g depict the surface low pressure regions and attending 

frontal systems in addition to radar-observed convection and squall 

line location over each six hour period from OOZ 24 April to 122 25 

April. Figures 8a-d show the isotach and Montgomery stream function 

fields on the 330 K isentropic surface dt twelve hour time intervals 

from OOZ 24 April to 122 25 April. Wind speeds greater than 40 m s-l 

are hatched in these figures and the radar-observed convection is also 

portrayed. Throughout this case study, the polar jet streak was found 

to be best represented on the 330 K isentropic surface. The two MCCs 

under investigation in this study are labelled A and B in both the sur- 

face and upper air figures. 

At OOZ 24 April, the initial time period of AVE IV, a quasi- 

stationary frontal zone extended southwest from a low pressure region 
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Figure 6: Locations of severe weather reports for 24-25 April 1975 
(from Maddox, 1979). See Table III for details. 
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Table III 
Severe Storm Reports 

(Maddox, 1979) 
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Figure 7: 
for (a) 

Surface synoptic analyses (from Fucik and Turner, 1975) 
OOZ 24 April 1975, (b) 062 24 April 1975, (c) 122 24 April 

1975, (d) 182 24 April 1975, (e) OOZ 25 April 1975, (f) 061 25 April 
1975 and (g) 122 25 April 1975. Radar-observed convection is stip- 
pled and squall lines are indicated. A and B denote MCCs under 
study. 
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Figure 7 (continued) 
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centered over northern Michigan to another low pressure center over 

Kansas. The sharp temperature contrast across this front played a role 

in the larger scale dynamical adjustment through which the severe wea- 

ther activity developed. The surface synoptic picture remained rela- 

tively stationary throughout the AVE IV experiment, however the north- 

ern portion of the cold front did gradually move southeastward in con- 

junction with the northeastward movement of the low pressure center 

over Canada. The low pressure wave over Kansas began to intensify 

during the first six hours of the experiment but exhibited little 

change in position. After 122 24 April, this low pressure wave weak- 

ened and moved northeastward along the cold front. Throughout the 

AVE IV experiment the polar front was linked with a band of strong 

winds aloft, which are clearly distinguishable on the 330 K isentropic 

surface. The strong winds along with a hyperbaroclinic zone beneath 

extended northeastward from Kansas through Michigan and New York to 

Maine. 

During the first twenty-four hours of the AVE IV experiment, the 

upper level flow field remained basically zonal over the AVE IV region. 

Several short waves moved through this area, as evidenced by the 330 K 

flow pattern. One short wave at 002 24 April over Wisconsin and Iowa 

was associated with a rapidly developing convective region over Mis- 

souri and Iowa in advance of the frontal zone. This region of convec- 

tion, which contained strong winds, hail, tornadoes, and very intense 

thunderstorms embedded in a squall line, is labelled A in the synoptic 
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Figure 8: Observed wind isotachs 
stream function field (solid, x 10 5 

dashed, m s-l) and Montgomery 
m2 s-~) on 330 K isentropic sur- 

face for (a) OOZ 24 April 1975, (b) 122 24 April 1975, (c) OOZ 25 
April 1975 and (d) 122 25 April 1975. Radar-observed convection and 
observed wind speeds greater than 40 m s-1 are stippled. A and B de- 
note MCCs under study. 
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Figure 8 (continued) 
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figures. The convection was located in the entrance region of a poorly 

defined upper tropospheric jet streak with winds exceeding 40 m s-l in 

its extension from Kansas to Illinois. 

Convective region A developed into an MCC during its eastward 

movement and increased both in area1 extent and in intensity during the 

twelve hour interval from OOZ to 122 24 April. The MCC grew most ra- 

pidly during the first six hours of this time interval, during which 

time it produced heavy amounts of precipitation over Missouri and 

southern Illinois. The Neosho, Missouri tornado evolved from this MCC 

and was responsible for three fatalities. The structure of the upper 

tropospheric jet streak was also significantly altered over this twelve 

hour period from OOZ to 122 24 April. During the jet streak's eastward 

movement, increases occurred both in wind speeds within the core (from 

40 m s-l to 50 m s-l) and in the variation in along-stream horizontal 

wind speed in the entrance and exit regions. This sudden intensifica- 

tion of the jet streak is impressive by the fact that most of the 

change occurred over the first six hours of this time interval (the 

330 K figure for 062 24 April is not shown). Throughout most of this 

time period, the large MCC was located on the anticyclonic side of the 

entrance region of the -jet streak. 

The rapid development of MCC A from OOZ to 06Z 24 April is best 

depicted in the infrared satellite images for the eastern half of the 

United States (Figures 9a-e). From OOZ to 042 the cirrus shield above 

the MCC grew rapidly eastward with an increase in the size of the con- 



Figure 9: Infrared satellite images over eastern half of U.S. for 
(a) OOZ 24 April 1975, (b) 022 24 April 1975, (c) 042 24 April 1975, 
(d) 062 24 April 1975 and (e) 1OZ 24 April 1975. 



Figure 9 (continued) 
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vective region. The orientation and area1 extent of the cirrus shield 

changed very little from 062 to lOZ, however some northward and east- 

ward movement occurred. By 1OZ the intensity of MCC A appeared to have 

decreased as evidenced by the darker color of the clouds in the 1OZ 

satellite picture. 

The jet streak continued to move east from 122 to OOZ 24-25 April 

while the MCC, which intensified due to daytime heating, remained to 

the southwest of the core of maximum winds. A squall line redeveloped 

in the MCC at this time and caused heavy precipitation, tornadoes and 

severe thunderstorms to break out over West Virginia, eastern Kentucky 

and Tennessee. An upper air short wave moved through the Great Plains 

during this time period and generated a new region of convective acti- 

vity over eastern Kansas by 182 24 April. This second convective re- 

gion, which eventually developed into an MCC, is labelled B in the syn- 

optic figures. Also at this time a new jet streak, with winds greater 

than 40 m s-l, entered the AVE IV region over Kansas. By OOZ 25 April 

the convection over Kansas developed into an MCC which was centered 

over Missouri and eastern Oklahoma. Hail, strong winds and heavy pre- 

cipitation occurred throughout the region of the MCC. In addition, a 

squall line extending from northwestern Arkansas to south-central 

Oklahoma produced tornadoes in Oklahoma and Missouri. As was the case 

with the earlier MCC, the convective complex remained southwest of the 

polar jet core and moved eastward with the jet streak. 

Over the twelve hour period from OOZ to 122 25 April, the NC grew 

both in area1 extent and in intensity with a squall line occurring 
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within the convective system at the middle of this time period. The 

squall line extended from western Tennessee to west-central Arkansas. 

As with the case of the first MCC to move through the region, most of 

the development in the MCC occurred over the first six hours of this 

time interval. Several tornadoes were produced in the vicinity of the 

squall line in addition to heavy precipitation in the Ohio River val- 

ley. Intensification of the polar jet streak over this twelve hour 

period was evident with its eastward movement from central Illinois to 

the eastern Great Lakes region. The short wave supporting the jet 

streak moved into a long wave trough located over Hudson Bay. Maximum 

winds within the core increased from 40 m s-l to 55 m s-l; in addition, 

the along-stream variation in horizontal wind speed increased in the 

entrance and exit regions of the jet streak. The strengthening of the 

jet streak, which occurred primarily from OOZ to 062 25 April, appeared 

to coincide with the explosive development of convective activity to 

its southwest--an event quite similar to the jet streak-MCC interaction 

twenty-four hours previous (the 330 K figure for 06Z 25 April is not 

shown). 

Figures lOa-e are infrared satellite images over the eastern 

United States covering OOZ to 1OZ 25 April. By OOZ MCC A had weakened 

considerably and moved eastward to a position over the middle Atlantic 

states. Individual thunderstorm cells over Illinois, Missouri and 

Arkansas at DOZ merged into MCC B by 022. During the period 022 to 062 

MCC B continued to grow in size and intensify as indicated in the 



Figure 10: 
(a) 

Infrared satellite images over eastern half of U.S. for 
OOZ 25 April 1975, (b) 022 25 April 1975, (c) 042 25 April 1975, 

(d) 062 25 April 1975 and (e) 1OZ 25 April 1975. 

P 
u-l 



Figure 10 (continued) 
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satellite pictures. By 1OZ the system slowly moved eastward and weak- 

ened. 

The distribution of precipitation for the period from 062 23 April 

to 062 25 April, presented in Figure 11, shows rainfall exceeding one 

inch from Missouri to Ohio. Rainfall exceeding three inches occurred 

in a band from Kansas City, Missouri to Louisville, Kentucky; over four 

inches of precipitation fell near Kansas City during this forty-eight 

hour period. These rainfall amounts reflect the intensity and the 

large area1 extent of the two MCCs which moved through this area. The 

large precipitation amounts are also indicative of the strong diabatic 

latent heating which must have occurred within the convective com- 

plexes. 
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- 

Figure 11: Precipitation totals (inches) for 062 23 April 1975 to 
062 25 April 1975 (from Daily Weather Maps, U.S. Dept. of Commerce). 
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4. Results of diagnostic analyses 

In this chapter, two cases of jet streak-MCC interaction for AVE 

IV are studied in order to examine the dynamical processes involved in 

linking these two scales of motion. The diagnostic emphasis is focused 

on ascertaining the balance of the ageostrophic motion and the isen- 

tropic mass circulation within the MCC and the entrance region of the 

upper tropospheric jet streak. 

Diagnostics of the isentropic mass circulation are first examined 

to determine the distributions of the mass tendency, the horizontal 

mass flux divergence and the diabatic heating determined from a verti- 

cal integration of the isentropic mass continuity equation (1). The 

structure of various components of ageostrophic motion are next exam- 

ined and a relative comparison of their importance during the lifetime 

of the MCCs of the AVE IV data period is made. A key feature of the 

study is the determination of the inertial diabatic component of ageo- 

strophic motion in the entrance region and the role of differential 

heating in forcing a diabatic component of the isallobaric ageostrophic 

motion. Next, diagnostics of ageostrophic motion defined through semi- 

geostrophic theory are studied to determine the relative accuracy of 

this simplified form for ageostrophic motion. Finally, a physical ex- 

planation of the structure of diabatically-induced ageostrophic motion 

within the convective complex is presented. The results establish in a 

more direct way the mechanisms which intensify the direct circulation 

in the entrance region of the jet streak and generate kinetic energy 

that ultimately strengthens winds in the jet streak downstream. 
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a. Jet streak-MCC interaction case of OOZ to 062 24 April 1975 

1) Structure of the isentropic mass circulation 

The time-averaged horizontal mass flux divergence component of the 

isentropic mass continuity equation (1) is shown for the 330 K isen- 

tropic surface in Figure 12a and the 305 K surface in Figure 12b. The 

mesoscale mass circulation associated with MCC A is clearly depicted. 

Strong low level mass flux convergence into the MCC tends to be bal- 

anced by upper level divergence from the convective complex. Further 

evidence of the strong mass circulation within the MCC is displayed in 

the vertical profile of the time-areally-averaged horizontal mass flux 

divergence for MCC A (see Figure 13). The area average of horizontal 

mass flux divergence values within the MCC is calculated for the region 

of the twenty-six grid points outlined in Figure 12a. Note that mass 

inflow is maximized near 305 K while mass outflow is strongest in the 

325 K to 330 K isentropic layer. This agrees well with the evidence 

that 305 K and 325 K are characteristic potential and equivalent poten- 

tial temperatures within the low tropospheric region from which the 

convection originates. The oscillation in the profile between 310 K 

and 320 K may be due to truncation errors that occur in estimates of 

the mass divergence for smaller scale structure. 

Average mass tendencies for the six hour time interval are repre- 

sented in lower and upper layers of the atmosphere by Figures 14a and 

14b respectively. Within the MCC large positive changes in the surface 

to the 305 K layer are attributed to strong horizontal mass flux con- 



51 

Figure 12: Time-averaged horizontal mass flux divergence for (a) 
330 K isentropic surface and (b) 305 K isentropic surface (positive- 
solid, negative-dashed, x IO1 g mS2 s-l) computed for OOZ to 062 24 
April 1975. 
enclosed with 

Grid points used in area1 averaging for Figure 13 are 
solid line in (a). Mesoscale convective complex A and 

observed wind speeds greater than 40 m s-1 on 330 K at 062 24 April 
1975 are stippled. 
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Figure 13: Vertical profile of time-areally-averaged horizontal mass 
flux divergence (g mw2 s' l) through MCC A for OOZ to 062 24 April 
1975 time interval (see Figure 12a for location of grid points used 
in area1 averaging). 
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Figure 14: 
x lo1 g m-2 

Mass tendency (positive-solid, negative-dashed, 

305 K to 340 
s-l) for (a) surface to 305 K isentropic layer and (b) 

K isentropic layer. Time period and format for jet 
streak and MCC A same as in Figure 12. 
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vergence while the negative mass tendencies in the 305 K to 340 K isen- 

_I' tropic layer are due to horizontal mass flux divergence. 
; ' 

Diabatic heating rates are calculated through a vertical integra- 

tion of the mass tendency and horizontal mass flux divergence. Figure 

15 displays diabatic heating rates over six hours on the 320 K isen- 

tropic surface. Several important features are apparent from this 

figure. Note the excellent correspondence between the location of MCC 

A and regions of strongest diabatic heating rates. The western maximum 

of heating over Kansas and Nebraska, with values exceeding 8 K (6 hr.)- 

l, is located near two intense squall lines (see Figure 7b). Also, 

heavy rains were reported over southern Illinois and Indiana near the 

location of the eastern heating maximum. Diabatic heating rates in 

this region are greater than I2 K (6 hr.)-l. The vertical profile of 

areally-averaged heating through MCC A in Figure 16 shows that the 

average diabatic heating rates are strongest in the 315 K to 330 K 

isentropic layer. Diabatic cooling rates as large as 4 K (6 hr.)-l, 

found in the 290 K to 305 K layer, are probably caused by evaporation 

of falling precipitation. The location of the twenty-five grid points 

utilized in determining the areally-averaged diabatic heating rates is 

shown in Figure 15. 

Although diabatic heating rates within the convective complex may 

not be as substantial as what might be expected considering the inten- 

sity of the storm and the large precipitation totals, it is important 

to realize that the AVE data does not adequately resolve the smaller 
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Y 
Figure 15: Diabatic heating rate (de/dt) (positive-solid, negative- 
dashed, deg. K (6 hr.)'l) for 320 K isentropic surface. Time period 
and format for jet streak and MCC A same as in Figure 12. Grid 
points used in area1 averaging for Figure 16 are enclosed with solid 
line and location of vertical cross sections in Figures 17a, b are 
indicated by solid line segments A-B-C-D-E and F-G-H-I. 
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Figure 16: Vertical profile of areally-averaged diabatic heating 
rate (deg. K (6 hr.)-l) through MCC A for 002 to 062 24 April 1975 
time interval (see Figure 15 for location of grid points used in 
area1 averaging). 
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scale processes occurring within squall lines and individual thunder- 

storm cells embedded in the MCC. Data with higher temporal and spatial 

resolution would likely isolate such processes and result in larger es- 

timates of diabatic heating rates within MCC A. 

One drawback of using real data in diagnostic analyses is exempli- 

fied by the unrealistically large diabatic cooling rates which are pre- 

sent over southern Minnesota in Figure 15. This problem likely occurs 

because of the increased difficulty of accurately estimating the hori- 

zontal mass flux divergence near the boundaries of grids and the calcu- 

lation of the instantaneous mass tendency over a sampling interval of 

six hours. The end result is bias error which limits the accuracy of 

calculations of this mass circulation near the boundaries of the AVE IV 

rawinsonde network. 

The three-dimensional structure of the changing mass field in the 

vicinity of the jet streak and convective complex is best illustrated 

by means of vertical isentropic cross sections through these features. 

Figure 17a is a cross section through the developing jet streak at OOZ; 

Figure 17b is a cross section through the center of the jet streak at 

062 (see Figure I5 for location of cross sections). Wote the 15 m s-l 

increase in wind speeds in the jet core and the strengthening of the 

vertical wind shear above and beneath the jet over this six hour time 

period. Examination of Figure 17b reveals that the jet has stretched 

horizontally, a feature common in evolving jet cores. Inspection of 

Figure 17a points out a localized lowering of isentropic surfaces be- 
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Figure 17: Vertical cross section through jet streak and MCC A de- 
picting observed wind isotachs (dashed, m s-1) and isentropes (solid, 
deg. K) for (a) OOZ 24 April 1975 and (b) 062 24 April 1975. Verti- 
cal coordinate is pressure (mb) (see Figure 15 for location of cross 
sections). 
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tween 850 mb and 600 mb in the vicinity of the rapidly developing con- 

vective complex and suggests that warming due to the effect of diabatic 

latent heating is readily observed in this cross section. However, one 

should realize that this effect may be due to energy advection associ- 

ated with adiabatic mass convergence. 

In summary, the isentropic mass circulation within MCC A is char- 

acterized by strong upward vertical mass transport forced by diabatic 

latent heating within the convective region. The results verify 

through mass continuity requirements that low level horizontal mass 

transport into the convective region tends to be balanced by upper 

level horizontal mass transport away from the MCC. The horizontal 

branches of this mass circulation act in the same sense as the 

thermally-direct mass circulation in the entrance region of the upper 

tropospheric jet streak and thus have the potential, through interac- 

tion, to intensify the direct circulation. 

2) - Structure of the ageostrophic motion field 

The diagnosis of ageostrophic motion from real data sources, like 

diabatic heating rate calculations, presents several problems. First, 

a reliable calculation of ageostrophic wind structure requires consis- 

tency and accuracy in the observation and analysis of both wind and 

mass fields. In this study, where the evolution of ageostrophic motion 

is examined, such accuracy must be present at each time period. In ad- 

dition, the structure and evolution of the atmosphere within the six 

hour period between observations must be consistent with the events oc- 
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curring at the time of observations. Otherwise, spatially- and 

temporally-inconsistent ageostrophic wind fields will result in the 

analyses. Such problems are encountered to some extent in analyses 

presented in this section. Another problem, previously discussed in 

Chapter 3, is related to the increased temporal resolution of the 

AVE IV data set. With the limited accuracy of observations, the random 

error variance of estimates of structure and processes for shorter time 

scales may actually increase to the point where the structure of ageo- 

strophic motion becomes inconsistent in both space and time. 

The six hour time-averaged 330 K ageostrophic wind field from OOZ 

through 06Z 24 April 1975 is depicted for the jet streak level in 

Figure 18. While weak divergence is observed over MCC A, the signifi- 

cant feature to note is the strong 15 m s-l southerly wind over Iowa. 

This strong ageostrophic wind flows northward out of the MCC and ex- 

tends through the entrance region of the jet streak. The pattern here 

agrees with the concept of motion in the confluent flow field of the 

entrance region with subgeostrophic motion being deflected ageostro- 

phically in the direction of the pressure gradient force. 

Figure 19 represents the time-averaged inertial advective compo- 

nent of ageostrophic motion (11-1-B) on the 330 K isentropic level. 

Although Uccellini and Johnson (1979) found this component to be the 

primary contributor to ageostrophic motion in the entrance region at 

jet streak level in their case study, the circumstances are different 

in this study. Southerly inertial advective wind speeds exceeding 
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Figure 18: Time-averaged total ageostrophic wind vectors and iso- 
tachs (dashed, m s-l) for 330 K isentropic surface. Time period and 
format for jet streak and MCC A same as in Figure 12. 

Figure 19: Time-averaged inertial advective wind vectors and iso- 
tachs (dashed, m s-l) for 330 K isentropic surface. Time period and 
format for jet streak and MCC A same as in Figure 12. 
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10 m s-l are present over southern Lake Michigan in the entrance re- 

gion, however, weak westerly and northwesterly inertial advective mo- 

tion over Iowa suggests that this term is not the primary contributor 

to the total ageostrophic wind here. Inertial advective wind speeds 

over Iowa at this time barely exceed 10 m s-l. Note that the flow pat- 

tern of the time-averaged inertial advective wind for this case exhi- 

bits slight diffluence over the MCC position. 

The structure of the local wind tendency component of ageostrophic 

motion (II-l-A) for the 330 K isentropic surface is displayed in Figure 

'0. At this time northeasterly ageostrophic winds exceeding 12 m s-l 

over Iowa tend to be orthogonal to the total ageostrophic wind in the 

entrance region and generally oppose the direction of the inertial com- 

ponent here. A comparison of Figures 19 and 20 points out that the 

magnitude of the local wind tendency term actually dominates the iner- 

tial advective wind speed in the entrance region of the jet streak and 

over the MCC. The local wind tendency component is also quite strong 

within the left-hand quadrant of the downstream jet streak where the 

speed of its core is locally increasing with time. 

The inertial diabatic wind (11-1-C) can be directly calculated 

from the diabatic heating rate and vertical wind shear information 

derived from the AVE IV data set. Analysis of this term in the 325 K 

to 330 K isentropic layer (Figure Zla) and in the 320 K to 325 K layer 

(Figure 21b) shows that it is strongest in magnitude over southeastern 

Nebraska and northeastern Kansas, where maximum wind speeds are as 
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Figure 20: Local wind tendency vectors and isotachs (dashed, m s-l) 
for 330 K isentropic surface. 
and MCC A same as in Figure 12. 

Time period and format for jet streak 
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Figure 21: Inertial diabatic wind vectors and isotachs (dashed; 
m s-l) for (a) 325 K to 330 K isentropic layer and (b) 320 K to 325 K 
isentropic layer. Time period and format for jet streak and MCC A 
same as in Figure 12. 
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strong as 8 m s -l from the southeast. In a vertically-sheared environ- 

ment, the effect of heating is to force a systematic 

ponent to the left of the flow in the general directi 

transport in the upper branch of the direct circulati 

the jet. 

A residual ageostrophic component of motion can 

through the subtraction of the time-averaged form of 

ageostrophic com- 

on of the mass 

on transverse to 

be determined 

(I I-1-A) and 

(11-1-B) from the total ageostrophic wind vector. Ideally the residual 

should consist of the sum of the inertial diabatic component and the 

frictional component of ageostrophic motion. Problems arise in analy- 

ses based on such an assumption, however, since errors associated with 

actual wind observations, grid point interpolation and finite differ- 

encing processes in space and time may constitute a significant portion 

of the total residual term. However, if error effects are small enough 

so as to not mask actual dynamical processes then the residual term 

would be a reasonable estimate of the sum of the inertial diabatic and 

frictional components of ageostrophic motion. If the frictional compo- 

nent is small, the residual should be directly linked to the inertial 

diabatic component of ageostrophic motion. The magnitude of this tirne- 

averaged residual, calculated over the six hour time interval, is 

strong on 330 K over Iowa and northern Missouri; southerly wind speeds 

here exceed 30 m s-l (see Figure 22). A comparison of Figures 18-22 

illustrates that this residual reaches a maximum over the region of 

convection in Iowa and is actually the dominant component of ageostro- 
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RESIOUAL RCEOSTROPHIC WIND ON 
Figure 22: Residual ageostrophic wind vectors and isotachs (dashed, 
m s-l) for 330 K isentropic surface. Time period and format for jet 
streak and MCC A same as in Figure 12. 



phic motion in the jet streak entrance region over Iowa. The compari- 

son also shows that the general location of the speed maxima is in the 

region of the MCC where the direction of the inertial diabatic compo- 

nent and the residual term compare favorably. However, a detailed com- 

parison also illustrates several problems. The location of strongest 

inertial diabatic wind speeds is somewhat west of the region where the 

residual magnitude is largest in the entrance region (see Figure 22). 

Also, note that inertial diabatic wind speeds are much weaker than re- 

sidual wind speeds throughout the jet streak-MCC neighborhood. Two 

basic factors rnay explain the large inconsistency between these two 

terms. First, recall that the residual includes data and computational 

errors as well as frictional effects; it is possible, therefore, that 

this residual overestimates inertial diabatic motion. A second uncer- 

tainty lies with the method of calculation of the inertial diabatic 

term. The vertical wind shear employed in this computation is time 

averaged while diabatic heating rates are determined over intervals of 

six hours.' Instantaneous values for these two quantities would cer- 

tainly yield larger magnitudes of wind shear and heating at the time 

and position of most intense convective activity and strongest vertical 

wind shear that occur in and near the position of the MCC. Higher tem- 

poral and spatial resolution data is needed in order to more accurately 

ascertain the structure of this component of ageostrophic motion. The 

true magnitude of the inertial diabatic term for this case probably 

lies somewhere between the two extremes of 8 m s -l and 30 m s-l since 
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the forrner is a conservative estimate due to averaging while the latter 

may be inflated due to errors in residual calculations. Speeds in this 

range certainly indicate that in the entrance region inertial diabatic 

motion is an important contributor to the total ageostrophic wind 

field. Also, note from Figure 21b that southeasterly inertial diabatic 

winds greater than 2 m s-l extend from Nebraska eastward to the eastern 

Great Lakes region in conjunction with the jet streak entrance region. 

3) Ageostrophic motion estimated through the semi-geostrophic momentum 

approximation 

The time-averaged semi-geostrophic form for the inertial advective 

component of ageostrophic motion is shown on 330 K in Figure 23. Note 

that although the magnitude of this component does exceed 20 m s-l 

north of MCC A in western Iowa, its southeastward direction in the en- 

trance region does not conform with concepts based on adiabatic propa- 

gation of jet streaks. Evidence of southerly flow is present in the 

entrance region east and north over Wisconsin and Michigan; in this re- 

gion the semi-geostrophic form for inertial advective motion does cor- 

respond with concepts. A comparison of Figure 19 and Figure 23 points 

out the generally large disagreement between the actual and semi- 

geostrophic forms for the inertial advective wind. The disagreement is 

especially large near the western flank of MCC A and the jet streak 

over eastern Nebraska and western Iowa and farther east over northern 

Illinois. This large difference must be attributed to differences be- 



68 

d~*-ipJ&~jj$ 
(S-Cl INERTlRL FlDVECTIVE WIND ON 33OK FOR OZ-62 

1 \r. , 

Figure 23: Time-averaged semi-geostrophic inertial advective wind 
vectors and isotachs (dashed, m s-l) for 330 K isentropic surface. 
Time period and format for jet streak and MCC A same as in Figure 12. 
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tween the horizontal distribution of the actual and geostrophic veloci- 

ties, since in the calculation of this component the advective veloci- 

ty U is common to both expressions. 

Figures 24a and 24b depict the semi-geostrophic inertial diabatic 

component of ageostrophic motion in the 325 K to 330 K and 320 K to 

325 K isentropic layers respectively. In both figures, a general 

southeasterly motion exists in the entrance region stretching from 

Nebraska eastward to Indiana. The difference between the direction of 

the observed and semi-geostrophic forms of this ageostrophic component 

is small as illustrated by a comparison of Figure 21 and Figure 24, 

however, the semi-geostrophic form is somewhat weaker in the entrance 

region. Such a result would indicate that the vertical shear in the 

ageostrophic wind is smaller than the actual wind shear in these isen- 

tropic layers. 

Apart from semi-geostrophic theory, the isallobaric wind component 

is important to examine from fundamental considerations since it dis- 

plays the evolution of the forcing by the pressure distribution, which 

for hydrostatic structures is determined through the redistribution of 

mass. The total isallobaric wind field over the six hour time interval 

is depicted at 330 K and at 310 K in Figures 25a and 25b respectively. 

Upper level isallobaric wind divergence is observed within MCC A in 

Figure 25a in association with speeds exceeding 8 m s-l over southern 

Illinois and Indiana and over northern Missouri. Note in the entrance 

region isallobaric motion is fairly weak and spatially inconsistent 
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Figure 24: Semi-geostrophic inertial diabatic wind vectors and iso- 
tachs (dashed, m s-l) for (a) 325 K to 330 K isentropic layer and (b) 
320 K to 325 K isentropic layer. Time period and format for jet 
streak and MCC A same as in Figure 12. 
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Figure 25: Isallobaric wind vectors and isotachs (dashed, m 5-l) for 
(a) 330 K isentropic surface and (b) 310 K isentropic surface. Time 
period and format for jet streak and MCC A same as in Figure 12. 
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over northern Iowa while further east, over Wisconsin and Michigan, 

this flow becomes more intense and is directed from the southwest. At 

lower levels, the isallobaric wind converges into the convective region 

over Missouri although wind speeds are quite weak (see the wind distri- 

bution on the 310 K surface in Figure 25b). 

In this diagnostic study, the surface pressure tendency component 

of isallobaric motion (term A of (13)) is calculated from the differ- 

ence of the direct calculations of the integrated pressure tendency 

component (term B of (13)) and the observed pressure gradient force 

tendency. Uccellini (1977) found that direct calculation of the sur- 

face pressure tendency term is spatially inconsistent with the average 

tendencies calculated from rawinsonde information. Figure 26 displays 

the surface pressure tendency component while the 330 K and 310 K inte- 

grated pressure tendency components of isallobaric motion are shown in 

Figures 27a and 27b respectively. At the 330 K level, the integrated 

pressure tendency term clearly dominates over the surface pressure ten- 

dency term. Note the strong divergence in the integrated pressure ten- 

dency component w ithin the northern flank of MCC A over northern I lli- 

nois. The weak surface pressure tendency wind, while noisy, does exhi- 

bit convergence over this same region along with weak divergence farth- 

er south over Missouri and southern Illinois. On the 310 K isentropic 

surface the integrated pressure tendency is again the dominant compo- 

nent of isallobaric motion; note that the direction field of the inte- 

grated pressure tendency component on 310 K opposes that of the surface 
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Figure 26: 
and isotachs 

Surface pressure tendency-isallobaric component vtictors 
(dashed, m s-l). 

and MCC A same as in Figure 12. 
Time period and format for jet streak 
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Figure 27: Integrated pressure tendency isallobaric component vec- 
tors and isotachs (dashed, m 5-l) for (a) 330 K isentropic surface 
and (b) 310 K isentropic surface. Time period and format for jet 
streak and MCC A same as in Figure 12. 
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pressure tendency component since the former shows convergence into 

MCC A over Missouri and southern Illinois and divergence farther north 

over northern Illinois. 

The structure of the adiabatic and diabatic components of isallo- 

baric wind (see (19) and (21)) on the 330 K and 310 K levels is pointed 

out in Figures 28a, b and 29a, b, respectively. Note that over western 

Iowa in the entrance region, both components of isallobaric motion on 

330 K are extremely large (greater than 35 m s-l), however, the diaba- 

tic and adiabatic components oppose each other'in direction and are 

comparable in speed. This opposition exists in other locations where 

both components are strong. The diabatic component, which diverges out 

of the MCC region at upper levels over Indiana, is structured such that 

it transports mass from the anticyclonic to the cyclonic side of the 

jet streak in the entrance region; this direction conforms to the 

structure expected in the adiabatic propagation of jet streaks. The 

adiabatic isallobaric wind component, in contrast, converges into the 

MCC at upper levels over Indiana and transports mass from the cyclonic 

side to the anticyclonic side of the jet streak. On 310 K, both the 

adiabatic and diabatic components'are somewhat noisy, however, the 

adiabatic component converges into a region on the southern flank of 

MCC A over Arkansas while the diabatic component diverges away from 

this region. Although magnitudes are weaker than for 330 K, note that 

at this lower level the two components again generally oppose each 

other. For the realization of quasi-steady state pressure distribution 
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Figure 28: Adiabatic isallobaric component vectors and isotachs 
(dashed, m s-l) for (a) 330 K isentropic surface and (b) 310 K isen- 
tropic surface. Time period and format for jet streak and MCC A same 
as in Figure 12. 
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Figure 29: Diabatic isallobaric component vectors and isotachs 
(dashed, m s-l) for (a) 330 K isentropic surface and (b) 310 K isen- 
tropic surface. Time period and format for jet streak and MCC A same 
as in Figure 12. 
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during the severe convection throughout the storm complex, diabatic 

vertical mass transport is compensated for by quasi-horizontal adiaba- 

tic mass transport. While the adiabatic and diabatic modes of isallo- 

baric motion offset each other at lower and upper levels, the diabatic 

mode dominates at upper levels since in general the upper level flow 

displays divergence at this level. At lower levels, the adiabatic mode 

dominates since the flow at this level is generally convergent. Verti- 

cal mass transport within the storm complex, forced by diabatic latent 

heating, must result in the sinking of mid- and upper tropospheric 

isentropic surfaces to higher pressure levels. The increased pressure 

on these isentropes and thus the increase of temperature in these re- 

gions creates a diabatically-induced isallobaric wind directed away 

from the convective region. This isallobaric wind, however, transports 

mass away from the MCC which reduces the pressure in upper isentropic 

layers and in turn forces isentropic surfaces within the MCC to rise to 

lower pressure levels. This mass transport in the upper levels away 

from the region of convection results in the sinking of isentropes in 

the environment. The changing pressure distribution on these isentro- 

pit surfaces, associated with the adiabatic heating of the troposphere 

by subsidence in the environment and adiabatic cooling by ascent within 

the MCC, produces an adiabatically-induced isallobaric wind directed 

inward toward the MCC at lower 

The general opposition of 

induced components of the isal 

and upper tropospheric levels. 

the adiabatically- and diabatically- 

lobaric wind, with dominance by the d ia- 
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batic component at upper levels, suggests that the sense of the upper 

branch of the MCC's mass circulation in the entrance region of the jet 

streak is determined by diabatic processes. The dominance of the dia- 

batic component.at upper levels is suggested mathematically by (24), 

since the strength of this motion is inversely proportional to pres- 

sure. For instance, for a given gradient of heat addition per unit 

mass (Qm), the magnitude of diabatically-induced isallobaric motion 

will be four times stronger at 200 mb than at 800 mb. Note that the 

integral form for (24) implies that the diabatic isallobaric component 

increases with height through the vertical extent of heating within the 

atmosphere; this also suggests that the diabatically-induced component 

should be the dominant mode of isallobaric motion in upper tropospheric 

levels. 

The accuracy of semi-geostrophic theory in describing ageostrophic 

motion over this six hour time period is examined by calculating the 

difference between the actual and semi-geostrophic forms for ageostro- 

phic motion, mathematically expressed by 

d 
f-l k x (f- U - -- us) 

d 
= f-l k x -- U (25) 

dt - dt dt 
,ag l 

This difference is determined by summing the various components for 

ageostrophic motion in both forms and then subtracting the semi- 

geostrophic form from the observed form. Figure 30 displays this dif- 

ference for the 330 K isentropic surface. The three regions where dif- 

ferences are large are two areas in the entrance region north of the 
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Figure 30: Difference between actual and semi-geostrophic forms of 
ageostrophic motion vectors and isotachs (dashed, m s-l) for 330 K 
isentropic surface. Time period and format for jet streak and MCC A 
same as in Figure 12. 

Figure 31: Difference between local wind tendency and isallobaric 
wind vectors and isotachs (dashed, m s-l) for 330 K isentropic sur- 
face. Time period and format for jet streak and MCC A same as in 
Figure 12. 
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convection, one over southeastern Nebraska and the other over north- 

eastern Iowa; the third region is over northern Ohio. In all three 

locations the difference exceeds 20 m s-l. The results indicate that 

the major source of these large differences stems from the discrepancy 

between the actual and semi-geostrophic forms for the inertial advec- 

tive component. The difference between the local wind tendency and 

isallobaric wind components, 

f-l k x (f- U 
at,- 

_ I; Fg) = f-l k x cf; "ag) 3 
El 8" 

(26) 

is substantially smaller on 30 K (see Figure 31) than the difference 

of the two forms for total ageostrophic motion. This result displays 

the limitations of the employment of semi-geostrophic theory over 

shorter time scales within which a rapid evolution in the ageostrophic 

wind structure occurs. 

b. Jet streak-MCC interaction case of OOZ to 062 25 April 1975 

1) Structure of the isentropic mass circulation 

The pattern of the time-averaged horizontal mass flux divergence 

on 330 K and 305 K is presented in Figures 32a and 32b respectively. 

Note that the mesoscale mass circulation driven by MCC B forces strong 

upper level horizontal mass flux divergence within the convective re- 

gion and horizontal mass flux convergence at lower isentropic levels. 

The vertical profile of time-areally-averaged horizontal mass flux di- 

vergence over MCC B is illustrated in Figure 33 (see Figure 32a for the 

location of the eighteen grid points utilized for the areal-averaged 
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Figure 32: Time-averaged horizontal mass flux divergence for (a) 
330 K isentropic surface and (b) 305 K isentropic surface (positive- 
solid, negative-dashed, x lo1 g m-2 s-l) computed.for OOZ to 062 25 
April 1975. Grid points used in area1 averaging for Figure 33 are 
enclosed with solid line in (a). Mesoscale convective complex B and 
observed wind speeds greater than 40 m s-l on 330 K at 062 25 April 
1975 are stippled. 
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divergence). In Figure 33, vigorous horizontal mass flux divergence in 

the 320 K to 330 K isentropic layer tends to be compensated for by con- 

vergence in the 295 K to 320 K layer. A comparison of Figure 13 and 

Figure 33 points out that the average mass circulation within MCC B is 

more intense than in MCC A twenty-four hours earlier, since the extre- 

mum in the horizontal mass flux divergence profiles are larger for the 

former. 

Examination of the mass tendency around MCC B in lower and upper 

tropospheric layers (Figures 34a and 34b respectively) indicates that, 

like the first jet streak-MCC interaction case, net mass increase in 

lower layers tends to be balanced by net mass decrease in upper layers. 

Positive mass tendencies in lower layers implies that horizontal mass 

transport into the storm region dominates diabatic vertical mass flux 

out of this region. In upper layers, horizontal mass flux divergence 

outward dominates the vertical mass flux convergence upward into the 

layer and results in negative mass tendencies. The arrangement of a 

net increase of mass in the low troposphere with a net decrease of mass 

aloft implies overall static destabilization in this region. 

The diabatic heating distribution, depicted on 320 K in Figure 35, 

shows that the region of strong diabatic heating corresponds closely to 

the location of MCC B. Heating of 14 K (6 hr.)-l is observed over 

southeastern Missouri in the vicinity of a squall line which moved 

through this region over the six hour time interval. The weak diabatic 

cooling north and northwest of the MCC location may partly stem from 



Figure 34: Mass tendency (positive-solid, negative-dashed, 
x lo1 g rnB2 s' l) for (a) surface to 305 K isentropic layer and (b) 
305 K to 340 K isentropic layer. Time period and format for jet 
streak and MCC B same as in Figure 32. 
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Figure 35: Diabatic heating rate (de/dt) (positive-solid, negative- 
dashed, deg. K (6 hr.)'l) for 320 K isentropic surface. Time period 
and format for jet streak and MCC B same as in Figure 32. Grid 
points used in area1 averaging for Figure 36 are enclosed with solid 
line and location of vertical cross sections in Figures 37a, b are 
indicated by solid line segments A-B-C-D-E-F and G-H-I-J. 

Figure 36: Vertical profile of areally-averaged diabatic heating 
rate (deg. K (6 hr.)- ) through MCC B for OOZ to 062 25 April 1975 
time interval (see Figure 35 for location of grid points used in 
area1 averaging). 
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the sources of computational errors similar to the ones described in 

the first case. A vertical profile of diabatic heating areally- 

averaged over eighteen grid points covering the convective complex is 

displayed in Figure 36 (see Figure 35 for location of grid points). 

Note that heating in Figure 36 is maximized between 315 K and 330 K 

while diabatic cooling, possibly caused by the evaporation of falling 

precipitation, is found in the 290 K to 300 K isentropic layer. In a 

comparison, the average diabatic heating rates for MCC B are larger 

than for MCC A (see Figure 16). 

A problem that can occur in diagnosis of the diabatic 

rates from the isentropic mass structure is illustrated in 

and 16. Both figures display a secondary heating maximum 

heating 

Figures 

located 

36 

in 

the 340 K to 350 K isentropic layer. At these isentropic levels, loca- 

ted near and above the tropopause, strong static stability dictates 

that the amount of mass between isentropic surfaces must be small. 

Since diabatic heating rates (de/dt) are obtained by dividing the dia- 

batic mass flux (PJ de/dt) by the mass (PJ), the small values of the 

mass in the stratosphere likely unrealistically inflate sources of er- 

ror in estimates of diabatic heating at these higher levels. 

A vertical cross section through the jet streak and MCC B is re- 

presented in Figures 37a and 37b for OOZ 25 April and 062 25 April res- 

pectively (see Figure 35 for location of cross sections). Maximum 

winds in the jet core are observed to increase from 45 m s-l to 

55 m 5-l over this six hour time period. In the structure of the isen- 
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Figure 37: Vertical cross section through jet streak and MCC B de- 
picting observed wind isotachs (dashed, m s-l) and isentropes (solid, 
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sections). 
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tropic surfaces within MCC B, a slight dip is evident near 850 mb in 

Figure 37b. This feature is probably linked with the strong diabatic 

latent heating and general warming of the low troposphere within the 

storm complex. 

In summary, just like the previous case of jet streak-MCC interac- 

tion, the isentropic mass circulation within MCC B is characterized by 

low level horizontal mass flux convergence and upper level hofizontal 

mass flux divergence linked by a vertical branch forced through diaba- 

tic processes. In this second case, however, the mesoscale mass circu- 

lation is more intense since magnitudes for horizontal and vertical 

mass flux divergence are larger than for the previous jet streak-MCC 

interaction event. Note that the relative locations of MCC A and MCC B 

with respect to the jet streaks are similar. Since both convective re- 

gions are located south of the jet streak entrance region, this convec- 

tive scale mass circulation in both cases interacts with the secondary 

circulation of their respective jet streaks. 

2) Structure of the ageostrophic motion field 

Figure 38, which depicts the time-averaged ageostrophic motion 

field for this case on 330 K, shows southerly and southeasterly ageo- 

strophic winds exceeding 10 m s-l over Illinois and Missouri in the en- 

trance region of the jet streak. Note that this flow structure sug- 

gests divergence from the region of MCC B. Ageostrophic motion for 

this case is slightly weaker than for the first event, as evidenced by 

comparing Figures 18 and 38. 
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Figure 38: Time-averaged total ageostrophic wind vectors and iso- 
tachs (dashed, m s-l) for 330 K isentropic surface. Time period and 
format for jet streak and MCC B same as in Figure 32. 

Figure 39: Time-averaged inertial advective wind vectors and iso- 
tachs (dashed, m s-l) for 330 K isentropic surface. Time period and 
format for jet streak and MCC B same as in Figure 32. 
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The direction field of the time-averaged inertial advective wind 

pattern on 330 K displayed in Figure 39, while slightly noisy in the 

entrance region, depicts strong south and southeasterly winds exceeding 

15 m s-l over southern Illinois, northern Missouri and southern Iowa. 

A comparison of Figures 19 and 39 indicates that, unlike the case 

twenty-four hours earlier, the inertial advective component does pro- 

vide an important contribution to the total ageostrophic wind field in 

this region. Note the divergence of inertial advective ageostrophic 

motion on the 330 K isentropic surface within MCC B. 

Figure 40 illustrates the local wind tendency component of ageo- 

strophic motion on the 330 K isentropic surface over the six hour time 

period for this case. Strong easterly and northeasterly winds are pre- 

sent in the entrance region with values over Illinois exceeding 

12 m s-l. In the entrance region the intensity of the local wind 

tendency component at jet streak level is less than the intensity of 

the inertial component and is directed orthogonal to both the total 

ageostrophic motion and the inertial advective component. 

The inertial diabatic component of ageostrophic motion for the 

320 K to 325 K isentropic layer is displayed in Figure 41. Note that 

southeasterly wind speeds exceed 4 m s-l in a region extending from 

central Missouri to northeastern Illinois; this area corresponds to the 

entrance region of the jet streak. Wind magnitudes as large as 

10 m s-l appear over northeastern Missouri. A comparison of Figure 21 

and Figure 41 shows that mid- and upper level inertial diabatic wind 
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Figure 40: Local wind tendency vectors and isotachs (dashed, m s-1) 
for 330 K isentropic surface. Time period and format for jet streak 
and MCC B same as in Figure 32. 

Figure 41: Inertial diabatic wind vectors and isotachs (dashed, 
m s-l) for 320 K to 325 K isentropic layer. Time period and format 
for jet streak and MCC B same as in Figure 32. 



\ 
. . 

93 

Figure 42: Residual ageostrophic wind vectors and isotachs (dashed, 
m s-l) for 330 K isentropic surface. 
streak and MCC B same as in Figure 32. 

Time period and format for jet 
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magnitudes are slightly larger for this case than for the previous 

case. 

The direction field of the time-averaged residual ageostrophic 

wind, depicted on 330 K in Figure 42, exhibits a great deal of noise in 

the entrance region; however, in northern Illinois and Indiana the wind 

speed does exceed 15 m s-l. The more random nature of the direction in 

the ageostrophic motion in this field is likely associated with either 

errors in the data or in computational approximations. A comparison of 

Figures 41 and 42 points out the large discrepancy between the noisy 

residual term and the inertial diabatic .wind structure. Stronger iner- 

tial diabatic wind intensity would have likely been obtained with 

higher time and space resolution in the data, as explained in the first 

case. The favorable location of the strongest values for this term in- 

dicates that it provides a significant contribution to the total ageo- 

strophic motion field in the entrance region for this second jet 

streak-MCC interaction event. 

3) Ageostrophic motion estimated through the semi-geostrophic momentum 

approximation 

The time-averaged semi-geostrophic form for 330 K inertial advec- 

tive ageostrophic motion is depicted in Figure 43. dust as with the 

first case of jet streak-MCC interaction, a large difference generally 

appears between the actual and semi-geostrophic forms for this compo- 

nent of ageostrophic motion (see Figure 39). The direction field of 

the semi-geostrophic wind component is quite noisy. Note the poor com- 
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Figure 43: Time-averaged semi-geostrophic inertial advective wind 
vectors and isotachs (dashed, m s-l) for 330 K isentropic surface. 
Time period and format for jet streak and MCC B same as in Figure 32. 

Figure 44: Semi-geostrophic inertial diabatic wind vectors and 
tachs (dashed, m s-l) for 320 K to 325 K isentropic layer. Time 

iso- 

period and format for jet streak and MCC B same as in Figure 32. 
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parison to actual inertial advective motion in the western flank of the 

entrance region over Illinois and Missouri where northerly semi- 

geostrophic inertial advective winds are observed. 

Just like the first case, the difference between the semi- 

geostrophic form of inertial diabatic motion (see Figure 44) and the 

actual form of inertial diabatic motion (see Figure 41) in the 320 K to 

325 K isentropic layer is small. In both cases, southeasterly winds 

are present in the entrance region extending from Ohio to Kansas with 

magnitudes greater than 8 m s-l over Missouri. 

The structure of the semi-geostrophic isallobaric wind is shown on 

the 330 K level in Figure 45a. Immediately apparent in this figure is 

the strong upper level divergence of this component from the MCC loca- 

ted over southern Illinois. Figure 45b depicts isallobaric motion at 

310 K along with the well developed convergence pattern into the MCC. 

Although the magnitude of the isallobaric wind at 330 K is not quite as 

intense as in the previous case, its divergence and convergence pattern 

at 330 K and 310 K respectively is more pronounced. 

The surface pressure tendency component of isallobaric motion, de- 

picted in Figure 46, converges into MCC B. This term, however, is weak 

in intensity in comparison with the integrated pressure tendency term 

at 330 K (see Figure 47a). Upper level velocity divergence out of the 

MCC due to the integrated pressure tendency component is quite pro- 

nounced. Note that wind speeds exceed 4 m s-l throughout the region of 

strongest divergence. The dominance of the integrated pressure tenden- 



97 

Figure 45: Isallobaric wind vectors and isotachs (dashed, m 5-l) for 
(a) 330 K isentropic surface and (b) 310 K isentropic surface. Time 
period and format for jet streak and MCC B same as in Figure 32. 
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Figure 46: Surface pressure tendency isallobaric component vectors 
and isotachs (dashed, m s-l). Time period and format for jet streak 
and MCC B same as in Figure 32. 
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Figure 47: Integrated pressure tendency isallobaric component vec- 
tors and isotachs (dashed, m s-1) for (a) 330 K isentropic surface 
and (b) 310 K isentropic surface. Time period and format for jet 
streak and MCC B same as in Figure 32. 
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cy term on 330 K for both jet streak-MCC interaction events points out 

that mass redistribution within mid- and lower level isentropic layers, 

accomplished primarily through ageostrophic motion, is mainly responsi- 

ble for altering the pressure gradient force on isentropic surfaces 

throughout the atmospheric column. Figure 47b portrays the integrated 

pressure tendency component on 310 K; note that, unlike the previous 

case, this term is not the dominant component of isallobaric motion at 

this level and features no convergence/divergence pattern within the 

MCC or entrance region. 

The adiabatic and diabatic components of isallobaric motion on 

330 K and 310 K are depicted in Figures 48a, b and 49a, b, respective- 

ly. Just like the case twenty-four hours earlier, the two individual 

components on 330 K are very strong in magnitude in many locations but 

generally oppose each other in direction. The adiabatic component 

strongly converges into MCC B at upper levels, with values nearly at- 

taining 60 m s-l in southern Illinois near the center of the conver- 

gence. The diabatic component exhibits equally strong magnitudes at 

upper levels in and around the convective complex, however its wind 

field is divergent. On 310 K, the adiabatic component shows strong 

convergence into MCC B while the diabatic component exhibits equally 

strong divergence away from this same region. For each component, mag- 

nitudes exceed 12 m s-l over southern Illinois, however, an opposition 

in the direction field is observed here. Since the total isallobaric 

wind field diverges away from MCC B at upper levels and converges into 
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Figure 48: Adiabatic jsallobaric component vectors and isotachs 
(dashed, m s-l) for (a) 330 K isentropic surface and (b) 310 K isen- 
tropic surface. Time period and format for jet streak and MCC B same 
as in Figure 32. 
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Figure 49: Diabatic isallobaric component vectors and isotachs 
(dashed, m s-l) for (a) 330 K isentropic surface and (b) 310 K isen- 
tropic surface. Time period and format for jet streak and. MCC B same 
as in Figure 32. 
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the convection at lower levels, the diabatic component slightly domi- 

nates the adiabatic component at upper levels while the adiabatic com- 

ponent is dominant at lower levels. This condition is indicative of 

the delicate balance between adiabatic and diabatic modes of forcing. 

Note that the convergence (divergence) in the adiabatic (diabatic) com- 

ponent of ageostrophic motion is stronger for this case than for the 

case twenty-four hours earlier. 

The accuracy of semi-geostrophic theory is again examined in this 

second case of jet streak-MCC interaction. A comparison of the differ- 

ence field between the actual and semi-geostrophic forms for ageostro- 

phic motion, depicted on 330 K in Figure 50, points out that,large mag- 

nitudes again occur in many regions. The difference exceeds 30 m s-l 

over eastern Oklahoma while it is greater than 15 m s-l over northern 

Nebraska and exceeds 25 m s-l in the entrance region and northern flank 

of MCC B over central Illinois. Again, this large difference stems 

mainly from the discrepancy in the actual and semi-geostrophic forms 

for the inertial advective ageostrophic component. However, differen- 

ces are also larger in the comparison of the local wind tendency and 

isallobaric wind components on 330 K (see Figure 51) for this case than 

for the previous case; this difference contributes to some of the dis- 

crepancies illustrated in Figure 50. The contribution by the local 

tendency of the ageostrophic wind (f-l k x stag/ate) exceeds 12 m s-l m 

in northeastern Oklahoma and in central Illinois. Once again, as ex- 

pected, semi-geostrophic theory does not adequately describe ageostro- 
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Figure 50: Difference between actual and semi-geostrophic forms of 
ageostrophic motion vectors and isotachs (dashed, m s-1) for 330 K 
isentropic surface. Time period and format for jet streak and MCC B 
same as in Figure 32. 

Figure 51: Difference between local wind tendency and isallobaric 
wind vectors and isotachs (dashed, m s-l) for 330 K isentropic sur- 
face. Time period and format for jet streak and MCC B same as in 
Figure 32. 
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phic motion in this region of jet streak-MCC interaction where the time 

scale of the convection is short relative to the time scale of adjust- 

ment. 

C. Effects of diabatic heating on mass circulations and ageostrophic 

motion 

The results of this study show that diabatically-induced ageostro- 

phic motion is significant at upper tropospheric levels in the jet 

streak entrance region. In each case of jet streak-MCC interaction, 

the values of both the total isallobaric wind and the inertial diabatic 

wind are comparable with the values of the inertial advective wind in 

the upper branch of direct mass circulation in the entrance region. In 

this section, the effects of these diabatic components of ageostrophic 

motion on the direct mass circulation and on subsequently increasing 

wind speeds in the jet streak is examined. Also, the role diabatic 

heating plays in actually creating isallobaric and inertial diabatic 

ageostrophic motion is investigated. 

The south and southeasterly direction of the isallobaric wind and 

the inertial diabatic components of ageostrophic motion in the upper 

tropospheric entrance region for both jet streak-MCC interaction events 

indicates that these two ageostrophic wind components act to transport 

mass transverse to the jet streak from the anticyclonic side to the 

cyclonic side at this level. Since both of these components of ageo- 

strophic motion are directed nearly the same as the pre-existing iner- 

tial advective wind within the upper branch of the direct circulation, 
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the increase in the intensity of the total ageostrophic wind at this 

level through diabatic processes leads to an intensification of the di- 

rect mass circulation. This suggests a mechanism for the acceleration 

of wind speeds in the jet streak downstream. The effect of stronger 

transverse ageostrophic motion in the acceleration of winds and genera- 

tion of kinetic energy in the jet streak can be physically explained 

through the isentropic kinetic energy equation 

dk 

iit = -Uag'vfl~m + L!*E 3 (27) 

A 0 
where k is the specific kinetic energy of the horizontal wind field. 

Ageostrophic winds, which flow toward lower pressure (Jim) in the en- 

trance region, generate kinetic energy at jet streak level through ac- 

celeration within the jet core. The additional momentum generated 

through the ageostrophic imbalance towards lower pressure in the upper 

branch of the direct circulation is unbalanced and thus will inertially 

turn anticyclonically with some period proporional to the one-half pen- 

dulum day (Haltiner and Martin, 1957). At 45" north latitude, this 

period is approximately 17 hours indicating that over a time interval 

of approximately four and one-quarter hours the ageostrophic wind, with 

its downstream movement, will rotate approximately ninety degrees and 

be orientated along the direction of the mean flow in the jet core. 

Thus, as indicated in Figure 52, the rotation of the ageostrophic wind 

vector creates a component of total velocity which increases wind 

speeds within the jet streak. The stronger the initial ageostrophic 
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Figure 52: (a) schematic showing diabatically-induced ageostrophic 
motion (uagl) directed in same sense as pre-existing inertial 
advective wind (!!ag2). (b) schematic of jet streak with increased 
velocity due to inertial rotation of ageostrophic motion. 
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motion in the upper branch of the entrance region, the stronger the in- 

crease in wind speeds downstream in the jet core. 

These results have demonstrated that diabatic heating forces ageo- 

strophic motion in the isentropic framework through both isallobaric 

and inertial diabatic effects. Figure 53 illustrates the effect of di- 

abatic heating in the MCC in creating isallobaric motion. With the 

development of the MCC, the gradient of the heating distribution will 

form a diabatic component of the isallobaric ageostrophic wind through 

intensification of the pressure gradient force on isentropic surfaces 

in mid- and upper levels of some regions and reduction of the pressure 

gradient force in other regions. The isentropes in the region of 

strong diabatic heating drop to higher pressure levels in association 

with a general increase of temperature in the region of convection. 

Within a vertically-sheared geostrophic current of uniform direction, 

the warming of the troposphere in the region of convection increases 

the thermal wind to the left of the current and decreases the thermal 

wind to the right of the current. The upper level isallobaric winds, 

forced diabatically, are a manifestation of these processes and lead to 

an increase in the horizontal mass divergence from the MCC in the upper 

levels. In the entrance region of the jet streak the motion realized 

through diabatic forcing is directed in the same sense as the upper 

branch of the direct circulation. With the mass flux divergence cre- 

ated by isallobaric motion aloft, the surface pressure tendency subse- 

quently becomes negative immediately beneath the MCC and becomes posi- 
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Figure 53: Vertical cross section schematic normal to jet streak (J) 
showing (a) location of developing MCC in relation to direct circu- 
lation in entrance region, (b) upper level isallobaric wind [(g.s)d] 
forced by differential diabatic heating in mature MCC with resu ting 1 
surface pressure tendencies and (c) resultant lower level 
adiabatically-induced isallobaric wind [(IJis)a] convergence into MCC. 
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tive in regions flanking the convection. The changing surface pressure 

field due to the redistribution of mass results in an adiabatic compo- 

nent of the isallobaric wind at low levels which converges into the MCC 

and is coupled with the isallobaric wind at high levels that forces 

divergence from the MCC. Beneath the jet, this ageostrophic flow is in 

the same direction as the pre-existing lower branch of the direct cir- 

culation. This mesoscale circulation within the MCC therefore acts to 

intensify the thermally-direct mass circulation in the entrance region 

of the jet streak. 

The concept that lower leve7 isallobaric winds converge into the 

MCC and upper level isallobaric winds diverge away from the MCC has 

been physically verified by the results of this case study and provides 

a physical basis for the forcing of this component of ageostrophic mo- 

tion by the combination of adiabatic and diabatic processes. For each 

jet streak-MCC interaction event, the adiabatic isallobaric mode con- 

verged into the MCC at lower and upper levels while the diabatic isal- 

lobaric mode diverged away from the MCC at lower and upper levels. The 

sense of the net circu7ation is determined by the diabatic forcing 

within the MCC at the mesoscale and the direct circulation within the 

jet streak at the synoptic scale. Such a circulation represents an ad- 

justment of the mass-momentum and pressure distributions whereby the 

horizontal branches of the mass circulation become directly linked with 

the vertical branches. The diabatic isallobaric mode strengthens the 

upper branch of the direct mass circulation in the entrance region of 
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the jet streak while the adiabatic isallobaric mode strengthens the 

7ower branch of this circu7ation since the upper 7eve7 divergence and 

lower level convergence fields within the MCC are directed in the same 

sense as the pre-existing ageostrophic motion field in the entrance 

region. The combination of the results from this study of processes in 

the entrance region of the jet streak show that: 1) a diabatically- 

induced isallobaric wind exists within the isentropic structure, 2) the 

isallobaric motion field associated with the MCC produces a direct cir- 

culation and 3) the diabatic mode dominates the adiabatic mode of isal- 

lobaric motion at upper levels while the reverse is true at lower 

levels. The diabatically-induced isallobaric wind provides the physi- 

cal basis for the findings of Maddox and Ninomiya that jet streaks are 

intensified through diabatic processes. 

The fact that the sense of diabatically-induced ageostrophic mo- 

tion through isallobaric processes is the same as the upper branch of 

the direct circulation associated with the jet streak is in all likeli- 

hood determined by the inertia7 diabatic ageostrophic motion. In the 

vertically-sheared flow of the entrance region diabatic heating will 

produce inertial diabatic ageostrophic motion in mid- and upper levels. 

Thus, in the entrance region of the jet streak where both diabatic 

heating rates and vertical wind shears are strong, the vertical mass 

transport associated with the diabatic heating serves to transport mo- 

mentum upward where horizontal momentum is now less than the geostro- 

phic momentum balance of the higher level. Thus, the momentum in the 
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Figure 54: Vertical cross section schematic normal to jet streak (J) 
showing pre-existing direct circulation in entrance region and source 
of inertial diabatic wind (u in,d) through combination of diabatic 
heating and vertical wind shear in MCC. Dashed lines indicate typi- 
cal observed wind speeds (m s-l) in vicinity of jet core. 
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regions of upward diabatic mass transport is subgeostrophic and is ac- 

celerated into the direction of the pressure gradient force towards 

lower $m values, thereby generating kinetic energy and intensifying the 

jet streak. Inertial diabatic motion is directed from the anticyclonic 

side to the cyclonic side of the jet streak at upper tropospheric 

levels (see Figure 54) in the same sense as the thermally-direct mass 

circulation of the larger scale. This orientation of inertial diabatic 

motion in the entrance region produces a diabatically-induced mass cir- 

culation which systematically generates kinetic energy at the larger 

scale in the upper branch of the entrance region. The increase in ki- 

netic energy accumulates downstream in the jet streak through .mass- 

momentum adjustment due to anticyclonic rotation through inertia7 ac- 

celerations. 
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5. Conclusions 

Twice during the AVE.IV experiment, the wind speed within upper 

tropospheric polar jet streaks increased by some 15 m s-l over a time 

period of six hours or less; during corresponding intervals of time 

mesoscale convective complexes southwest of each jet streak intensified 

and expanded in area1 extent. Large precipitation amounts from both 

MCC events dictate that substantial diabatic latent heating occurred 

within these severe storms. The case studies of each jet streak-MCC 

interaction event in this study establishes physical evidence for the 

direct link between diabatic heating within each MCC and the intensi- 

fication of winds within each jet streak. 

Analyses of each jet streak-MCC interaction event revealed that 

intense mesoscale mass circulations existed within both storm systems. 

Strong horizontal mass flux divergence away from the MCC at upper 

levels in the troposphere was generally balanced by strong horizontal 

mass flux convergence into the MCC at lower levels, both of which were 

linked to the strong vertical diabatic mass flux within the MCC. The 

intensity of winds within the core of the downstream jet streak is 

linked with the strength of the ageostrophic motion directed towards 

lower pressure within the upper branch of the direct mass circulation 

in the entrance region. From this fact, the results demonstrate for 

these cases that with diabatic heating located in the rear-right flank 

of the jet streak, the kinetic energy of the downstream jet streak's 

diabatically-induced ageostrophic wind components intensifies the 

thermally-direct mass circulation. 
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The following are results and conclusions from the AVE IV case 

studies of jet streak-MCC interaction: 

(i) A relative comparison of the components of ageostrophic mo- 

tion indicates that the magnitudes of diabatically-induced ageostrophic 

wind components were significant at mid- and upper tropospheric levels 

during periods of intense convective activity near the entrance region 

of the jet streak. 

(ii) The isallobaric component of the ageostrophic motion field 

was primarily responsible for driving the mesoscale mass circulation 

within each MCC. An explicit separation of isallobaric motion into 

three components; a surface pressure tendency component an adiabatic 

thermal wind component and a diabatic thermal wind component, reveals 

that these adiabatic and diabatic thermal wind components were in oppo- 

sition to each other in lower and upper tropospheric levels. Diabati- 

tally-induced isallobaric motion produced by diabatic heating within 

the MCC increased the horizontal temperature contrast between the con- 

vective region and the environment and forced motion away from the MCC 

at lower and upper tropospheric levels. The adiabatically-induced 

isallobaric wind decreased-the horizontal temperature contrast between 

the MCC and the environment and forced motion into the MCC at lower and 

upper levels. This adiabatically-induced decrease in horizontal tem- 

perature contrast occurs through adiabatic cooling by upward vertical 

motion with the MCC and adiabatic warming by subsidence in the environ- 

ment. The agreement between the sense of the isallobaric mass circula- 
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tion and the actual mass circulation establishes that the diabatic com- 

ponent dominated the adiabatic component in upper tropospheric levels, 

while the reverse was true in lower tropospheric levels over the period 

of the case study. 

(iii) The isallobaric component of ageostrophic motion in both 

lower and upper tropospheric levels was directed in the same sense as 

the lower and upper branches of the direct mass circulation in the en- 

trance region of the jet streaks and thus provided a mechanism for jet 

streak intensification through generation of upper tropospheric kinetic 

energy. 

(iv) The inertial diabatic component of ageostrophic motion, pro- 

duced through heating within a vertically-sheared momentum structure, 

attained magnitudes of 10 m s-l in the upper tropospheric entrance re- 

gion and was an important source of kinetic energy generation for the 

jet streak. 

(v) As expected from theoretical considerations, the semi- 

geostrophic approximation for ageostrophic motion was not adequate for 

the description of ageostrophic motion in the regions of convection due 

to the rapid evolution in the ageostrophic wind structure and the rela- 

tively large values for spatial derivatives of the ageostrophic motion. 

(vi) The intensities of the horizontal and vertical mass flux di- 

vergences, and thus the mesoscale mass circulation, were stronger with- 

in MCC B (the second case) than within MCC A (the first case). In 

agreement with tnese features, the convergence and divergence of isal- 
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lobaric motion and adiabatic and diabatic modes of isallobaric motion, 

and mid- and upper level inertial diabatic wind speeds were more in- 

tense for MCC B. 

In this AVE IV case study, the estimates of the ageostrophic mo- 

tion and its components were occasionally inconsistent both spatially 

and temporally. Accurate estimates of ageostrophlc motion structure 

from observatlons requlres that both the wlnd and mass fields be ana- 

lyzed accurately, since observations are discrete and contain bias and 

random errors and the sampling of the rawlnsonde network In tlae and 

space is not optimal. Use of higher spatial and temporal resolution to 

resolve and predict the mesoscale will likely requlre Improved accuracy 

of observations and an increase of sampling in time and space. 

In future research of scale interaction the application of hydro- 

dynamic stability criteria Is needed in order to study, for given forc- 

ing, the response of transverse circulations around the jet streak In 

the regions of reduced lnertlal and static stability which are associa- 

-ted with outbreaks of severe weather. A detailed study of this type of 

Interaction ~111 require analysis of mode7 simulation of the processes 

In order to specify accurately several physical processes which may 

only be computed through residual calculations from observational ana- 

lyses. 
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