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1. Introduction

It has long been known that surface fronts sometimes move at

higher velocities than the cro!ssfrontal component of the actual

surface wind would support. In these cases, the crossfrontal

component of the geostrophic wind has been demonstrated to provide a

somewhat more satisfactory explanation of surface frontal motion.

However, frontal motion fasnter than thc' geow-trophic cro..-c, Yontal

component would support has also been observed. Past research has

suggested that the isallobaric component of the ageostrophic wind may

be responsible for this phenomenon. However, to date, the

isallobaric wind has not been shown to directly Influence processes

which contribute to surfac-e frontal motion; specifically,

isallobarically induced enhancement ot crossfrontal wind components

and apparent propagation through if=allobaric frontogenetical

forcing. This paper will examine the role of isallobaric forcing on

surface frontal motion and frontogenesis through its influence upon

these two processes in three ca-e studie- over the Central United

States.

Studies of the factors involved in surface frontal motion have

yielded a wide variety of results. For instance, Brundidge (1965) in

his study of cold fronts, noted that the irontal speed was

approximately double the normal wind component measured after frontal

passage at :30 feet (ft) and found better agreement in most cases with

the normal wind component measure~d at 000 f , Brundtdgo' results-

suggest that geostrophic flow normal to the frontal surface might

provide better agreement with the observed surface frontal motion
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than the actual s_ urface winds. Geostrophic balance across a front

was used by Hoskins and Bretherton (1972) in their model of

frontogenesis, but they noted that tangential accelerations are also

important. Recent studies (Hobbs and Pearson, 1982; Bond and

Fleagle, 1985) have noted that in some cases surface cold frontal

motion is accurately determined by the gravity current equation;

however, Smith and Reeder (1988) have quetioned this apparent

agreement of observed -urface frontal speeds with the _Alculated

speeds of internal gravity waver and noted that except where cold

fronts become orographically trapped, there 1s little evidence to

suggest that frontal speed is controlled by gravity waves rather than

by processes which operate on the frontal scale itself, where the

ageostrophic crossfront circulation plays a central role. One

component of the ageostrophic wind was considered by Brunt and

Douglas in 1928. In particular, they presented some evidence of

isallobaric forcing's impact on surface frontal motion, but due to a

sparse observation network which did not allow the computation ot

accurate frontal positions, geostrophic winds, or isallobaric winds

their hypothesis remained unproved.

Another mechanism by which fronts may propagate is by the

frontogenetical forcing associated with the actual wind.

Two-dimensional models of horizontal shear frontogenesis have

demonstrated that when a significant along-front temperature gradient

exists, it is possible for a cold front to propagate faster than the

wind behind the. ctld front (Reednr and Smi.th 1'86, 1987; Reeder

1986). Furthermore, Saucier (1'1-)1)) notod that, the i-al lobaric wind

is frontogenot[cal near the regions of pressure falls and that the
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magnitude of the frontogenesis in the lower troposphere is large in

the same areas. In conditions similar to those noted above (strong

along-front temperature gradient), i.allobaric forcing on

frontogenesis may also influence surface frontal motion through an

"apparent" propagation.

In this study the isallobaric contribution to surface frontal

motion and surface front genes.s i, estimated by use of the

frictionless isallobaric wind. A reprrentation of typical pressure

tendencies associated with a mid-latitude cyclone is depicted in Fig.

1. The frictionless isallobaric wind should reach its maximum

magnitude between the region of pressure rises behind the cold front

and the pressure fall region ahead of the cold front. Also, the

frictionless isallobaric wind should have a local maximum of

magnitude around the pressure fall center north of the warm front.

Based upon these distributions, it is expected that the frictionless

isallobaric wind will be found to contribute to increased speed of

surface frontal propagation. Defining frontoganesis as the

Lagrangian rate of change of the magnitude of the temperature

gradient, the frictionless inallobaric wind in Fig. I would act as a

frontogenetic wind field through redistribution of the maximum

temperature gradient.

2. Data and Methods

2. 1 Data

Locations of the 336 ourtace ohrvaifon stations used to compile
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Fig. 1. A typical isallobaric distribution for an extratropical
c~yclone. A (4) represents a pressure rise center and a(-
represents a pressure fall center. Arrows represent maxima
of the frictionless isallobaric wind and broken lines ait~i
isotherms.
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the data base for this study are indicated in Fig. 2. Data input

from each observation location included the following: temperature,

dewpoint, wind direction, wind speed, and altimeter setting. The

above mentioned elements from hourly and corrected surface airway

reports were manually entered into computer input files. in addition

to possible error from incorrect dissemination of the observed

elements, this methodology introduced the additional possibility of

error due to incorrect transfer of the data to the data sheets and

incorrect typing into the input files. The methods used to screen

the data set for errors are discussed in Appendix A.

Brundt and Douglas (1928) and Saucier (1955) both noted that

correct representation of the isallobaric wind requires the

evaluation of the pressure tendency field over the shortest time

interval possible. In the absence of barometric traces for each

observation location and given the meteorological data available, the

shortest time period for which pr-essure tendencies can be computed is

1-hour. Saucier 1955) a]lured to the use ot :3-hour pressure

tendencies for determinirig the pr-e.ssure change due to synoptic

influences, but he noted that in the middle latitudes the effect of

the semi-diurnal pre-sure wav, is large enough to make 3-hour local

pressure changes mi:sleading. Smaller scale influences such as

pressure changes due to th,]ndersl-ormr can also influence the

tendencies. In the absence ol a spectral analysis to identify the

different components of the press-ure tendency, the easiest way to

-mooth the inflienes dIscussd earl ir Is t u.se the average change

over a 2-hour period.
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2.2 Methods

The actual wind at any point is defined as the sum of the

geostrophic and ageostrophic winds. Therefore, it is pos..i ble to

compute the ageostrophic wind at that point by subtracting the

geostrophic wind from the actual wind. Actual winds at each

observation location were broken into u and v components and fitted

to a one degree Iatitude-longitude grid u.-ing, the Cressman (1959)

objective analysis scheme which is descibed in Appendix B. The grid

is located over the Central United States and extends from 47"N to 300

N and from 85*W to 105 0 W (Fig. 2). The total number of grid points

is :378. Gridspacing is, 11I. LC kilometers (kin> between grid points in

the north-south direction and the distance between grid points in the

east-west direction varies , from 75.83 km to 96.29 km at the northern

and southern grid boundaries, respectively. Surface geostrophic wind

computations require an accurate representati on of the surface

horizontal pressure gradient force which is oasi ly obtained ovet

level terrain; however, the area under con.sideration is sloping

terrain which introduces the problem of eliminating the vertical

variation of pre.-ure with height in order to obtain the true

horizonta] pressure grad lent force.

2.2. 1 Horizontal Presure Gradient Fcorce Computattons

S Fnrgster (16(0, IP67) .rnotig o)thei:3, ln- , tiOtoA d the pr-blem5 with

u-ing s-tation pressures reduc-ed toi rsena level Ior the re.presentat ion

of the surface horiznntal pressure gradF rIdPT. Iorco and subse;quent
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computations of the surface geostrophic wind. Sangster (1987) notes

that the plateau correction, which is imp] icJtly included in the

reduction of station pressures to sea level for station elevations

above 305 meters (m), has the effect of producing a northerly

geostrophic wind component in -the summer over the Great Plains, and a

southerly geostrophic wind component there in winter with values of

-!
around 10 m s for the component, under- oxtreme onditions. Sangster

(1960, 1987) has also shown that it is possible to compute the slope

of a consitant pressure surface in non--Jiobaric coordinates by use of

the altimeter correction method developed by Be] l]amy (1.9415).

Hereafter, all references to Bellamy will be from his 1945 paper.

The altimeter correction (D> is defined as fto] ows:

D = 2 - Zp, (I)

where Z is the elevation of the station above sea level and Zp is the

pressure altitude of the station pressure. Following Bellamy, the

value of D can be used to ap~proximate the height of any constant

pressure level, For a given station pre:ssure, the pressure altitude

is the height of the obs7erved station pressure in a defined standard

atmosphere using the hypsometric equation

Zp2 = Rdg 1TP~n(P2,'i) + Zp(, k2)

where Rd I- the dry g-s con--tant,, g I t.he- ace Ileration due to

gravity, Tp If; tl, man tan)dar-d nt mopherc tomperature of the

layer, P8 Is the |)resInre -)t leve] , ZIp I-; the pressure altitude at



level 1, P;, s the pressure at level 2, and 7-p2 is the prerssFure

altitude at level 2.

In this study the National Advisory Committee for Aeronautics

kNACA) s:7tandard atmosphere was- usend. The NACA standard atmosphere

has the following characteri!t,ic-s (Haltiner and Martin, 1957):

a. As~sume dry alit

b. Base level. pressu;ire-, PO 10]13- 215 nib.

C. Base temperature T is%30 .

d. Lapse rate =0. 65 G 100 in or z ,1076(59 mn,

e. gravity =-980.665 cm 'e

The correction for temperature and moisture may be derived by

starting with the hypsometric equation for the actual atmosphere.

F2 - =-Rdg-'T,,In(P?2 1 ), (3)

where Tv isthe meian vir-tualI tomni-aiture for the layer. Multiplying

Eq. 3) by Tp T 1, defining the- pressuFare-- at level I as 101:3.25 mb,

and substituting Eq. (2) for the press-,ure altitudJe of the observed

sc-tation preszsure (Zp2) results Jn

22 - 21013.25 = TvTf-)I Zp2, (4>

where ZI'P was calculated us!-ing Eq. (5) (Faltiner and Martin, 15)

Zp2 (in) = 44,308[.1 - (F2/1013.250)O"C 12023.
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Now by taking Tv Tp a, approximately Oquivalent to Tv Tp w,2 are

assuming that the virtual temperature and the standard atmospheric

temperature at the station elevation are representative of the mean

temperatures of the column, respectively. Following Ialtiner and

Martin (1957), the quantity

21013.25 = 22 - TvTpIZp2, (6)

represents the height of the .01:3.-"mb face. Bellamy defined a

quantity called the specific temperature anomaly S* which is the

deviation of the actual virtual temperature, corrected for gravity

variations between the actual and standard atmospheres, from the

standard atmospheric temperature

S* =(T* Tp)Tp-1 (7)

Bellamy's definition of vIrtua lI temperature t'" ) is-; given as

T* = gpg-tT,, (8)

where gr is the acceleration of gravity In the standard atmosphere.

The method used to calculate Tv and variations in gravity is

dis-,cussed In Appendix C. Sub-Atitutjon of I $ S for Tv Tp and D

for 7a - Zpa In Eq. (6) yelds

Z1013. 2r, = D2 - S'p2.



Equation (9) shows that the height of the 1013.25 mb surface is the

sum of the deviation of the observed column thickness from the

standard column thickness and the correction due to differences of

the observed virtual temperature from the standard atmospheric

temperature. Sangster (1967) illustrated that the temperature

averaging process used in the reduction of station pressures to sea

level effectively "masked" the diurnal variation of the surface

geostrophic wind over the Great Plains. More importantly for the

purposes of the present study is the effect that 12 hour temperature

averaging would have on an accurate determination of the surface

geostrophic wind where a change of air mass has occurred due to

frontal passage since the temperature change associated with some

fronts can be greater than the normal diurnal temperature change.

The slope of the constant pressure surface may be obtained by

substitution of D in the coordinate transfer equation

VUD = VP[ + (dDO-t )VHZp, (10)

v.here the I{ subscript means horizontal in cartesian coordinates and

the p subscript implies isobaric coordinates. Since ;D;Zp = S*, the

hydrostatic equation in the ) system, substitution of S into Eq.

(10) with some rearrangement yields

VPD = V11D - S VHZp. (11)

Further examination of Eq. (1 1 ) wi l l demonr--ate the problems of this

method that Sangster (1960, 1987) discusses. Reintroduction of the
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subscripts for the pressure levels defined earlier and remembering

that the pressure altitude of the base level (Zp1 ) is equal to zero,

Eq. (11) can be written in the following form:

VPZ10oi3. 25 = (1 + S )VuID2 - SVIIZ2. (12)

The second term on the right hand side shows that the slope of the

101:3.25 mb surface depends partially on the sloped terrain. Values

of D computed at the observation locations depend upon the station

elevations and if the elevations at the grid points differ greatly

from the station elevations, introduction of a fictitious effect

occurs. A satisfactory solution to this problem was achieved by

fitting station elevations to the grid using the same Cressman (1959)

weighting scheme as was used for computing the D values and specific

temperature anomalies at the grid points. Sharp changes in grid

point elevations can also introduce a fictitious slope that are not

the result of the horizontal pressure differences. To minimize sharp

elevation changes, grid point elevations where then smoothed by a

two-pass five-point formula given in Appendix C. The smoothed

elevations used are shown in Fig 3. The other problem results from

the assumption of the mean standard atmospheric temperature of the

column as equivalent to the standard atmospheric temperature at the

station elevation. By uGing the standard atmospheric temperature at

station elevation, a temperature that will always be colder than the

mean standard atmospheric temperature is u-,ed. Referring to Eq. (7)

the specific temperature anomaly would be greater than if the mean

standard atmospheric temperature was7 used. Reduction of the error
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caused by this assumption was achieved by the use of an approximate

mean standard atmospheric temperature taken as the average of the

surface and station elevation standard atmo;pheric temperature.

2.2.2 Geostrophic Wind in the D System

The expression for the g sti ophtc wind in is,-baric coordinates is

X k, (13)

where f is the crrioli parame.ter and k is the vertical unit vector.

Substitution of Eq. (12) for the slope of a constant pressure surface

in Eq. (13) gives

V9 = -Cf-'[(1 + S*)VD _ S*] X (14)

The u and v components of the geostrophic wind (ul , vp) obtained from

Eq. (14) are as follows:

+ S*O dy-) _ S62yy "  (15a)

v9 - II(-- )dx -= S*6D) ft- ) + 1- (15b)

Equations (15a) and (15b) are equivalent to the method used by Bonner

and Paegle (1970) to confirm the diurnal variation of the surface

geostrophic wind discovered by Sangter" (1'-67). I) values and

specific temperature nm)Tlies were computed at each station and the
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Cressman (1959) weighting scheme was used to fit the 
values to the

grid points. Equations (15a) and (15b) allowed the computation of

the u and v components, respectively, of the surface geostrophic

winds at each grid point (excluding boundary grid points) using

centered finite differencing to approximate the derivatives.

2.2.3 The Ageostrophic Wind

The vector form of the equation for the ageostrophic wind may be

written as (Saucier, 1955)

1 2 3 4

Vag = k X (f- VgC + f+ £VH@VVQ + Wf dVgd1 Z
--I+ C-t dVgdt-), (16)

where t is time and V14 is the actual horizontal wind vector. Term 1

in Eq. (16) represents the ageostrophic wind due to a changing height

distribution with time in isobaric coordinates (isallohypsic wind),

or in cartesian coordinates is the acceleration due to changes in

pressure gradient and specific volume over time. Term 2 represents

the ageostrophic wind due to the horizontal advection of the

geo.trophic wind. Term 3 represents the convective ageostrophic wind

due to the vertical advection ol the geostrophic wind. Term 4 is the

component due to the acceleration of the ageostrophic wind. Note

that the frictional term was not included in Eq. (16). As shown by

Saucier (1955), there i..s a component of the ageostrophlc wind

(antitriptic wind) due to frictional acceleraions.

The expression for the Isaflobaric wind was derived by Brunt and
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Douglas (1928) and can be expressed as (dialtiner and Martin, 1957)

V S, (17)

where VIS is the isallobaric wind and A Is the specific volume.

2.2.4 Isallobaric Wind in the D System

Since the surface geostrophic wind was computed in isobaric

coordinates, consistency required an expression for the frictionless

isallobaric wind in the same coordinate system. With the assumption

of hydrostatic equilibrium, the equivalency of the isallobaric wind

in cartesian coordinates to the expression on the left hand side of

Eq. (18) can be shown.

-2 * - = --g( (I + S )Vnf(dDdt f) VH(P,, ) (18)

The u and v components of the isallobaric wind (u1 , v1s ) obtained

from the left hand side of Eq. (18) are as follows:

Ut = .-.- 2 [( + S"' )(d(0Di"t -,X)], (19a)

Vt.= + S*)(O(Dt-j)Z) (19b)

In order to evaluate Eqs. (19a) and (19b), the change of I) was

computed from
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(Do t  I ) = (Dt.. , - Dt +,)/2, (20>

where the subscript t is the time in hours. D change values from Eq.

(20) and the specific temperature anomalies at each station were

computed and the Cressran (1959) weighting scheme was used to fit the

values to the grid points. Centered finite differencing was used to

evaluate the derivatives in Eqs. (19a) and (19b). Young (1973)

demonstrated the deviation of the isallobaric wind in the boundary

layer to the left due to the effects of friction (Fig. 4). Thus the

frictionless isallobaric wind a s an estimator of the surface

isallobaric wind will not posses the deviation to the left as well as

having a somewhat larger magnitude.

2.2.5 Locating Surface Fronts and Computing Surface Frontal

Velocities

Objectively defining a front at the surface is still at best a

difficult procedure. For example, defining a front based upon the

magnitude of the gradient of temperature may work well for anafronts

(the prefixes 'ana' and 'kata' are as defined by Bergeron (1937))

which are usually defined by sharp changes in temperatures however,

the katafront is usually accompanied only by a drop in relative

humidity (Browning and Monk, 1982). An example of the magnitude of

the temperature gradient for one hour from the 31 Jan 89 case study

illustrates the difficulty of defining the front based soley on

magnitude of the temperature gradient (Fig. 5). It is generally

accepted that the maximum temperature gradient should be located
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behind a cold front. If this criterion is used as the only parameter

by which to locate the front, the wetern one-third of the Qold front

is well defined; however, the eastern two--thirds of the cold front

does not conform to this pattern. Based upon the uncertainty of

frontal postioning in areas of weak temperature gradient, it was

decided to use the more subjective approach of defining the surface

frontal positions using all available surface parameters. In order

to reduce the bias that may result from this procedure, surface

analyses produced at the National Meteorological Center were used as

guides for location of the surface fronts at 1500, 1800, 2100, and

0000 G.M.T.. Surface frontal positions at intermediate hours were

determined from plotted station data.

Frontal velocities were determined from hourly surface positions

for various hours within each case study. Some error in the

determination of surface frontal velocities is to be expected with

the subjective method of frontal location; however, the resultant

frontal velocities are considered accurate enough for the purposes of

this study. The component of the geostrophic, actual, and

frictionless isallobaric winds normal to the surface front were

determined for the same periods as the frontal velocities. The

normal component of the respective wind for each segment of the

frontal zone (segment defined as the length of front one-half the

distance from each grid point) is determined from the nearest grid

point. The nearest grid point definition is based upon one-third of

the distance from the middle of the front to the grid point. If the

front was located more than this distance away from the two nearest

grid points, the crossfrontal component was taken as a linear average
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of the crossfrontal components from the two nearest grid points.

Frontal velocities along with the crossfronta component by the

actual, geostrophic, and frictionless isallobaric winds are displayesi

together in figures hereafter called frontal velocity maps.

2.6 Computation of Surface Frontogenetical Forcing

Petterson (1956) demonstrated that by assuming adiabatic motion

and neglecting the vertical component of motion, the kinematic

factors involved in surface frontogenesis of a potential temperature

field may be expressed in terms of the deformation, divergence, and

the angle of the isotherms from the axis of dilitation. Petterson

further demonstrated that for synoptic scale motions the divergence

term may be neglected and obtained the now classical result that if

the angle from the isotherms to the axis of dilitation is less than

45 degrees frontogenesis occurs and if the angle exceeds 45 degrees

frontolysis occurs. In the scale of motion associated with a

developing cyclone or a front, it is possible for the divergence term

of the surface frontogenetical function to be of the same order of

magnitude or larger than the deformation term. For example, in their

case study of a developing cyclone, Moore and Blakey (1988) had

contributions to the surface frontogenesis from the divergence term

of the same order of magnitude as the deformation term. By

definition the contribution to surface frontogenesis by convergent or

divergent motions of the actual wind field has to come from the

ageostrophic component. Surface frontogenesIs evaluated as the

Lagrangian rate of change of the horizontal temperature gradient
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magnitude and with the vertical component of motion removed may be

written as (Jascourt et al., 1988):

= d(IIVTI)/dt = -lid'rx 1[o010'Y d uOdx t + dTdOy IvdX i]

+ drdy-t[rox- (uJy -t + Tdy- dvdy-] -

[rTdx -i (dTdt I-)x -1 + aroy-l (dTdt-')dy-'])/IIVTII, (21)

where J1T|I is the magnitude of the temperature gradient. By using

the quantities defined below

Shearing Deformation = Sr = dudy -i + dvdx- ,

Stretching Deformation = St = dudx - dvOy -I

Divergence = V * V = Div = oudx- + ovay- ,

it can be shown that Eq. (21) may be written as

-((dToax-toyTo0y-I)Sr + [((6l'd0x-1)2+(oI'6dy-)2)Div]/2

+ (((6drX-1)2-(6ardy- )2)St ]/2 - (22)

(dTofx -0(dTdt-')dx-' + dfay- 1d(dTdt 1 )0y -']}/ IVT l.

The last term on the right hand side of Eq. (22) represents the

temperature tendencies portion of the frontogenesis function

[dTOx td- (dTdt-t )dx-t + dyl-(dTdti) t i,] uvril. (23)

Other studies (i.e., Jascourt et. al., 1988) have often ignored

this term. A short discussion on the validity of neglecting the

temperature tendencies term is presented In the first case study.
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Breaking Eq. (23) into its advective and local change components and

reuniting the result with Eq. (22) gives a form of the

frontogenetical function that can be evaluated for the u and v

components of the actual and isallobaric winds,

=d <7Tr-dTOy )Sr] + 1-2 + (dTfty- 1 )2 )Div]/2

+ [((OTdx I)2 (olOy- 1 )2 )St ]-2 - [dTUx-td(_dt -)O-i

+ + dx -- ( -VVT) -x -  + j''7jy )( Jf - ) - (24)

+ dldy O(VOVT)Oy )./IIVT II,

where VOVT was evaluated as

V*VT = u(T/Ox) + v(dT/dy),

Equation (24) was evaluated for the actual and frictionleso

isallobaric winds. The frictionless isallobaric wind was available

on all except the exterior grid points (latitudes 470N and 300N,

longitudes i05 0 W and 85aW). The derivatives in Eq. (24) were

approximated using centered finite differencing except for the

exterior grid points where uncentered finite differencing was used.

Because the times when the actual- wind is measured at observation

locations can vary considerably, a sensitivity study was performed to

determine how frontogenetical forcing can be influenced by small

changes in the actual wind, This is discussed in Appendix D.

3. Results

Contributions by the isallobari.c wind to surface frontal. motion

and surface frontognetical forcing are examined in three case

studies. Differing synoptic conditions in each case study a] low

observation of varied isallobaric patterns In the vicinity of
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surface f ronts. The :31 January l'4-89 case study investigates the

isallobaric effects on a cold front that serves as a boundary for an

arctic air mass moving south from Canada. The other two case studies

(15 November 1988 and 7 January i983) examine isa]. lobaric influences

associated with developt ng mid-latitude cyclones.

3. 1 31 January 1989 Case Study

On 31 January 1989 a cold front located over South Dakota and

Minnesota at 1800 G.M.T. moved south and was located from

south-central Nebraska through Iowa and into central Wisconsin by

0100 G.M.T. 1 February 1989 (FIg. 6). Referring to Fig. 6, it is

&pparent that the frontal zone did not c- nstate a constant

movement; decreased frontal sn--. is observed during the period

2000-2100 G.M.T. followed by increased frontal speed from 2200-0000

G.M.T. These frontal velocity changes correspond to pronounced

changes in the D value (pressure) tendency field during the same

period. The National Meteorological Center (NMC) 1200 G.M.T. 850 mb,

700 mb, and 500 mb maps (Figs. 7, 8, and 9) reveal that the southerly

push of cold air through the period of interest was in response to

northerly flow in the lower levelf created by an intense closed low

over Hudsons Bay and the high pressure ridge over Northwestern North

America. Closer scrutiny of the upper air maps reveals several other

features. For example, the warm air over Nebraska and Kansas is the

result of flow over the Rocky Mountains as indicated by the lee side

trough in the lower troposphere. Surface temperatures in response to

this adiabatic warming rearched maximumn in the mid to upper 70's over
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Kansas and southern Nebraska, Notice the short northwesterly tilt of

the trough up to 700 mb above which it became almost vertically

stacked to 500 mb just north of the United States-Canadian Border.

In addition, a decreasing temperature gradient with height is

observed.

The gridded surface temperature field at the beginning of the

case study is shown in Fig. 10. This remarkable gradient created

some very interesting temperature and pressure changes as the air

mass moved southward. For examp I , at 2200 G. M. T. Valentine,

Nebraska reported a temperature of 69OF while at Pierre, South Dakota

(located approximately 150 km to the north) the temperature was 260

F. At 2300 G.M.T. , one hour after frontal passage occurred,

Valentine reported a temperature of 32 F. During the same one hour

period when the temperature drop occurred, Valentine reported an

incredible prn-ssurP rise ot 0.4 mb! Precipitation associated with

the front was in the form of light snow well behind the surface

front. Intense pressure rises behind the front along with pressure

falls ahead of the front, coupled with a frontal zone well defined by

temperature, made for an ideal, case !tudy to test the hypothesis.

The 1900 G.M.T. actual, geostrophic, and isallobaric winds in the

vicinity of the frontal zone are indicated in Figs. 11-13,

respectively. Frontal segment labels and the ageostrophic winds at

the same grid points used to compute the crossfrontal components by

the actual, geostrophic, and isallobaric winds are displayed in Fig.

14. The most apparent difference, illustrated by the 1900 G.M.r.

winds, is the larger degree of perpendicularity to the frontal zone

by the actual and isatloharic wind.s as compared to the geostrophic
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winds, especially over frontal segments G-1. However, the larger

magnitude of the geostrophic winds over frontal segments B-D and F

made for positive (in the direction of motion) crossfrontal

components kFig. 15) that were generally similar to the observed

frontal motion. The 1900 G.M.T. frontal velocities map (Fig. 15)

shows that the geostrophi c crossfrontal components do not support the

observed frontal motion at segments A and G-1. The actual wind

crossfrontal components are much closer to the observed velocity at

these segments. The reason may be due to the ageostrophic

crossfrontal component. The question then becomes how much of the

ageostrophic crosofrontal component is due to the isallobaric

acceleration.

Assuming that the frictional and isallobaric forces are the

dominant components of the observed agestrophic wind, it is possible

to estimate the isallobaric contrIbution by comparison of the

observed ageostrophic wind to the ageostrophic wind resulting from

friction. Frictional effects will be parameterized by using a 40

degree cross-contour flow and 30% roductIon (a conservative value) of

the geostrophic wind speed at three grid points used to compute

crossfrontal components. Starting with segment A (Fig. 16(1)), the

ageostrophic wind due to the frictional acceleration (Vagf) has a

much smaller magnitude and would not posses the normal component that

the observed ageostrophic wind (Vag) poas-se!. The ageostrophic wind

due to the fric tional parameterization at segment D (Fig. 16 2)) is

similar to the observed ageostrophic wind. However, since the 30%

reduction in geostrophic wind speed is prnbbly too small, the

ageostrophic wind due to f1rction would have a larger magnitude and



31

VV.

Vis

Vagff

vga Vag

-t-S

Fig. 16. (a). Ageo'3trnphl-c w nd (Vagf) at 1900 G.M.T. from estimiate
of the act~ual wind 1h~) d*- to frictional paramneterization
on the- geostrophitc wind (Vg). (b). Cor -1 ari!=en of
then ageostrophIc wind dlue to fricition, (Vagf) with the
ob-served agen-strop~ I,7 win (a g) and the frilcitlcinless
I F-aIIobar ic( wind (-c1 i) , Go:ostrophic and ageostrophic winds
are from the grid points us~ed to compute the crossfrontal
components- at frontal s7egments A (I), D (2), and G (3).
Vector magriLtudJ r-,sbae upon. a ratio of two millimeters
to one m .



32

point more towards the northeast. This suggests that the isallobaric

acceleration is counteracting the frictional acceleration resulting

in a larger actual wind crossfrontal component. This simple analysis

demonstrates that it is not necessary for the ageostrophic wind to

posses a positive crossfrontal component to indicate an isallobaric

contribution. Segment G (Fig. 16(3)) represents a case where the

geostrophic crossfrontal component is negative, but the positive

actual wind crossfrontal component is primarily the result of

friction. The above examination suggests that the magnitude of

sallobaric influence on the actua) wind crossfrontal components can

vary from dominant to insignificant.

Frontogenetical forcing by the actual wind and contributions by

the various terms (shearing and stretching deformation, divergence,

and temperature tendencies) in Eq. (24) are shown in Figs. 17-21.

Given the number of points that comprise the area of interest, a

simple analysis to estimate the frontogenetical forcing due to the

ageostrophic wind reoulting from friction is beyond the scope of this

study. Magnitudes of the component terms were not smoothed prior to

analysis. Notice that In areas where pronounced cyclonic shearing is

indicated (western South Dakota and northwestern Iowa), the

frontogenetical forcing due to shearing deformation of the actual

wind (Fig. 17) is contributing to frontolysis. As in Moore and

Blakey'a (1988) results, the magnitude of the divergence term (Fig.

19) is equiva-'nt to the magnitude by the deformation terms (Figs. 17

and 18). The frontogenesi. maximuim due to the divergence term (Fig.

19) along frontal section A--D occurs In an area where the actual

winds (Fig. 11) are converg nt within with a north--south temperature
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gradient (Fig. 10). One of the more interef-ting results of this

study was the significance of the temperature tendencies term (Fig.

20) contribution to the total frontogenetical forcing by the actual

wind (Fig. 21.). Notice that frontal segment G and I (Fig. 21) are

in a frontogenetical forcing pattern indicative of movement in

response to a redistribution of the temperature gradient ("apparent"

propagation).

Contributions by the isallobaric frontogenetical forcing terms

(Figs. 22-25) have somewhat larger magnitudes than for the actual

wind; this is not surprising given the larger magnitudes of the

frictionless isallobaric wind. The convergent/divergent nature of

the frictionless isallobaric wind is illustrated by the divergence

term (Fig. 24). As expected, the magnitudes of the divergence term

are larger than for either shearing (Fig. 22) or stretching

deformation (Fig. 2:3). The divergence term contribution is easily

visualized by observing the D value tendencies (Fig. 27) together

with the temperature gradient (Fig. 10). In addition, frontal

section A-D and to a lesser extent frointal segments Ii and I are

located in a frontogenetical. forcing pattern due to the divergence

term conducive of "apparent" propagation. An approximate estimate of

the pressure change In millibars may be obtained from Fig. 27 by

using the ratio of one millibar pressure change to 10 meters of D

value change as required for hydrostatic equilibrium near the

surface. The temperature teniiencipe term (Fig. 25) warn the primary

contributor to the total frontngenettcal ffo)re ng by tn the

Isallobaric wind (Fig. 26). (.Ansor examInatic)n of the total

frontognnqttea] forci.ng (Fig. 26) rrvnals a pattern, through which
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frontal section F-[ lies, favorable foi "apparent" propagation. The

coincidental agreement of the isallobaric and actual total

frontogenetical forcing over frontal segments G and I would suggest

that some of the observed frontal motion was indeed occurring through

frontogenetical forcing produced by the isallobaric wind.

The magnitude of the temperature tendencies term has implications

for future frontogenetical forcing studies. Argument for inclusion

of the term can best be made by examination of the assumption under

which it has frequently been eliminated. For example, Jascourt et.

al. (1988) neglects the term based upon an observed pattern of little

temperature change over time. Recall from Eq. (24) that the

temperature tendencies term is a combination of the gradient of

temperature change and the gradient of advection. Figure 28

identifies the location of two grid points ahead and behind the front

were the contribution by the gradient of temperature change and the

gradient of advection for each wind have been calculated and

presented in Table I. It is apparent from Table I that the

contribution to the temperatures tendencies term by the gradient of

advection can be of equal or greater magnitude than the contribution

by the gradient of local temperature change. These calculations

demonstrate that even with strong temperature change, the spatial

gradient of advection can be the dominant portion of the temperature

tendencies term.

Isallobaric forcing has been .ubjectively demonstrated as a

contributor to the actual wind crossfrontal components at frontal

segments (A, D, H, and I). At other frontal segments (B, C, E, F,

and G> isallobaric influence on the actual wind crossfrontal
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components was small or unclear. Difterences between the observed

frontal motion and the actual wind crossfrontal components over

frontal segments G and I are not explained by the frontogenetical

forcing by the actual wind. Magnitudes of the actual frontogenetical

forcing give a temperature gradient realignment over 100 km of only

.5C for segment I Increasing to 1.50C for segment G. Given the

magnitude of the temperature gradient associated with the front (Fig.

5), the amount of "apparent" propagation induced by isallobaric

forcing is does not appear large enough to account for the difference.

*(;RID POINT* IGCAVION t WINI) t Iii AL, * GPAD I EN I k iRA DI N I

NUM)RE R t * I- IFMP CHANGE AVECT ION

rut~~~ r* i.-*:*tttc t'* C tt* tt At4-4:4:4 C I .t t C * t t ** 4. k$ k

1 44 N 100 Wt ACTUAL , : 3. 8 t 18.4 * -14.6 4

t . 1 ISAIL * 35. 1 18.4 L. 16.7

2 t44 N ) t W AITIIAI, * -f.O -0 -2., 4 -5. 4

I S A 1A,1, v 1o.2 4 -2.9 1:3. 1

3 142 N 100 WI ACIIJA|, I 2.3 t 8.2 Ac -5.9

* A ISAIA, 103.7 * 8.2 A 8.5 8

1 4 42 N 98 W t ACTUAL, 4 4. 0 C 17. 4 -3. ] ,

Ac Ac Im All, .9 1 17. 1 4 -7.2 A

Table 1. Frontogenetical forctng by the temperature tendencies term

(Total), contribution by the gradient of temperature change, and

contribution by the gradient of advection. (X l03*K km hr"').

The period .T-:100 to 2300 G.M.T. marked the beginning of increased

frontal speed over frontal section A-K (figs. 29 and 30). Note the

strength of the isallobaric crossfrontal componenits in respnnsn to a

north-south D change gradient over frontal section E-C (Fig. 31).
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This intense gradient was the result of the 1) rise center having a

closer proximity to the front than in previous hours. The

isallobaric influence on the actual wind crossfrontal components over

frontal segments E and F is unclear due to friction; however, a

significant isallobaric c)ntrIbtltion is suggested on frontal segment

G by virtue of a positive ageostrophic crossfrontal component (Fig.

29) not indicative of friction. Srmaller- isallobaric contributions

are possible over frontal. segments A, G, 11, 1, and Q.

Frontogenetical forcing due to the actual and isallobaric winds

(Figs. 32 and 33, rec;pectively) during this period also demonstrated

an Interesting change. This change wars the frontolysis by both winds

behind frontal section D-F. With the reposition of the D value rise

center over the maximum temperature gradient, the divergence term

became a substantial contributor to the isallobaric frontolysis.

Disappointingly, the magnitude of the temperature gradient

realignment due to the actual wind frontogenetical forcing (Fig. 32)

is only 20 C over 100 km and I., not large enough to explain the

difference between the actual crossfrontal components and the

observed frontal motion. The coincidental o:ccurrencQ of increased

frontal velocity with an Increased D value rise center in close

proximity to the front sugge.-;t an Isallobaric contribution. The

diagnosed isallobaric contribution has been subjectively illustrated

on both the actual wind crosfiontal. components and on

frontogenetical forcing. ihe I ti mtedt geographica] extent of

Influence relegates the i-,alltub)aric role to one of many potential

'ontri hutors.

By 2:300 G.M.T. a we(t-southwet. -hlft of a further increased D
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value rise center to extreme southern South Dakota (Fig. 34)

corresponding].y moved the largest isa]lobaric crossfrontal components

through frontal section A--.J (Figs. 35 and 36). Notice that frontal

acceleration (from the previous hour) is indicated over frontal

sections A-F and K-L (Fig. 36). (ounteraction of friction over

frontal segments A, C, D, and F is indicated by ageostrophic winis

parallel to the front (Fig. 35) and actual. crossfrontal components

similar to geostrophic crossfrontal components (Fig . :36). Unlike

previous hours, a somewhat consistent isa]lobaric influence was

indicated where the maximum isallobaric crossfrontal components

occurred. Unfortunately, no Improvement of frontal motion

diagnostics by the actual crossfrontal components is indicated at any

frontal segment where an i.s allobaric influence is suggested.

Isallobaric influence (Fig. :37) on the actual wind frontogenetical

forcing (Fig. 3B) would again appear to be manifested as frontolysis

behind frontal section B-L. While the addition of velocity induced

by the actual wind frontogenetical forcing to the actual wind

crossfrontal components would appear to provide better agreement with

observed frontal motion than the geostrophic crossfrontal components

at some segments (C, D, and F), it is unclear that this would be the

case at other segments (A, B, and H). The limited area of

isallobaric influence is shown by little or contribution on the other

frontal section (K-L) displaying increased velocity.

In summary, significant isallobartc kinematic and frontogenetical

fnrc_:.ng contributions were fnd icated at s)re frnntal 3segments in this

case study. The appearanc7e of "apparent" propagation in this case

study suggests that some frontal motion occurs through frontal
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retleveIopment. The isallobaric acceleration has been shown as a

,cuntributor to this frontogenetically induced motion. Diagnosing an

isal lobaric contribution tn surfacne frontal met ion thi ough the actual

wind crossfrontal components make the significance of isallobaric

crossfrontal components difficult to determine. However, strong

isallobaric crossfrontal components were indicated across many

frontal segments. The fact that the actual wind crossfrontal

components on these segments did not consistently (until the

isallobaric acceleration became unusually large) display an

isallobaric influence suggests that the contribution may have been

somewhat random. When seno, consistency of isallebaric influence on

the actual wind crossfrontal components was Indicated (2300 G.M. T. ),

evidence of a limited isallobaric contribution was given by the

geostrophic crossfrontal components in better agreement with the

observed frontal velocity than the actual, wind cronsfronta]

components.

3.2 15 November 1988 (.Case Study

At 1200 G.M.1. an intense shor twave moved out of the southwestern

United States (note the strength of the 500 mb height falls over

northern New Mexico, Fig. :31:) I.nte a barocinic environment favorable

for rapid surface cyclogenesis (Fig. 40). This well defined

baroclinic zone over Kansas and Nebras ka was predominately due to

vigorous warm air, advect tion In the lower levels (Fig. 40). l'hi c warm

air advection over the past 12l, hours. moved the warm front from Kansas

to the 1600 G.M.T. pod tien over Minne_-,ota and Wisconsin (Fig. 41).
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As indicated by the NMC 1200 G.M.T. 850 mb chart (Fig. 40), cold air

advection extended from South Dakota to western Nebraska. By the

beginning of the case study -1(500 G.M.T. , Fig. 41), cold air

advection promoted the development of the cold front from the

Oklahoma Panhandle to northern New Mexico and was partially

responsible for the cold front from Kansas to eastern Nebraska. The

upper level shortwave concurrent with the baroclinic zone facilitated

the development of an intense surface cyclone over southwestern

Kansas that moved Into northeast Kansas by 2300 G.M.T. (Fig. 41).

The cold front extending from Oklahoma into Texas at 1600 G.M.T.

(Fig. 41) stemmed from advection of dry ai.r (Fig. 40) and subsequent

frontal development due to an abrupt change in moisture.

In addition to surface cyclone development, this case study

differs from the :31 January case study in two important respects:

First, widespread coitvective precipitation was indicated throughout

the entire period of consideration (Figs. 42, 4:3, and 44). Many

tornadoes were reported in the impressive line of thunderstorms that

materialized from Iowa to Texas. Thundersnows were reported in the

isolated convection over central and northwestern Kansas. Second,

rapidly changing D value tendencies at the surface created a myriad

of isallobaric forcing patterns, while the :3L January case study

exhibited a more consistent isallobaric pattern. In this case study,

cold air advection initially resulted in D value rises (1600 to 1800

G.1M. T. ) behind the cold front extending from Kansas to Nebraska. As

the surface cyclone moved northeast out of southwestern Kansas, the

ifn-allobaric acceleration on the actual winds in the vicinity of this

front was in response to 1, vali, 1'ails. |For example, a pressure fall
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Fig. 41. Hourly frontal positions over the central United States for
IGOO-2300 G.14.T. 15 November 1988.
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of 3.6 mb wan reported at Topeka, Kansasa from I''00 to 1800 G. M.T.

Given the movement and continued development of the surface cyclone

over Kansas, the cold front extendlng from Kansas to Nebraska

displayed an anomalous movement. Isallobaric forcing appears to

provide a partial, explanation tor the movement of this front.

In response to the 1 value tendencies: over Nebra!,ka and Kansas

(Fig. 45), the 1600 G. M. . ageo-trophic winds, (Fig. 46) and frontal

velocities (Fig. 47) hint of an is-allobaric contribution over trontal

section G-1. Despite the presence of -tro(ng iallobaric crossi rontal

components, an isallobaric influence on the actual wind crossfrontal

components appears limited to frontal -egment H1. Frontogenetical

forcing, due to the [sallobarir: wind (Fig. 48) indicated a maxima of

frontogener-is concurrent with the 1) value rise center (Fig. 45>

behind frontal section (3-K, A similar frontogenesis pattern

displayed by the frontogenetical forc'ing due to the actual wind (Fig.

49) alludes to isallobaric for-cing as a contributor.

The actual. wind frontogenetical forcing would contribute to

slower movement of frontal section 0--K, but the magnitude of

temperature gradient realignment is small (1 K nr'lo0 km7* ). While

the actual wind crossfrontal components7 provide a more consistent (in

the d irect ion of motion) iidtic;i t Ion of movement for frontal .ection

G-I, an isallobaric contribution 1!- diflicult to diagnose at frontal

segment 0 and 1. The limited area of isr al]obaric influence on the

actual crossfrontal. components Is demonstrated by geostrophic

cros.sfronta I onmr)onentf-- in bett.or agtermeri n. wi th the obs7erved frontal

motion for frontal section A- P. In co)ntra-t, the actual wind

cros.sfrontal comprnents -onform bet.ter to the observed frontal
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Fig. 45. Tendency of D values at 1600 G.M.T, 15 November 19 88 (inhr' I

Height falls are indicated by dashed lines and height rises
by -solid lines. Surface frontal positions are superimposed.

*1*

Fig. 46. 1600 G.M.T. ageostrophic wind-: plotted at the grid points
ured to determine the cro-sfrontal components by the
actual, geostrophic, and isallobaric winds. Letters
des-;Ignate frnntal segmentsn on superimposed fronts.
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Fig. 47. Frontal velocity map for the period 1600-1700 M. T. 15

November 1988. Frontal velocities (mn s") are indicated by
the larger numbers: and correspond to the frontal segments
indicated in parenthesis by the frontal velocity. Arrows
Indicate the approximate direction of motion. Small numbers
indicate the crossfrontal component (m, st) by the
actual/geostrophic/isallobaric winds. Positive (negative>
cross trontal componen-1ts indicate flow In the same
(opposite) direction of frontal motion.
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velocity than the geostrophic cros-frontal ,components over frontal

section J-T were isallobaric contributions are nonexistent.

Continued development of the surface cyclone, as it moved into

north-central. Kansas, facilitated a different D value tendency field

(Fig. 50) by 1800 G.M.T. The 1800 G.M.T. ageostrophic winds (Fig.

51) over frontal section H--L in conjunction with the magnitude of the

actual, geostrophic, and isallobaric crossfrontal components (Fig.

52) initially allude to an isallobaric contribution, but a frictional

contribution is suggested as well.. Advocation of isallobaric

influence on the actual wind crossfrontal components at frontal

segments J, K, and L is supported through similar magnitudes, but in

the opposite direction of actual versus geostrophic crossfrontal.

components. The same comparison on frontal segments 11 and I is

ambiguous due to smaller (in opposite direction) actual versus

geostrophic crossfrontal components. Similar frontogenetical forcing

by the 1800 G.M.T. actual and isallobaric winds (Figs. 53 and 54,

respectively) illustrated patterns favorable for "apparent"

propagation over frontal section H-J. As73 opposed to the 31 January

case study, the isallobaric contribution to "apparent" propagation

included both frontogenesis ahead of the front as well as the

frontolysis behind the front. Significantly, the isallobaric forcing

occurred in a D tendency pattern where falls ahead and behind the

front are observed. Recall that in the :31 January case study, the

suggested Isallobaric contribution to "apparent" propagation was

]i.mil cr1 tr) the frrintr)] yr fr hehin,- the fronrt.

As obsferved for 1600 G. M. T. , the geostrophic crossfrontal

components are not supportive of the observed motion for s--ection
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Fig. 51. Sa me a s F ig. 46, except at 1800 G.M.T.
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Fig. 52. Same as Fig. 47, except at 1800 (',.M. T.
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H-K. Unlike 1600 (3.K.T. where i!7alioharic influenc-e was limited to

one actual wind crossfrontal component, both the 1800 G.14.T. actual

crossfrontal components and frontogenetical forcing are supportive of

the observed frontal mntion. Act~ual wind cros-sfrontal c-:omponents in

better agre-ement with the observed frontal motion are not limited to

frontal section H--K, but it is over this frontal section that an

isalIlobaric inflIuence is- sugges_-ted.

The appearance of a D value rise ris-e maxima in the 2000 G.M.T. D

value- tendencies7 introduce-d a new Pisal lobar ic forcing field (Fig. ,55)

behind frontal section 1-L (Fig. 56). fsallobaric contributions to

actual crossfrontal compone~nts (Fig. 157) a ef s ugges7ted over frontal

section J--L. Frontogenetical furc-ing (lue' 1 t ihe isallobaric wind

(Fig. 58) now demionstrated frontogonesis behind and. frontolysis ahead

of frontal sect ion J1--K, while frontal se3rgments L. and M4 were still

indicative of "apparent" propagation. The frontogenetical forcing

due to the actual wind (Fig. 5( also demonstrated a similar pattern,

but 7,ugge-sts that. the amount o-f frrntogeneticaily induced motion

dec(,re ase d acros 7s frontal section. J-K. In summary, the appearance of

1) value rssbehind frontal sec3(tion 1--K decreased the

frontogenetical forcing favorable for "apparent" propagation. Where

the pat tern of 1) value, fail-. romaimed across;- the f ront, "apparent"

propagat io-n was- s;tj 1 1 vident. While decreased amount of

frontogenetlcaily induce-d Motion acos rontal se-(ction I-K raises.

doubtsi that the ob-served f rontal i mot ion 1,7 well diagnosed by the

actulal wind rosrota copin.sand IrnontogeFne't I cAl forcing, the

rinih I na t. Itorn p r (v I ds a ht- t, tir t i Ic(-at. 1 In o1 i th e observod f ront a I

mctioin t han tho )~~ol op s it nm~me saIno.
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In this case study, the anomalous movement displayed by the front

over eastern Nebraska was fairly wel l. diagnosed by the actual wind

crossfrontal component.7s and frontogenetical forcing. The isallobaric

frontogenetica forcing as a result of D value rises behind the front

and D value falls ahead of the front for both 1.600 and 2000 G.M.T.

was not favorable for "apparent" propagation. Similarly observed

patterns of frontogenetical forcing due to the actual wind allude to

isallobaric contribution-, but the results of the 15 November and 3l

January case studies are not s-3upportive of "apparent" propagation due

solely to isallobaric forcing in the hypothesized D tendency field

shown in Fig. 1. Tn contrast, isallobarically influenced

frontogenetical f-rcing favorable for "apparent" propagation appeared

when larger D value falls were indicated ahead of the front.

Unfortunately, the isallobaric influenced frontogenetical forcing

occurred during the period when thunderstorms were present in the

area. The effects of the convctive precipitation over the region

introduce another variable to the frontogenetical forcing equation by

virtue of changed temperature gradients not due to the winds alone.

Due to a somewhat consistent Is-allobaric influence on the actual wind

cros!:frontal components for the front over Nebraska and Iowa, the

Isallobaric contribution to surface frontal motion appears more

significant than in the :31 January case study. The question that

immediately comes7 to mind 1-- why did isal]obaric influences!, play a

more significant role for this front as opposed to the other fronts

in thi case study? In addIton, why didn't the :31 January case

study wi th suabtantial y Frnater 1) value tendencien show a stronger

level of Influnience? "Ih, an.wer may come from the other puss ible
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contributors to surface frontal motion, such as the crossfrontal

components of the upper level winds. In the 1-5 November case study,

the upper level winds (Fig. 60) appear parallel to the frontal

surface. If the upper level winds were parallel to the frontal

surface, the surface frontal motion would be fcontrolled to a larger

extent by surface forces than would normally be the case. This is

only a theory and without more in--depth analyris cannot be

substantiated.

3.3 7 -January 198k) Case Study

The 7 January case study provides another analysis of isa]lobaric

effects on surface frontal motion associated with a developing

surface cyclone. This case study exhibits two primary synoptic

differences from the previous case study: First, the combination of

slow movement by the developing extratropical cyclone and

availability of cold air (Fig. 61). Second, a longer wavelength by

the upper level shortwave (Fig. 62) conducive to benign (as compared

to the 15 November case study) surface cyclone development through

baroclinic instability. Subdued surface cyclogenesis concurrent with

an ample _upply of cold air produced generally constant isallobaric

forcing (similar to the 31 January case study) on the surface

fronts. D value fal)ls and rise:s were observed ahead and behind of

the eastern cold front, respective]y extending from Minnesota to

Texas at 1.700 G.M.T. (Fig. 6:3). In contrast, both cold fronts had

similar origlns as the crld fronts in the 15 No-vember case study.

Initially, the eastern cold front was; the result of an abrupt change
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in moisture. The western cold front at L700 (.M.T. (Minnesota to New

Mexico, Fig. 64), originated from the cold air advection behind the

surface cyclone.

Precipitation, limited at the inception of the case study (Fig.

65), rapidly developed (Figs- . 66 and 67) and by 22:35 G.M.T. (Fig. 68)

substantial areal coveragc" by showers and thunderstorms was

indicated. Stratiform precipitation was widespread, but small areal

coverage on the NMC Radar Sumnaries can be attributed to the fact

that it was snow. Initially therefore, it is possible to analyze the

isallobaric forcing on the .s;urface frontal motAIon and remove the

unknown effects of convective precipitation on frontogenetical

forcing.

The 1800 (. M.T. 1) value tendencies (Fig. 69) demonstrate the

hypothesized pattern favorable for an isallobaric contribution to

frontal motion over cold frontal sections A-i and a-d (Fig. 70).

Even though the largest isallobaric crossfrontal components (Fig. 71)

are indicated on frontal section E-J, isallobaric influence on the

actual crossfrontal. components t imite- -1 frontal segments a, b,

and d. Frontogenetical forcing by the 180) G.M.T. actual and

i.icallobaric winds (Figs. 72 and 73, respectively) suggest "apparent"

propagation by isallobaric forcing over frontal sections a-c, f-h,

and to a lesser extent slowed movement over frontal section E-J.

Combination of the frontogenetical forcing due to the actual wind and

the actual wind crossfrontal components produces a limited area where

a better diagnosis of !urface frontal motion than the geostrophic

crossfrontal components (7egments a, b, and d) is achieved. However,

these are the segments where an isallobaric influence is possible.
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The actual wind frontogenetical forcing is conitributing to an

eastward propagation of frontal section f-h, but the suggested

isallobaric influence on the actual wind frontogenetical forcing

promoting the propagation occurs in a gradient of D value rises. In

contrast, the "apparent" propagation potentially due to isallobaric;

influence on the actual wind frontogenetical forcing over frontal

section a-c lies in ) tendencies hypothesized as favorable for this

phenomenon. Similar results are observed for the 1900 G.M.T.

isallobaric (Fig. 741 and actual wind (Fig. 75) frontogenetical

forcing with only minor changes observed in the D tendency field

(Fig. 76). These differences in frontogenetical forcing versus the D

tendencies were due to the temperature tendencies term. Notice the

difference in the 1900 (3.M.T. gradient of D tendencies across the

frontal section over Minnesota and the frontal section extending from

central Iowa to northern Missouri (Fig. 76). The 1900 (3.M.T.

temperatures fitted to the grid (Fig. 77), illustrate that the

stronger gradient of D change values (and therefore isallobaric

winds, Fig. 76) occurs in the maximum temperature gradient. As

demonstrated in the 31 January case study, this combination promotes

frontogenesis due to gradient of advection portion of the temperature

tendencies term. In contrast, over southwestern Missouri the maximum

temperature gradient (Fig. 77) is over the D rise maxima and a broad

ar_a uC tvtxtolysis occurs. The weaker temperature gradient combined

with a weaker D tendency gradient associated with the front over

Minnesota allowed a dominant divergence term and subsequent

"apparent" propagation was indicated as in the hypothesized D

tendency field (Fig. 1).
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By 2000 G. M.T. , the D value rise gradient (Fig. 78) now extended

across frontal section B-K (Fig. 79). Isallobaric influence on the

actual wind crossfrontal components is Guggested on frontal segments

a-d, 1-n, and H, J, K, and L (Figs. 79 and 80). Notice that this

hour had the rare occurrence of an is&llobaric influence where the

maximum isallobaric crossfrontal component was indicated (segment H,

Fig. 79). In addition, the first occurrence of an isallobaric

influence on the actual wind crossfrontal component associated with

the warm front is suggested. Frontogenetical forcing due to the

isallobaric wind (Fig. 81) demonstrated a change similarly observed

in the 31 January case study. In particular, the sudden appearance

of a large area of frontolysis. While frontolysis was occurring

across both of the cold fronts in previous hours, its location was

farther south and did not encompass the area indicated at 2000

G.M.T. Recall in the :31 January case study, that the frontolysis

was due to a repositioned D value rise center over the maximum

temperature gradient and subsequent dominance by the divergence

term. In this case, the reason was due to a combination of terms.

In addition, the decrease in the 2000 6.M. '. D tendency gradient

(Fig. 78) over the location of the maximum temperature gradient,

provides a partial explanation fo- the absence ol frontogenesis. It

is interesting to note the decreased magnitude of D value tendencies

and a decreased isallobaric contribution (as compared to the 31

January case study) to the actual wind frontogenetical forcing (Fig.

82). Isallobaric contributions, to frontal motion are again

suggested, but the geostrophic wind crossfrontal components are more

useful for diagnosing most of the observed frontal motion from 2000
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G.M.T. to 2100 G.M.T,

This case study was similar to the two previous case studies in

that limited and somewhat random areas of isallobaric influences on

the actual wind crossfrontal components were indicated. Similarities

to the 15 November case study include the following: First, only one

section of a cold front displayed a consistent isallobaric influence

on the actual wind crossfrontal components. Furthermore, the

observed movement of this frontal section was in better agreement

with actual than geostrophic crossfrontal components. Second,

although the D tendency field was different, the frontal section

where an isallobaric influence on the actual wind crossfrontal

components was suggested also indicated an isallobaric

frontogenetical forcing contribution which promoted "apparent"

propagation. The most significant similarity to the 31 January case

study was the appearance of isallobaric induced frontolysis in the

frontogenetical forcing due to the actual wind. In both case

studies, this was due to the [D value rise center positioned over the

maximum temperature gradient. However, the decreased magnitude of

isallobaric accelerations in this case study still contributed to

similar patterns in the actual wind frontogenetical forcing. It is

possible therefore, that the am(3unt of isallobaric influence on the

the actual wind frontogenetical forcing is directly related to the

strength of the isallobaric acceleration. This hypothesis has two

assumptions: Firstly, that the magnitude of the temperature

gradient- are similar. Seo.nzndly, other terms comprising the

ageostrsp*ic wind are similar in magnitude. While the first

assumption is fulfilled in this cage, the second assumption is by no
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means a certainty. However, it is possible that friction at the

surface is so dominant that the magnitudes of the other accelerations

(besides the isallobaric acceleration) comprising the ageostrophic

wind are insignificant.

4. Summary and Suggestions For Future Research

Despite the fact that the isallobaric influence of the actual

wind crossfrontal components had frontogenetical forcing had to be

subjectively diagnosed, this research has provided observational

evidence that isallobaric forcing can be a contributor to surface

frontal motion and frontogenesis. Indications of an isallobaric

contribution to surface frontal motion through comparison of actual

and geostrophic crossfrontal components are constrained by three

assumpt ions:

I) The assumption of a front as a material surface.

This assumption has been debated since the inception of fronts

and to date neither frontal theory nor observation has provided an

answer. As noted by Reeder and Smith ,1988), the assumption that a

front is a material c,urface is useless In the case of a frontal zone

which moves faster than the measured wind ahead or behind the front

at any level.

2) The assumption that the winds at the grid points used to

compute the crossfrontal components are representative of the force

exerted by the wind on the front.

In particular, is the force Imparted by the wind accurately

represented on the frontal scale. Unfortunately, the answer is
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is probably no. The inability to determine the significance of

crossfrontal components on frontal motion opens the question of

frontal location versus the location of the wind that gives a true

measure of the force exerted on the front. However, Brundidge's

(1965) results suggest that the most accurate measure of the force

imparted on a front by the wind is close behind the frontal surface

and the grid in this study does not have the resolution needed to

represent the winds on the frontal scale.

3) The assumption that the frictionless isallobaric wind is

representative of the isallobaric wind at the surface.

To some degree thi.s assumptton 17 valid; however, in theory the

amount of difference between the two can be substantial (Young,

1973). The fact that stronger actual than geostrophic wind

crossfrontal components were probably due to the isallobaric

acceleration does suggest that there can be an isallobaric

contribution to frontal motion. However, the limited areas of

isallobaric influence on the actual wind crossfrontal components

suggests that the isallobaric contribution to frontal motion is

limited.

The actual wind frontogenetical torcing results of this study

have demonstrated the occ-mrrence of frontogenet-ical forcing patterns

favorable for "apparent" propagation, Furthermore, this study has

subjectively shown that ia].lobarlc forcing can be a significant

contributor to "apparent" propagation, but the diagnosed isa1. lobaric

influence on the actual wind frontogenotical forcing i.s constrained

by the third assumption above as welYl. fn the 115 November case

study, convective precipitation could have c(,ntributed to the
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"apparent" propagation demonstrated by the actual wind

frontogenetical forcing. This study has shown that the temperature

gradients associated with a front can go through a process or

redevelopment. Obviously, three case studies do not give a tul.l

measure of the isallobaric influence on the actual wind

frontogenetical forcing, but the results do allude to pressure

tendency patterns most favorable for "apparent" propagation in the

actual wind. Provided that the level of Isallobaric influence is the

same as observed in this study, these are as follows: First, large

pressure falls ahead of the maximum temperature gradient with smaller

pre:-ssure lalls on or behind. Second, a weak gradient of pressure

rises behind and pressure faLis ahead of the maximum temperature

gradient, respectively. Finally, it is possible, that when a

significant pressure rise center movers over the maximum temperature

gradient frontolysis will be indicated by the actual wind

frontogenetical forcing. Whether or not the frontogenests ahead of

the temperature gradient will occur i. iincertain.

Given the high degree of uncertainty assoc iated with

crossfrontal components, the frontogenetical forcing results provide

the most promising area for future research. Recall that the

frontogenetical forcing c!mputations in thi! .study considered only

temperature. Since moisture amounts can affect the density of two

different air masses, a follow-on s3tudy which includes- the effects of

moisture by use of the virtual temperature could easily be done. A

less s-,ubjective method to define the icallobaric influence on the

actual surface wind frontogenetircal forcing would be to include the

effects of friction on the isallobaric wind. In addition, a wider



range of pressure tendency fields, should be covered to determine the

limitations of the isallobaric influence on the actual wind versus

the magnitude of the pressure tendency. Young (1973) has established

the theoretical groundwork for inclusion of the frictional

isallobaric wind. However, a study of this nature would still have

uncertainty due to the other terms that comprise the ageostrophic

wind. Finally, a study to determine the velocity induced on a front

by the frontogenetical forcing process would be constrained by the

uncertainty of temperature gradient velocity versus frontal velocity,

but could establish a range of velocities versus the magnitudes of

the temperature gradient.

APPENDIX A - Data Checking Methods Used

Screening for errors In the data set consisted of a three step

process. First, all station data was compared to predetermined

boundary values for each element. The high and low boundary values

uced we-n as follows: 75 and 0 F for temperature, 60 and 0 F for

dewpoint, 360 and 0 degree.3 for wind directlon, 25 and 0 kts for wind

speed, and 30.50 and 29.80 inches for altimeter settings. Values

outside the boundary conditions7 were identified and checked against

the original and co-rreted airway report's. Second, temperature,,

dewpoints, and altimeter settings at every observation location were

compared to the same elements at all other repurting stations within

a 130 km radius from the observation location. Values at the

observation location outside the specified range for each element

were identified and checked against the original teletype reports.
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The ranges used were as follows: 50 F for temperature, 5 F for

dewpoint, and .05 inches for altimeter setting. Due to the high

variability in wind direction and speed by local effects alone, wind

direction and speed were not checked in this manner. Finally,

temperature, dewpoint, wind direction, wind speed, and altimeter

setting values at each observation location were identified and

checked if the difference was greater than '50 F, 40 F, 350, 5 kts,

and .05 inches, respectively from the preceding hour.

A more subjective correction of improperly dissmenated elements

was required in some cases. Obvious dissemination errors were easily

identified and corrected. For example, the altimeter setting

reported as 28.67" in a intermediate hour and reported as 29.64" in

the preceding hour and 29.70" in the third hour. More difficult to

i.dentify as errors were the not impossibly large changes of a

particular element. For example, large pressure changes were checked

against required remarks, pressure values for the hours on either

side, and against pressure changes by nearby locations. Overwhelming

evidence was required to remove data that fell into this category.

These data checkitig methods do not guarantee an error free data set

as smaller errors by dis.semi nation and data entry could pass through

the error checking routines and introduce noise into the results.

In some case studies, the strength of the computed isallobaric

wind raised doubts about the validity of the method. Confirmation of

the isallobaric wind values computed was achieved by another computer

program using the charge of pr.,:7ssure formula (E., 17) for the

isallobaric wind. Perfect agreement was found at most grid points.

Small differences in the wind direction and wind speed did occur at
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some grid points. These differences were most likely due to rounding

by the computer as the the wind direction at each grid point was

0rounded to the nearest 10 . The largest differences noted were on

the order of 30 0 and 4 kts for the wind direction and wind speed,

respectively. Directional differences of this magnitude occurred

where the isallobaric wind magnitudes were weak and speed differences

occured where the magnitudes were exceptionally large.

APPENDIX B - Description of the Cressman (1959) Weighting Scheme

Since an objective analysis produces an approximation of the

value of an observed or computed parameter at grid points,

consideration of the error produced by the objective analysis scheme

is necessary. The computer code used for the Cressman (1959)

weighting scheme is a modified form of the code presented by Inman

(1970). A general discussion will be used to qualitatively asses the

error introduced by the objective analysis method. Let Te represent

the temperature of a given observation location where s is the scan

n-imber. The correction C4 applied to the grid point i,J under

consideration by the temperature of the observation location is

calculated by

C8 =W T/W.L'i (BI)

W in Eq. (BI) is a distance dependent weight factor that is

determined by the distance of the observation location from the grid

point using the equation below.
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W = ((R2 - d2)(R2 + d2)-t),(B2)

where d is the distance between the grid point and the observation

location and R is the radius of influence specified. The magnitude

of the weighting factor W from Eq. (B2) based on the distance between

the grid point and the observation location is depicted in Fig. Bl.

The total correction applied to the grid point is a weighted average

of all the observation locations within the radius of influence.

When the distance (d) between the grid point and the observation

location is larger than R, the station element will not influence the

correction applied to the grid point (W = 0). When the correction

due to all stations within the radius of influence has been computed,

the estimate of temperature at the grid point is calculated by

Te, = Ts - 1 + ce (B3)ij tj tj"

S.
For the first scan, TA7 represents the first guess field. As

McDonnell (1967) noted, first guess fields are not absolutely

necessary for a successful application of the technique where

sufficient data are available. Therefore, a zero first guess field

was used. Before the next scan is executed, the current estimate of

T5 is made at the observation location. The estimate is made from

values at the four surrounding gridpoints using the bilinear

interpolation formula as given by Inman (1970),

T" = T: + (T: - Te)Ay/ b + (Ts - Te)Ax/a - (B4)
p 1 4 T

CTQ - T6 + T6- Tg)AxAy/ab,2 3 4 1
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where T is the estimate of temperature at thc observation location,

T with a numbered subscript is the temperature at one of the four

surrounding grid points, Ax is the distance in the x-direction from

the y-coordinate of grid points one and four, Ay is the distance in

the y-direction from the x-coordinate of the grid points, a is the

distance between grid points along the x-axis, and b is the distance

between grid points along the y-axis. Illustration of the terms in

Eq. (B4), presented in Fig. B2, will help clarify the subsequent

discussion. The formula assumes a square grid is used. For the

latitude/longitude grid used, the y-direction grid spacing remains

constant however, the x-direction spacing between points varies with

latitude. The x-direction grid spacing in Fig. B2 was computed by

taking the cosine of the station (p) latitude times the distance in

the y-direction. In the worse case scenario, where the station

latitude is the same as the latitude of grid points three and four or

grid points two and one, the distance a would be approximately 1.4 km

too long or short. Therefore, the approximation of a square grid in

the bilinear interpolation formula does not introduce serious error.

The computer code also allows use of observation locations outside

the grid which permits the use of exterior grid points in the

calculations discussed earlier.

Each field fitted to the grid was done using two scans, the first

scan used a radius of influence of 160 km and the second scan had a

radius of influence of 60 km. The requirement of a least two

stations to be part of the correction was imposed on the first scan

only. If two stations were not within the radius of influence during

the first scan, the radius of influence was increased by the distance
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between grid points in the y-direction (111. 19 km) until the

requirement was fulfilled, The two scan approach had a smoothing

effect on the field fitted to the grid point on the first pass and

smaller scale variations within the field were introduced in the

second pass by the use of a much smaller radius of influence.

However, a distance weighting scheme is not the best objective

analysis procedure according to Thiebaux and Pedder (1987). They

noted that the use of a distance weighting scheme can lead to large

biases in the grid point data, due to no consideration being given to

the observation locations relative to one another. For example, if

two stations are within the radius of influence for a particular grid

point and they are both located in approximately the same direction

and distance from the grid point, the correction by each observation

location is given the same weight which may produce a somewhat

erroneous value for the grid point.

APPENDIX C - Computation of Station Pressures, Virtual Temperatures,

Gravity Variations, and Data Smoothing

In order to increase the number of observations available for

each hour, missing temperatures, dewpoints, and altimeter settings

were replaced by taking the average value of the hour before and

after the hour under consideration. If the respective element was

missing either the hour before or after, no value for thp missing

element was calculated. Altimeter settings were converted to station

pressures (Psr) using
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Fig. B1. Curve of the weighting function W vs. distance d.

(After Gressman, 1959).

4 0. 3

Ax P
b

'2

Fig. B2. Illustration of the values used in the bilinear

interpolation formula. (After Inman, 1970).
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PST = [Ar - cP L/To)Z.L.] '', (Cl)

where PO is the standard atmospheric sea level pressure (1013.25 mb),

A is the altimeter setting (mb), LO is the standard atmospheric lapse

rate (6.50 Kki'), To is the standard atmospheric sea level

temperature (288°K), Zt&j is the elevation of the station above sea

-I
level (m), and n = LDb~g = .19. Virtual temperature (Tv) was

computed from the approximation

Tv = T(I + 0.61w), (C2>

where w is the actual mixing ratio (Kg Kg ). The actual mixing ratio

may be determined by

w = 0.622e(PST - e) -, (C3)

where e is the actual vapor pressure (mb). The actual vapor pressure

was determined from the method used by Koehler (1979).

e = eaexp[-(LRv)(I/Td - l/T)J, (C4)

where es is the saturation vapor pressure (mb), L is the latent heat

of evaporation (mesa), Rv is the water vapor gas constant (mThaaK °/ ),

Td is the dewpoint temperature ( K), T is the temperature, and a

value of 54300K was used for the ratio L Rv . The saturated vapor

pressure was calculated from the approximation given by Tetens (1930).
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e = 6.11 X I 0 CaTb+ T )  (C5)

where the values used for the constants (a 7.5, b = 237.5) are for

over a water surface and T is the temperature (0C). Variations in

gravity (g) due to elevation and latitude of the observation location

was computed from the following (Haltiner and Martin, 1957):

9 = 9 8 O. 6 2 (I-O.OO259cos2o)(I-3.14 X 10-7 z), (C6)

where 0 is the latitude and z is the elevation (m). The five-point

formula from Cressman (1959) used to smooth station elevations and

the total frontogenetical forcing by the actual, ageostrophic, and

isallobaric winds was

A = 0.SA + I/SXA, (C?)

where jA is the sum of the values of A at the four nearest grid

points.

APPENDIX D - Sensistivity Study on Frontogenetical Forcing

Winds in the area of interest were measured at the standard

height of 3.0 m (10 feet) above the surface. Reported wind

directions and speeds represent a two minute average for all

nonmilitary locations (one-minute for Air Force observations). The

use of measurements taken as much apart as 20 minutes before or after

as being representative of the actual surface wind over the region
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opens questions to the validity of the resultant frontogentical

forcing for the actual wind. To obtain a qualitative measure of

possible error, wi.nd direction and wind speed) 50 randomly selected

stations from 19)00 M.T. on the 31 Jan 89 case study were changed by

either subtraction or addition of 1.00 and 2 kts, respectively.

After the results were obtained for the altered conditions given

above, the same 50 observation locations wind direction and wind

speed were altered by random subtraction or addition of 20 and 4 kts,

respectively. Observation locations and the changed wind velocities

are listed in table DI. A count of the missing and altered stations

in table DI yields only 4'7 stations; this is due to three numbers

being repeated by the random number generator used. Subtraction of

the missing stations leaves a total ol 40 changed wind velocities.

During this hour 293 stations reported wind velocities, hence the 40

changed stations represents almost 14% of the total reporting

stations. Locations of the 40 stations are depicted in Fig. DI.

Frontogentical forcing by the actual wind, actual wind with 40

stations altered by 100 and 2 kt.s,, actual wind with 40 stations

altered by 200 and 4 kts are displayed in Figs. D2-D4. Perusal of

these figures reveals little change in the frontogenetical forcing

pattern observed for the actual. wind. Some magnitude changes are

noted, hut given the nonlinear terms in Eq. (24) the results were

better than anticipated. The smoothing effect of the Cressman (1959)

objective analysis scheme undoubtedly was the major reason why more

dramatic changes were not noted. These results imply some error due

to different measurement times and short measurement time- for the

actual wind. However, the error would appear to be manifested in the
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magnitude and not in the horizontal pattern of the frontogenetical

forcing.

IWO. i ID W I|ND v 10 DEG 2 KT 2 20 DEG 4 KT *

* uBJIs K 2 K x K 2
1 * XKG * 2217 2 2115 * 2013 *

$ 2 v SBN * 2217 * 2319 * 2421 2
2 3 * OLU 2 2614 * 2512 * 2410 2

4 * PIR * 3516 V J818 2 0120 2
* 5 * AQQ * 1307 * 1205 2 1103 *
* 6 * tXT 2103 t 2201 2 0000 x

* 7 % HRO 2 2211 2 2109 2 200? W
* 8 * EFF 2 2917 2 3015 * 3113 2

* 2TPL K * K * K 2
2 9 * MWA 2 1710 2 L112 2 1514 2
*10 * JXX 2 2310 * 2408 2 220, 5
211 * TYS 2 2117 * 2019 * 1921 2
*12 % ESP * 2420 * 25.18 2 2616 2
*13 * TUP * 2216 0 2118 2 2020
*14 * TCL * 2012 2 2110 V 2208 2
•15 a LAP * 2120 $ 2222 2 2324 2
218 * LPT * 2010 2 1908 2 1806 2

217 2 MMO * 2215 2 2317 2 24L9
* O2 1K * K K K K 2

218 2 MLU 2 2210 2 2312 2 2414
2 FDY * K N K 2 N 2
219 2 OYH * 2020 2 1918 2 1816 *
220 2 OHL * 3310 2 3417 2 2519 2
*21 * LAR * 2830 2 28528 2 2426 2

* 2 HBR * K 2 K 2 N 2
*22 2 ALS 2 1705 2 1807 2 1909 2
223 * P35 2 2222 2 2120 2 2018 2
*24 * JBR * 2218 2 2318 * 2420 2
225 X )L1 1 2419 2 2517 2 2815 2
*2 * CVG * 2219 2 2121 2 2023 2
*27 * HSV * 2117 * 2219 2 2321 2
228 2 BKI 2 2225 2 2123 2 2021 2
229 2 ICT * 2413 2 2515 * 2817 2
230 * PTK 2 2318 2 2214 2 2112 2
23L 2 LIC 2 2817 2 2719 2 2821 2

2 *DYR . K 2 K 2
*32 3 KLC * 2015 2 1913 2 1812
*33 2 TIK 2 2222 S 2324 2 2428 6
234 GrCK 2 2-16 2 2914 2 2412
235 2 SHY * 2725 2 282? 2929 2

230 2 TOP 2 2313 2 2415 2 2507 S
*37 * BVV * 2412 $ 23i0 2 2208 *
238 2 C.V * 2000 2 2100 S 3210

$39 * P67 2 3411 2 3109 2 3207 2
*40 a EAU * 2707 6 2809 2 2911 2

Table Di. Summary of the stations where the wind velocities were

altered. the direction and magnitude of the changes are indicated in

the last two columns.
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