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ABSTRACT 

Three numerical model simulations of cyclogcncsis arc compared to examine the role 

of boundary layer stratification in enhancing the components forcing the ageostrophic 

circu!Jtion of an idealized warm front. The Sawycr-[liasscn diagnostic equation is ap­

plied to examine the contributions of frictional forcing anJ diJbatic heating, as well ns 

confluent anJ shccu geoqrophi<.: dcformution, to forcing of the sccomlary <:irculation of 

a ,,·ann front. The wrface heat and moisture flux distributions are varied in each cnsc, 

in orJcr to cvalu::nc the effect on each component as \\Til as the cyclogencsis. 

Rc.;u]ts confirm prc\'ious studies that gcostrophic defOrmation forces strong 

frontogcnc~is at the surface. and at nliJ-lcYCb frontogcnesi<> i~ weaker nnJ forced pri­

marily bY latent heat release. fronto~enetical forcing is modified by smJ.ll-scale fric­

tional forcing and Lliabatic heating. \Yhich depend upon the ~urfn.ce anJ boundary byer 

proccs:-e..,. Although frictiono.l forcing compri:-.e~ !c:-.~ than fi\"C percent of total forcing 

of the warm fi·c,nt. it apparently enhance<. fronto~enesi~. partially due to indirect ciTccts 

on othl'l" more domiLtnt procc:-o;;e<.. The intensity of frictional forcing is ~trongly Jc­

l""'~tH.lcm 011 tile Sllrf:tLC hc.Jt flu\ Jistr]hutiOll anJ track OJ' the C} done rcJati\"e tO the 

sca-s~trf<.tce tL·mrerctture gradient. In the absence of surface Ouxc~. frictional fo rcing i~ 

nq;li!_.:!iblc. sur:ace forcing due to diabatic heating i<. frontolytical. illh.l reduce<; total 

forcing at \0\~·Incls b;. about t\\·cnt;. percent. The magnitude of the fi·ontolytical forcing 

h;. Jic:hatic heating at low lC\"cls jo;; only partially dependent on the surface heat anJ 

moi..,ture Jlll\. di..,tribution. !"Yen in the ab<.ence of <;Urf~tce hcctt t:md moisr.ure Ou:\c s. the 

frontal} ~ical forcing rcr<.i<..ted. ~uggcsting rrohlcm~ \\"ith the cumulus raramctcrization 

or error~ in the computation ofthi" term. "lhc:-c n:sult~ remain to be Ycrificd agains.t an 

actt:c:l case study of a warm rront. 
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I. I:'ITRODLTTION 

A. C\TLOGE:\ESIS A'iD FROI"'TOGENESIS 

\lid-latitude cyclones arc transient wa-res in the global zonal !low that perform an 

important role in transporting heat and momentum in the atmosphere. I Iistorically, 

cyclone development was explained as a \Yavc instability on the polar front. with the 

existence of the front comidcrcd a necessary precursor for cyclogenc5is. This theory, 

kn own as the p olar front theory of c.:ydogcnesis, signifi<.:antly inllucnccd Pettcrssen 

(1 95(;) \\·ho related cyclogcnesis to the interaction of vorticity ad-recti on aloft ·with sur­

fac.:c f'rontal fc<:ttures. The modern view, based on baroclinic instability theory, considers 

froill" to be a comequcncc of the development of a cyclone anJ a source of baroclinic 

en erg-~ for cyclogenesis. The b.:noclinicity of the atmosphere and the synoptic-scale now 

combmc to lcaJ t o c:dogene !:>i s. the Jcvclopmcnt of ~ub-synoptic !:>ca:e fronts. anJ the 

!Ll!"m:,tion o!"jct :.trcaks. 

ll;c ba~ic premise of bar aclinic instability theory is that the circulation of a cyclone 

tl' 1!:.~ f"n m an:- sma:t perturbation forLeJ by ad\ cction of positi\'C (cyclonic) vorticity 

aluft v:ith the ad\·ance of the uppcr-krcl \\"U\c or by \\"arm ad\·cction <H lmv lcnb oYer 

a bro,tJ r~~;on. Geu:.troplm:. JcformatJon as.,ociatcJ with c.:ydogl.:ne~i~ acts to enhance 

the tcmrcrature gradient in particular regi ons of a cyclone. 1 his process is known as 

fi-on~cgcnc~i~. \"crti-.:al anJ Ji\crgent ag~ostrophic motions ar i'-c in response to 

frc'ntOf:enc~i~. and arc the mechanism for the aJju<;;tmcnt of vorticity anJ thermal prop­

crt:cs to return the system to thermal wind balance. The agcosa ophic circulations as­

~oc.:iatcJ with fronto gcncsis arc smatt-scalc manifC~tatiom of the ba::.ic synoptic-scale 

forci:l£. .-\!though thc~e synoptic-scale procc~~es Me thought to be the primary proc­

e''-C" for cyclogenesis, fron togenesis is a secondary process that may fccJ back on the 

synoptic.:-scalc forcmg to produce stronger cycl ogenesis than th <H gi\·en by just the 

synoptic-scale forcing. The interaction between synoptic-scale \ onicity and temperature 

aJ\cdion and mesoc;cJ.lc frontogenesis in ~yclones is not :ct c.:omplctcly understood. 

I. ~uh-Synoptil' Scale Processes 

Rel...'cnt c~dogcncs!s studies suggest important coupling bet\\"ccn cyclogenesis 

and me~oc;calc processes associated with Crontogencsis and jet streaks. L cce!lini et al. 

( I9S5. 1987) anJ he~ scr and Shapiro ( I9S6) haYe shown that small scule uppcr-lc\·ct 

b.:~rodimc proccs~cs associated with uppcr-lc\'cl jet streaks enh ~u1ee tll~? \ertic:.:tl circu-



l;.ltion anr.l cyclogenesis. Strong jet strectk diHrgence induces a secondary circulation 

that extends through the depth of the troposphere. This enhances the development of 

a lO\\'-lc\'cl jet and cyclogcncsis at the surfctcc. This mcsoscctlc process is considered to 

be an important mechanism for some explosive cyclones. 

Another important mechJ.ni~m in some explosi\'e cyclones is the rekase oflatent 

heat in the mid-troposphere. The release of latent heat also influences tht: frontogenesis 

process. \\'illiams et-a!. (1981). using a numerical model, and Thorpe\ 198-l). using an 

analytic:.d quasi-geostrophic model, showed that latent heat release on the warm side of 

the front is frontogenctical aloft. The heating directly increases the temperature gradient 

at le\·cls of large heating. and the induced di\·ergellt circulation leads to com·ergence 

below the heating which increases the temperature padient in that region. The precipi­

tation m<1ximum occurs where the Yerti~al motion is a maximum. EYaporative c"ooling 

occurs when precipitation falls through dry air below on the cold side of fronts. thus 

enhancing the cross-front tempewture gradient ahead of the front. 

2. Planetary Boundary Layer Processes 

:\!though baroclinic synoptic and mesoscale processes mentioned abo\'e arc 

dominant. the ill1portance of surf.:tce and boundory layer proces"es also h.:ts been dem­

onstrated in recent studies. ·1 he boumbry layer proces..;cs contribute to cyclogencsis and 

frontogenesis through thermodynamic eHCcts due to the heat and moisture fluxes, and 

dynamic eflccts due to friction. rriction further di..;rupts gcostrophic balance and in­

creases the ageostrophic component of the wind through frictional winJ turning. This 

results in an additioJJa.! component of con\'ergence and shear due to friction. Keyser and 

Anthes {I CJS 2) showed that com-crgcnce due to surface friction acts frontogenctically at 

the surfa<.e. Behind the frontal ?one the \'ertical shear of the age a strophic \\'ind, which 

is frictionally induced. acts to diminish the static sti.lbility in the planetary boundary 

layer (PULl and enhance the static stability at the top of the boundary layer. Ahead of 

the front. diffcrcntiJ.l temperJ.ture adn:ction by the agcostrophic component of the wind 

act" to increase th~ static stability in the boundary byer and decrease the static stability 

at the top of the boundar~ layer. The result is a compressed thermal gradient in the 

PBL. whidl is frontogenetical. Key ser and Anthes (19821 also sho\\·ed that frictional 

convergence dri\ cs a Yertical velocity jet above the surface front. This rertical jet is a 

componL:nt of the secondary circulation. 

Danard Jnd Ellenton ( l9S0) evaluatcJ the surface heating in several e;:tst coast 

L. S. cyclones, and concluded that the surface heating acted to decrease the low-level 

bctrocliuicit~ by warming the cold advection regions and \ice versa. This finding is 



comistcnt with rreYious studies of the effects of surface heating in haroclinic instability 

modeh. and indicates a frontolytical role of the surface heat !lux. However, in studies 

of the Presidents' Day storm of 1979. llosart (l981) and Bosart and Lin (198-l) indicated 

that the low~lcYel contributions by the surface heat and moisture Jluxc!' \\'Crc important 

to cyclo_£enesis. They found that positiYe heat Duxcs to the northeast of the surface low 

potentially contributed to rapid deYelopmcnt through distribution of the cyclogcnetic 

enYironment. Reed and Albright (1986) found similar results in their study of an eastern 

:"orth Pucific cyclone . 

. :\ faYorJblc surface heat and moisture Dux distribution can also enhance 

fr ontogenesis and cyclogenesis through the associated latent heat release abo\'e the 

bo un d<.~ry b~ cr. Chen ct al. (1983) found that mid-tropospheric latent heating decreased 

when the surface hea t and moi!'ture Duxcs were remm-ed. Atlas (IY::\7) found that the 

YCrt iL: Jl t ran<:.port of a ir that is heated and moi~tened by the surface heat nnd moisture 

Du xe-. can re sult in significant I!'..id-troposphcric heating through the release of latent 

hc.t t. 

C omr~tred with continental and coasta l cyclones, ma rine cyclones hcl\·c a more 

comriC\: o;urface hea t and moisture nux di .. tribution contributing to [}-ontogenesi s and 

cyclog~.:"nc'i~. due to the inJluence of the sca-.. ur b ce temperature (SST) diqribution. 

B~sinfCr and Sha\\' ( 1 9S~ } ~uggcsteJ that for a -,imple uniform i1 ow arross an SST gra­

Jicnt. PBL con \' ergi:.'nLe will result from strat i fi ~..caion cill-cts on the friction al \\-ind 

turnm:; ao;; the \\-ind Do\\'S acro~ s an SST gra dient. As a cyclone m oYes across a fixed 

SST di~tribution, changes in th e frictional conwrgencc anJ the tramport of boundary 

L.tyer air to the mid-tropo ~pherc arc likely to occur. In their study of surL{ce Duxcs and 

diYergence in Storm Transfer and Response [xperiment (S-I RL\. ) ~tonm. rlcaglc and 

\o ms (19::15) showed tha t the distributions of the frictional conwrgcnce and vertical ve­

locity a t the top of the PBL are primaril;. determined by the horizontal distribution of 

the surface winJ stress. In turn, the wind stress depends not only on the synoptic-scale 

forc ing at the t op of the PBL. hut also on the PBL stratification. the surface lle<tt Dux 

distrib ut ion. and thermal wind turning in the PBL. ~uss (1989) ~bowed that stable 

~ tra t ifica t ion behind the warm front, and unstJ.ble stratification ahead of the warm front 

in a regi on of urw tJ. rd heat f1uxes, app.:uently resulted in enhanced frictional cmn-ergencc 

ahca-2 of the fron t. Danard ( 19S() ) found that in creasing the SST hy fr\·c degrees resulted 



in grc.:ttcr boundo.ry layer com·ergence and enhanccU conYcctive heating in the model 

cyclogcncsis. 

:'\us~ and An the~ (1987) stuJicJ the effect of surface fluxes and boundary byer in· 

fluenccs. on an idealiLeU marine cyclone. They showed that although baroclinic insto.· 

hility, which depends on the \'Crtical wind sheen and static stability. as shown originally 

by Charney ( 19-47) and Eady (19-49). is suflicicnt for rapiJ cyclogcnesis, rclntinly small 

changes in the lo \Y·lncl static stability, meridional temper<lture gradient. and surface 

heat and moisture l1uxcs significantly modified the devclormcnt of the model cyclone. 

These lm\·-}e\'e] changes resulted entirely from \'arying the SST distribution. They found 

that the deepening rate of the cyclone increased by 2Y'/o for complete rcmo\·ai of the 

surface heat and moisture fluxes . and increased by 15% for a modified SST distribution 

in phase with the lo\\·-]e\'Cl temperature petttern. 

The~e results were further an<1lyzed by :'\uss (19S9), in order to clarify the role of 

surface f1uxes in the 0\'Cral! de\·elopmcnt of the cyclone. J fe fount] that the effect of 

surface heat anU moisture fluxes on the structure and dync:tmic.;; of ocec:tnic cyclones co.n 

be sub~tantic:tl and that strictly boundary layer processes act to enh<1nce the vertical cir­

cubtion and cydogencsis through a Uynamic i(;cJback process. Specifically. he founJ 

that the cfl~c:t of surface hc<1t o.nJ moi~turc llm~es dcpcnJs critically on their distribution 

rclatiYe to the cyclone. for a zonc:tl SST distribution. patterns of surface he<1ting 

counteract l'BL tcmrcrature adYcction and orpo"c cyclogcnesi<:.:, as founJ in preYious 

studies. includins lJJ.no.rd and UJcnton (19S(l). l -o r a sinusoidal SST distribution es­

sentially in phase "·ith the low-\e\'el temperctturc distribution. the resultant pctttcrn of 

surface heating yiclJed tmswbk stratification to the northcctst and stable stratiflcation 

~outh of the warm front. Thi~ acted to enhance cyclogcncsis through enha.nced frictional 

com-crgencc as \Yell a<:.: increa~ed heat and lllOi~turc transport to the surface cyclone from 

the northca<:.:t. 

The rcLHion~hip of enhanced friction<ll cor1wrgcnce to other frontogcnesis processes 

was not examined and is the fOcus of this study. :\!though the surfi:1ce heating pattern 

may be J. damping dfcct, associated mid-tropospheric latent heat rcleo.se increa~cs the 

temperature gn1Jicnt o.nd cyclogencsis. \\·hich indirectly enhances the PBL Crontogcncsis 

proceo;;~cs. 1 hi~ indirect rcbtiono;;hip bct\Ycen surface diabatic processes and the intensity 

of the gcostrophic ll:ontogcne~is and cyc:\ogenc~is is not well unUcrstooJ. L' ccdlini ct 

ul. (JlJS7J h:Jsc JemomtratcJ the importance of the non-linear cou1~Iing between 

bounUary layer processes. latent heat release. anJ jet :-.tream forcing along a coastal front 

fur the Pre..,idcnr"· Day qorm. r:or open ocean cyclones. the warm front region is likely 



to be the focal point of the interaction between surface fluxes, diahatic heating. and the 

jet. as suggc~ted by ~uss (1989). and will be the subject of this study. Studies by 

Emanuel (198.5. 19:S:S) and Sanders (1986} also suggest thut latent beat processes associ­

ated with the \\"arm front may contribute to enhanced cyclogcncsis over the ocean. 

C OB.JECTI\T 

The purpose of this research is to quantify the contributions of Yarious forcing 

mechanisms to the secondary circulation around a warm front, and assess their impact 

on tlle Jc\ clopmcnt of a cyclone. The influence of the surf'a(.:e heat and moisture fluxes 

on the frictional forcing and diabatic heating. and resultant secondary circulation, is of 

particuL:tr interest since it is not as clearly understood as the larger-scale geostrophic 

deformation proces~cs. In addition, the feedback of these diabatic processes on the 

gcostrophic Jcfonnation and warm frontal intensification will be e\amineJ. The specific 

obje..:ti\c~ art.:: 

I. Diapwse tile geostrophic Yersus diahc:nic processes in '"arm fromogenesis 

to Ji'.tinp1ish frictional convergence from purL geostro phic defOrmation; 

De~crih:: the feedback mechanism of surface heat f1u"\es on geostrophic and 

JiJ.hatic forcing by quantifying their frontogl'netic cffecg on the friction 

anJ latent heat release and the1r frontol}tical elll::cts on the PBL thcrm~d 

graJien:: 

.). Describe the time nolution of the forcing: 

Obtain an understanding of the interaction of the SST \\'i1h fronts. 

·1 he Sa\,-~er-[lias~en diagnostic equation will he u~eJ to diagnose the forcing of the 

Yertical circulation around the warm front in three numerical simulations of 

cyclogcne,i<;. The 53\\·yer-Eliasscn equation is reviewed in Section II. follo\\·ed by a brief 

(Jc.,criptiC'n of the model experiments in Section Ill. Section I\' compares the results 

of the three ~imu]ations. :\ discw.sion of these results is giwn in Section Y, follO\\·ed by 

conclmions anJ recommendations for future research in Sections YI and Yll. 



II. BACKGROUND 

Sa\Yycr (1956) showed how the sccondJry circulation around fronts can be calcu­

};neJ on the basis of qua~i-geostrophic theory, and Eliassen (1959, 196:2) C;\tendcd his 

work to include fric:tion and latent heating effects, as well as the vertical shear in the 

cross-front pbnc. to the forcing of the secondary circubtion. They deYclopcd the theory 

of describing tempor<~l changes in the \'crtical and horizontal gradients of temrerllture 

;md absolute momentum in the cross-front pli.tnc in terms of the induced geostropbic and 

agcostrorhic deformation field. It is from this theory that the Sa,Yycr-Elias~cn diag­

nostic equation for the secondary circulation WJS JcriYcd. This cqucttion enables diag­

no~i~ of small-scale diab<.Hic and frictional rrocc"ses as well as those processes a~sociatcd 

\\"ith gcostropbic dcfonnation forcinf: tlic scc.:ond.:uy circulation arounJ a front. Elias~cn 

( 196~) J.cmonstrJ.tcd that the circulation i~ countcr-dock.wisc (cyc.,lonic) around regions 

ofpositi,·c forcing. J.nd clockwise (anti-cyclonic) around regions of negative forcing. The 

circulations arc concentric cllip,<;cs: in the Yic.inity of the point source of forcing (Fig. I ). 

oricnt~.:J vcrti..:c:~lly along the front and bc<.:oming vertically or horizontally JiqorteJ at 

some di'lanc..:: from the point source as a function of vorticity and inertial stability 

(f\:ey.scr and Shapir o IiJSG). The Sawyer-[lias.scn equation was later e-xpanded h: 

l!ostim anJ Draghici (1977) anJ Ilos:k.ins ct a!. (1978) to account for variatiom in the 

.1Jon~ -11"ont pbnc. thus generalizing the theory of sc<.:ondary circubtion into three di­

mcn~ion ... . k.nO\Yn as the Q-Ycctor theory. The resultant ei.:Jtl::ttion i~ known as the 

thrcc-J imcn..,ional 0-D) form of the S;:myer-Uiassen cquJ.tion. 

A. AGEOSTROPIIIC CIRCl'LATIO:\ AROU:>:D A \YAR\1 FRO:\T 

Gidcl ( l9iSf descrihc~ the rroce~~c~ of geo<;trophic haiancc J.nd continuit~ of rnass 

flow which lead to the .secondJ.ry circulmion J.roLmd a warm front. The ri~ing motion 

"·ithin the front coupled with the !linking motion on the cold Jir side of the fi"mn is J. 

thcrmodynam.ically direct circulation. ily continuity of mass, the flow is com·crg:cnt at 

lo\\' lc\'('}\ in the Ujl\i"Jrd vertical motion region and divergent at upper lc\'Ch. Trans\'Cr~e 

flo\\" results J.t IO\\Tr ami upper icYels. completing the circulation cell in the region. 

L"pper-le\-cl we~terly (pmitive) momentum and low level easterly (negative) momentum 

arc neatcd. whid1 contribute to incre ct~ing the vertical shear of the along-front wind 

Lomponcnt. The adii.lbJ.tic cooling of the rising: warm air J.nd adiabatic w~mning. of the 

~inkmg cold J.ir contribute to dc(.;rea~inf. the tcrnpcrcLture gradient across the front. figs. 



~-cons! 

a 

• ig. I. Streamlines around :1 positiYe point SOUJTE'. Streamline~ in the (a) 111p-planc 

and in the (b) _rr-pbnc. m den otes absolute m oment um. From Lli;~s scn 

(196cJ. 

2 and 3,11'-om Gidcl (19i8). depict the initial and achcc.tcd potential tempera ture surli1ces 

and isotachs. and the induced secondary circulation around a ,,-<ll'll1 fl·ont. In the [J·ontal 

zone the wind field is stronger t\wn that required for gcostrophic bai~Jncc, implying that 

Coriolis dominates the PGr, which sets up a trans\·crse Oo\\' to the right (north). Im­

mcdi;ttcly ahead or the front, the opposite is true, aml the resultant transverse now is to 

the left (south). The no.,,· is con\Tq;cnt directly bcncJ.tb the (font. and divergent behind 

and ahead of the rront. The coJ1\-crgcnce nca r the lead ing edge of the fi·ontal zone acts 

as a deformation fiCld whid1 enh<lnces the potential tempcr<.lture gradient acros5 the 

front. The circulation cell behind the front is thermOdynamically indirect and is the in­

di!eU cell discussed by UiJ.ssen ( 1962) with respect t o warm fronts. In the indirec t cir­

culation, the cross-front thcrnw.l gradient is enhanced by acliahatic processes <P ld the 

along-front vertical wind shear is diminished by lmv-lcvcl din~rg:cncc and upp .r- lcvcl 

convergence. 



fig. 2. 

' 

)--· 
(e CQNST~T) 

(aCONST~T) 

Idealized cross section through a \Utnu front. The initial position of rhc 

potcntiul temperature suri;H.:es is indicated by the :-;olid lines, and their po­

sition after they ha\C been slightly advcctcd is indic;Hcd by dotted lines. 

The dashed lines arc i~otachs of the along-front wind !lcld in gcostrophiC 

babnce with the initial potential temperature field. rrom Gidcl (197:\l. 
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[eCONSTANT) 

(eCONSTANT) 

fig. 3. S econdary circulation a round a "arm front. The Jotted lines a re rcpc~ t crl 

from l 'ig. 2. 1he Ja .. heJ lines are the isotachs or the along-front winclliehl 

after being il.l.hectcJ from their initial position shown in rig. 2. 1 he solid 

lines arc the i..;otaclls of the along-front wind JieiU u '' hit:l1 gcostrophicall;. 

balances the potential temperature ficlJ, shown as Jotted lines. lbe heavy 

arrmn indicate hori7ontal and vertical components. or the induced <.ircu­

lation. from C.JiJcl (Jl)78). 

"I he ageostrophic flo\\' around a positive center of forcin1; is countcr-cloch\·isc, 

\\ hich giHs the sense of the secondary direct circulation cell if it was located ahead of 

the warm front. Similarly. a negative (clockwise) center gives the direction of flow of the 

indirect cell if the center \vas located behind the front. f"ig. <-la is a depiction of the the­

oretical location of the positi\'e and ncgati\·e ellipses of forcing around a warm rront. 

A dipole elfect is sci up between the two centers, and the gradient of forcing from one 

cell to the other is depicted as strongest across the vertical flow regions, assuming t he 

dmYnward and up"·ard motions arc the same magnitude. 'I hcorctically, the stronger the 



magnituJc and graJient of the cells, the stronger the magnitude of flow of the circula tioJt 

cell. If the up~rart region is stronger than the do\vnJrnft region, one would expect the 

gradiems to be as in fig. 4b. 

The above discussion assumes the scale of gcostrophic and diabatic forcing is the 

same as that of the circulation cell. l lowevcr, processes which contribute to en hance­

ment of the circulation cell arc not on the same scale. The Sawyer-Eliassen equation is 

a means by which the small-scale rrocesscs of friction and Jiahatic heating can be in­

cluded with geostrophic deformation to diagnose the forcing or the cell. Total fOrcing 

wouiJ not necessarily be a sin~lc synunctric center, but rather J center distoiteJ by 

smaller regions of positive anti negative forcing acting to enh::tncc or retard the second­

ary circulation. ror example. one would expect enhanced rcgiom of forcing at lo\\' levels 

due to gcostrop!Jic ami Crictional t.:onllucncc, and at tltid-levcls due to latent heat rclett~e. 

~X 
y 

N---...J...._--s N 
(b) 

s 
(a) 

fig. 4. Agt.•ostrophic fordng cC"ntcrs around a \\arm frnut. t:llipscs of forcin~ ;uc 

f'or (a) an updran and downdraft of equal ~trcngth . ;1m.! (b) a strongn lip­

draft. :\otc the orientation of the front an(.] X· an(.] y-nxes have been re­

versed rrom Figo;. 2 and 3. 
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B. S .\\Y\'ER-ELJASS[:'\ EQUATIO~ 

lli~'..~sen ( 1 9(l~) introduced the quJ.ntity abso!we uzomcmu111 to describe the second· 

ary circulation in terms of <m absolute frame of reference, the equations for which can 

be \rritten as 

lllx = 11::: -fy (I) 

and 

The thcrm~tl \rinJ rd ati ons.hips in pr,~surc coordinates arc 

(3 ) 

ctr.d 

t:· ,~ !l 

,-I' .. I~) 

rollo"·in~ ll oskm ~ and Drat:hi<.: i (lY77). and hcyscr and ~lEl.riro (1986). prognosti~ 

c4uJ.tion~ lo r ctb ~ olut L' momentum and thermal ad\ection Li.tli be \\Tittcn a:. 

(5) 

II 



(6) 

(7) 

(8) 

?a ?h ?,1 i'h . . 
where Job(c ,d) = Tc Cd - Cd 7: JS the Jacobwn operator, 

d r ; r ri 
-=---::;--- +r< --;;--+r~+w-;.:---, 
dt ri ex cy rp 

_ tr, !'T, 
F ~ -- and F = -- \\·here 1 i.~ the !ltre!ls on a horiLontal surbcc. 

' tp ' J r'p ' 

By rc<1rranging the terms. the x andy components of the So.wyer-Eliasscn equation 

can be •-rrittcn as 

onJ 
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B:. t J.king the dot product of- k X ;-'Y8 and the \'ector equation made up of the x 

anJ y components gi\·cn above, the magnitude of the forcing and circulation can be 

obtained. The right hand side (forcing) of the equation becomes 

-'··[( l_tl_ ), i!!_+ ( r O )'!_c_] _ 2 28 l_tl_( f,· + cu )- [ ?0 <'F, _jjl_ <'!·;] 
- , ?x tx ty Cy 1 Cx ty tx Cy Cy tp [x Cp 

The terms arc then normalizcJ by di\ iJing by I k. X ·,·VO [.to obtain the magnituJcs 

of the componL"nts contri buting to total kinematic forcing of the warm front. The 

Saw~cr-Uiassen eyuation is no t sohed; rather this form enables a diagnosis of the con­

tribution<. to the forcing of the circulatioll cell by each term. Centers of positi\'e and 

ncgatiYe foro.. in& arc dc ri\cd b:. this diagnosis. and represent center" of counter-clockwise 

anJ dock\,.i,c o;,:ircl:l:ttion respectively. The 3-D form is used in place of the 2-D Yer<.ion 

bc~.:au.;,c the datd s.et i::- thrce-dimcn :-.ional and because the .:d ong- front gradient s are not 

J5~Ull1Cll to be in geo~trophic balance. 

C. DCSCRJPTIO:" Of T£R~lS 

I. Geostrophic l'onnuence 

The first term in equati on ( 11) represents the effect that confluent geostrophic 

deformation h.:t<.; in enh.:tm:ing the horizont .:tl temperature gradient ( \ I n by CQJllj)f('~Sing 

the i~othcnm ac:ro~~ 1hc fron t. The strongest c:entcrs of connu cn...: c (po ~iti\ c for...:ing) and 

J.inlucm:c shouid be a.~ in rig. 5. The low-lcYel conf1uence and upper-leYcl Jiilluence 

rcprc~cnt a dO\\ m\·ard transp ort of momentum, \\"hi<.:b acts to rcdut..:e the Ycrtical wind 

~llc..1r. while a t the same time the thermal gradient is im:n::a ~in g. roll o\Ying Keyser and 

Shapiro {J9S6). the resultant contributions to d(~ ) f dt and dt i'i.}l- ) I dt J.rc respcc-
cr cy 

ti\·cly ncgati\e J.nd po:-.itiYc. which is a tenJency t owards imbJ.lam.:c in the therm..1i wind. 

a fromo genetic r roce::-s. This imbalance is counteracted hy the srcondar~· Jirect circu­

bti or : r·-rccd b:. the confluence. whid1 simulwneomly in c n:ct.~c s the \"Crtical wind shear 

13 



through the net upward tramp01 t of positive momentum, \\·bile reducing the temper­

ature gradient by adiabatic rroccsses. 

2. Ceostrophic Shear 

The second term represents the ellCct that geostrophic shear deformation has in 

rotating the along-front temperature gradient perpendicular to the front. If the ""inds 

across the Cront increase to a maximum at the low lc\-cl easterly jet on th~ cold air side 

(alu:ad) of a warm front, cyclonic shear is present. Jfthe easterly wind al1~~ad oftlu: front 

is stronger than that behind the fl·oilt, difTercntial cyclonic shear in the presence of 

along-front decreases in potemial temperature tends to enhance the cross-front tcmrer­

aturc gradient. Lar.ger negative Yalues of u1 ahead of the front relatiH to weaker values 
w 

behind the front ( C; < 0) ditlCrentially ad\·ect higher values of potential temperature 

at a greater rate norih of the front relative to south of the front. 1\t the same time, the 

\'Crtical wind shear (~~-)tends to tip the u, isotachs into the \"Crtical \\·here the horizontal 
cp 

shear is cyclonic," thus reJucing the magnitude of the vertical \\·ind shear, crc~lting an 

imbalance. AgJin, the direct circulation \\·ould counteract th1.· in1balancc created by tile 

shear as with the conOucncc. One \Yould expect that the stron ge~t for<.:ing due to shear 

"·auld be bct\\"CC!l the 10\Y-Je\·cJ easterly jet and the fl"ont. 

Fig. 5. Tran(,jrerse ageo~trnphh.: circulaqono;; for gn idt•aliled front. Circulatiom 
0\" C\" 

cl~-\~·acterizS~ by (al confluence ( 2{:- < 0, t,: = 0_) ami (b) horizontal ~hear 

( F·_t~ = 0, a;> 0). D ashed lines,'isotachs ofu1 (Jenotctl by U); thin wliJ 

Jines, isotachs of r~ (denoted hy V); thick solid lines. streamlines of 

agcostrophic circulation. Adapted !"rom []iassen ( !9(i2 }. from Keyser and 

Shapiro (·1986). 
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3. Friction 

The third term represents the convergent eOCct that friction has on the 

geostrophic \\·inJ. '\'inds at the surface exrerience friction, but are maintained in part 

by the Jcm·m,·ard momentum Jlux from stronger winds aboYe the surface. DiflCrential 

downward momentum f1uxes act like confluence to compress the temperature gradient . 

.-\s the cyclone inten<;.ifies the ''"inds increase, which leads to increased fri~·r,on and fi"ic­

tional turning of the winds towan.J the low. Thi5 enhances frictional convergence. If the 

,,·inds were to increase uniformly around the low, there would be no differential mo­

mentum Jlu-x across the front. lloweYer, the wind gradient across a frontal zone is 

peater than elswhere arOlmd the low. so the maximum difTcrential friction is in the vi­

cinity of the fronts. 

A" di."cmsed in Section I, favorable surface heat f1uxcs abo enhance frictionnl 

conYersencc. Rcgwns of upward heat flux into the PBL from a rclatiYely warm surface 

can be likencJ to warm air adYection into the region. This woulJ cause a Ycering of the 

PBL winJ with hl'ifht. or an increa~:cJ turning angle anJ fUI thcr conYergence at the 

qnfuc<:. Similarly. a do\\"olward heat 11ux from the PBL to a cool surface woulJ cause a 

bi.td;.ing of the thernul \\·ind with height. or a reJu-.;cJ angle of turning aud reduceJ 

connTgcncc. r or a w~trm front in which there otrc downward heat llllxcs in the cold air 

sector ahcaJ of the ,,·arm front as \rell a~; in the warm air sector behinJ the front. one 

c:an e\J~Cct that for a ti\Cll SS r lli~tributiOll, the air-sea temperature dif1i::rcnce would 

be greater in the \\"tam air region hebinJ the front than in th~ cool air region u.head of 

the f"ront. 'j he do\'i'n\\"3]'(1 heat nux woulJ be grt.:atcr behind the front than ahead. with 

the bar..h.m& of the tlH.TmJl wind stronger behind the front than i.Ihead. Thi~ c:rcates a 

net di£1\::r...-n:ial ~:cr0~" the front. with stronger C011\"crgence ahead or the front. Thus, the 

Ji"iu:o:1a1 comcrgcnce is composed of the gees trophic component and a heat flu\ com­

ponent. I ig. (, depict..; the geoqrorhic fl"ictional fon.:ing as a rc<.:ult of the di/Terenti,li 

do\\Ti\\·arJ tran,fcr of momentum from the \rinds aboYc the PBL. and the heat flu.\ 

component of frictional forcing within the PilL due to surJ'ace heat 11uxes. The depiction 

is for the ca~e of stronger downward momentum fluxes behinJ the front than ahead. anJ 

for stronger do,,·m,·ard heat fluxes at the surface behind the front. Thi s would result in 

ot reinfor,:cmcnt of frictional confluence. The greatest ditTercntial would be wcross the 

warm front. and the strongest frictional conOuencc would be located \Yhere the ~trongest 

Jifh:rcntial occurs. Realistically it is possible to haYc stronger downward momentum 

nuxe<.: ahead of the warm front. \\"hich would orrosc the he;:n f1ll'l. component depicted 

aho\ c. rc~ulting in negligible frictiono.l forcing. 
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Fig. 6. Centers uf fridimwl forcing. I Ieavy lines aboYc PHL denote secondary 

circulation cells. witll \erticttl arrows in the PilL den oting downward mo~ 

mentum fluxes (solid) ;1nd do\\·nward hc<lt fluxes !ctn\·cd). !Ieavy arrO\\"S 

indicate stronger JO\nJward momentum fluxes. Dashed lines depict \\"<:trl11 

hont. 

-L Diahatir lleating 

The fOurth term rcprc.;;cnt<i the cOCct diabatic heating hc1s on the hori7ontal 

temperature gradient. In the boundary bycr, JillCrcntinl heat fluxes act to rc!ax the 

temperature graJicnt, and arc strongly dependent upon the sur/;tcc temperature distrib­

utiou, as discussed in Section I. Surface heat ami moisture tlu;..cs in the PilL can be 

turbulently mixed out of the l'BL. providing a source of heat ami moisture to the mid~ 

troposphere in addition to the heat and moisture ad\·ccted into the region. 1\t mid~ 

levels, latent heat release within and behind the warm front, ond evaporative L:ooiing 

ahead of the front enhance the temperature gradient. One should expect center:; of 

positive and negative diabatic /Orr..ing to be located as in rig. 7. ·1 he low level fOrcing 

opposes the secondary circulation ut low !nels and the mid le\ e\ fOrcing enhances the 

circulation. 
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fig. 7. 

pb l 
sfc 

Center'i of dinhatic forcing. rorcing: in the PBI 0 !1J10SCS the secondary 

circulation. In the mid-troposrhcrc it enhances the circulation. 

17 



Ill. DESCR IPTION O F DATA SET 

A. 1\I.'~IERICAL ~ I ODEL 

The numerical simulations for the three case studies used in this study were run for 

-1-S hours using the Pcnnsyl"'>ania State Cni\·ersity ~ational Center for Atmospheric Re­

sc:m..:h (PSL" -:"C:\R) mesoscale model version ..t (\1\[-1). which is described in detail by 

:\nthcs ct al. (19S"i'). The usual meteorological data plus the boundary layer Du:\cs were 

output cYcry 3 hours. The vcrs.ion of the model u~cd for this study utilized 1-1 vertical 

layers from the surface to 100 mb. periodic cast-\\TSt bounJ.:uics. a fJ- p!J.nc Yariation 

of the Coriolis parameter, and the high resolution boundary layer moJcl. The bounJary 

layer oc.:cupics flyc of the 1-llaycrs. with the lowest layer within the surfac:c layer. 

Dlil'crcntial friction can rc~ult from the boundary layer struc:ture and processes in 

the model sin~e the model vertical hc;:n. moi~ture, anJ momentum fluxes usc a vertical 

Jilru~ion codiicicnt that depends on the local bulk Richardson number (R.~ ). The 

b,JlJJhlary conditions are considered stable \\'hen the bulk Richardson number (R~) is 

_freater than zero and ZH/ I" is large. Zh' i~ the height of the surface layer and L i.o:; the 

.\1 onin-Ohuhho\· length. r or \·cry stable condition<:. ( R.1 2': 0.2 anJ 7;1l L unrestricted). 

no turbulent nu.\C" oct::ur. ror stable condition~ (0.0 < Rb < 0.2 and Zn/L unrestricted), 

C:unpcd mechanical turbulent fluxes occur. and for marginally unstable or neutral con­

Gitions ( Rb < 0.0 and ZH / L::::;; 1.5 ). both mechanical and buoyant tu rbulent fluxes occur. 

L'nswhk boundary conditiom apply \Yhcn both R~ < O.U anJ ZH/L > 1.5. anJ under 

these conJit1ons the Yertical 11uxes arc computed using a com ccti' e plume moJel. ln­

c..lu,JcJ in the lhl\cs is a dO\\'ll\YarJ entrainment flux at the tor of the nlixcd layer equal 

to ::::()"" of the ~urf'acc nux. 

Cl ouJ formation anJ precipitation are petramctcriLed tl1rough both non-conYecti\-c 

cmJ conYective procc~~c~. Stable lifting that results in relative hunliJities greater than 

J(liJr'" is treated a~ non-conYccti,-e precipitation. anJ the latent heat is aJJeJ directly to 

tile thermodynamic equation. Lnstablc ascent or com·ection i~ parametcri7ed ming a 

moJifieJ h.uo ( 197--1) ~chcmc (:\nthes 19i7J \\'hiLh redistributes the moisture and latent 

heat vertically through prcscrihcJ profiles. The criteria for r.:onYection arc total column 

moiqur~ conYerg~JKC greater than 0.01 g m 2 s 1 and the preJicteJ clouJ height greater 
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Diabwtic beating useJ in the Sawyer-Elia~scn diagnostic equation is computed as the 

resiJual of the thermodynamic equ.:ttion 

where 

0 = 7( ~; ) ''P ~ 
r 

The time tendency was computed as a six-hour time difference anJ introduces some error 

into the Jiahatic hearing Y.:tlues. I Iowever, the diJbatic he.:tting data Joes correspond 

with the raini~Jll region<>. giYing at le<.J.'-t qualitati\-e confidence in their di~tribution. Bc­

C<:iU<..C frictionJ.I forcing is computeJ as a ~econJ orJer rerticctl diiTcrcnti.:tl. forcing at the 

su:-fa(:c i" rerre~~·nteJ by forcing at <1 lc\·e] aboYe the <.:urldcc in the miJdlc of the PBL 

ll. I.'\111.\L CO:>.D!TIO:"» 

Thc initi~ll sea-}e\·e] rrcs~UJe (SLP). smface cquiYaknt potential temperature. anJ 

cbs-en ..:J \YinJ [idJ for the three C<1scs arc ~hown in l "i g. S. The initial baroclinic insta­

bility t:onJitioll" arc the same in each ca~e. with the only dinCrcnces due to the respective 

~urLlCc hcJ.t anJ moisture flux distributions. The initial model cyclone diiTers from an 

<.tLtuctl ;Jtmo~pheric c~clone moq significantly in its lack or an initial vertical circulation. 

its moi~turc ~tructurc being too dry compcttcU with typical cloud pattern" of actu:1l 

cyclone~. anJ a sli);ht ur~hccu tilt in the thermal waY c. All but the moisture distribution 

difference are climiH<-lteJ in the first six hours of ea<.:h JlJOJcl simubtion. The moi~ture 

di~uibmion takes IS hour::. to resemble the t;.pictd clouU pattern of an actual cycl01lC, 

which aJ...o giYes les<.. c:crtJ.inty to the diabatic hc<-1ting contribution" to the model 

cy":lof'Cl\I:~J~ and frolltogcnesis. 

The control cxr~riment \Case I) uses a zonal SST distribution (rig. 9) anJ induJcs 

surhce hc,lt anJ moisture fluxes throughout the simulation. \\-ith tbi~ SST Ji~tribution 

the mc;m b:trodinicity in the atmosrhere is rcinforceJ. anJ the pattern of surface heating 

imruJuccs tcmrcraturc tendencies that counteract the in itial thcrlllal cu.hcction (:\"u"" 

anJ :\nthcs. llJS-). The initial surface i1w. di!-trihution i" chJracteriJCd by ur\\'ard he<tt 

anJ Lloi .... turc fluxes \\'est of the surf.:tcc lo\\- anJ downward i1u\.es e~1st of the surface lo\\". 

The .... econd experiment (Case 2) uses the same zonal SST th~tribution hut insubtc-" the 

atmO'-]"'hcre from the sea surface by spccifyin£ a zero hem anJ moisture flux conJition 
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fig. S. Initial conditions. Sl.P in 1ub (solid). 0, inK (dashcJ) . .:md obser\'eJ wind 

vectors in m s-1 for each case. Length or \YinJ vector denotes inten sity, 

with tile maximum length representing 5U m s- 1• 

throughout the simulation. Bcccltl';c the only source of'moi~tmc in the model is from the 

surface moisture flux, thi s ca~c h<Js no moisture directly transp o1 ted to mid and upper 

levels as in the other two casco;, and relics on the doud formation .:uH.l p1ecipitation 

raramcterization arplicd to rising 'n1rn1 air cooled through aUic1hatic proccsscc;. The 

downwtird momentum llu:-.. is not srecifi.cally modified f"rom Case 1, except indirectly 

through strati!ication clfccts that re..-ult ffomno smf"acc heating. \\'ith no surface lluxe_c;, 

the total frictional convergence ic; reduced to that c-1used by JdlCrential do,rnward mo­

mentum fluxes. and there is no thenn.:ll damping cOCct in the boundary layer. 
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fig. 9. Case I and Case 2 lo.,S 1 distribution. SST in "'C (s oliJJ, v>ith the initial to tal 

(latent rlus scn~ihlc) heat /lux diqribution in \\' m 2 , and the cyclone track 

and position at six-hour intcrrals from 00 h to 48 h inJica tcd for Cc1sc I. 

The final experiment, Case ~. u~c" a sinusoidal SST distributiou and induUcs surface 

heat and moisture f1uxcs as in Case I (rig. 10). The sinusoidal SST diqributiou in tili~ 

case is in phase with the thc1 mal qructurc of the cyclone. thu<> reinfOrcing the lO\v- lc vcl 

baroclinicity instead of the large ~calc rncan barodinicity. I his distribution rc~ults in 

large upward total heat f1u\c<.: to the northeast of the surface low as well ns to the west. 

In this case the magnitude of the heat flux is largest northea!'t of the surface low, en+ 

hancing the !fictional coJH CJ gencc northeast of the surCacc IO\r compared \\·ith Case L 
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fig. 10. As in fig. 9, t'.'\n·pl fur Case 3. 

C. UEYELOI'~ILNT or I IlL CYCLONE 

The differences in structure <l!ld dynamics of ead1 cyclone throughout the simu· 

lations represent the direct and indirect effects of the ~urfacc Jlux distribution unique to 

each case, since the initial baroclinic instability factors arc identical. The intensity of 

cyclogenesis in each case can he JescribeJ in part by the sea.JeYcl pressme (SLP) 

deepening rate. Fig. 1 J is a plot of the Jo,,·est closed contour of SLP around tile center 

nrsus time for each case. Hy the Sanden and GytJ.kurn (19SO) definition ofexplosi\'e 

development (1 mb h- 1 fori~ h or more), all three cyclones devcl0p explosiYciy, with the 

average deepening rate l.<-10 mb h 1 for Case I, 1.89 mb h-1 for Case 2, anJ l.(J5 mb lz 1 

for Case 3 C'...;uss and Anthes l9 P ). 

In Case I, the c~·clone traL-b northeast towarJs colder water , initially O\'er :1 region 

of increasing downward heat flU\C<;, and then towards the region of increasing upward 

heat nuxes in the top right quadJ<tnt of Fig. 9. As the cyclone lllO\ es towards this re­

gion, the diJICrential in static stahlit) across the warm front i!i enhanced. InucascJ 
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~-~?_E __ 3 __ _ 
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TIME !ZJ 

Fig. I L SI.P (mhJ \l'l"'im limP for rach case. J\ote that the deepening r<.ttcs arc 

the s.ame for each <:a~c until 12 h. and the deepening rates of" Cases 2 and 

3 arc equiYalcnt until :.o h. 

upward heat J1u'\es ahead or tht.: JJ·ont reduce the static stability in this region comp<treJ 

with the comp.:uatiYely sm~tll innease in static stability behinJ the front in the region 

of down\\"ard heat fluxes. Dif k1cutial static stability in the I'BL increases friction a i 

com·ergencc, ho\~·cver it is small rclatiYe to the thermal damping effects of the he;lt flu'{ 

dist ribution, which acts to c:Jow liontogcncnsis by warming the cold air sector ahead of 

the front and cooling the warm <l ir sector behind the lfont. ·1 his prevents the forlllation 

of concentrated temperature gradients at the surface and associated strong tcmpc! ett urc 

advection (:\uss and Anthes, 1987). 

The removal of surface heat and moisture fluxes in Case 2 rL·sults in an increased 

rate of cyclogenesis compared ,,·irh Case l. In the absence of suriitcc Jlm.;es, difiCrenti.1l 

static stabilty across the front is reduced, so !fictional com·er~cnce due to difrcrcntial 

downward nwmcntu~n fluxes .is no longer enhanced. Ilowerer, the frontolytical thermal 

drcct of the Case I surface heat fluxes is removed, and indeed, :\us~ and Anthes { 1987) 

showed that the low-k\"el thermal L·o]J anJ warm front ad\"cc..:tion im:reased in this L"asc 
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compared \\"ith Case I, and the temperature gradients were stronger, Indicating stronger 

cold and warm fronts. 

In Case 3 the cyclone tracks northeast across the SST gradient. mo\·ing slightly to­

,,·ards warmer water until the 2~ hour point (:!~h) when the cyclone starts tracking to­

,,·arJs colder water. This tr<H:k results in an initial reduction in dov;nwarJ fluxes cast 

of the surface low until 24 hours, when the downward fluxes be£in to increase as the 

cyclone changes direction. The surface flux distribution of the first 2~ hours favors a 

maintenance of the baroclinicity of the cyclone. The distrihution of strong upward 

fluxes north of the warm front results in reduced low level static stability and stronger 

hcatinf. of the PBL in this region, which cnlwnces (fictional co1wergcnce northeast oft he 

surface low. The frictional com-crgcncc in this case is stronger than in Case 1. where the 

ur,,·ard l:.eut l1u\es northeast of the surface low \rerc not as strong. Another significant 

difference bct"·ccn the t\\"0 cases is that the moisture Dux to the northcaq of the \\·arm 

front in Case 3 i~ greater than 200 \\" m-2 comparcJ \rith ncar zero in the control case 

('\u~~- 1989). and there is an upward moi~turc flu\. throughout most of the •sarm sector 

in C<J.sc 3 compared with ncar zero Ouxcs in Case 1. 

As Ji~l· us~c-J by :-\uss (19~9), conn~rgcncc ncar the cyclone center and \\'arm front 

p!.,~- a ~isniJicam role in the \Trtical circul ation of the cyclone. Because of the heat flux 

Jiqribution. stronger \YinJ stress results to the northeast of the surface lov; in Case 3 

compared \\·ith Cases 1 anJ 2. The curl of the smfacc stres~ is proportional to the fric­

tional PBL c01wergcncc (Fleagle and :"<uss. 19S5). \\'ith increased convergence into the 

smfJ.cc lmY anJ \\·arm front in Case :; as a result of the stronger heating, the PBL 

<.I~costropbic flo,,· toward the front and lo"· is strongeq in this ca '-C. Thi~ results in a 

qronfer low-level trans\-crse component of the ~econdary circulation. \\'hich in turn en­

hances the intcmity of the cold conYcyor belt flowing towards the cyclone ahead of the 

\\'Ztrm (font. 'rhid1 transports boundary layer air that has been heated <.1nd moistened 

by the surface beat fluxes toward the cyclone center. The result is increascJ Ycrtical 

tran<;ron of heat and moisture out of the bounJ~Il)' layer. contributing to stronger 

midtruro-~pheric heating and greater intensification of the cyclone than in Case 1. In 

hath ( a5es 1 and ~- the strongest ascent was found to be along a line extending from the 

<.:y(.:lont: center southea~t and along the \\'arm front. In Ca~e 3, both the frictional con­

Ycrgcnce (llld latent he(lt release arc offset by the frontolytical effect of the surface hc<:lt 

flu_\ Jis.uibution after .24 h. It appears that the rcJm:tion in the deepening rate of the 

c~done can he related to the removal of the faYorahlc conditions of the first 2..:J hours. 

It lT!llilins. to be shown whether the stronger friuionctl convergence in Case 3 i!'i due to 
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PBL processes or stronger gcostrophic forcing that results from other indirect effects of 

the surface 11u-xc~. 

The role of surface heat and moisture flu-xes in oceanic cyclogcnesis is complex. The 

fronto,tenetic.:~tl e!lCcts of surface heat Jlu-xes on the PBL stratification and (fictional 

conYergencc arc orpo~ed by the direu frontolytical effect:-. on the thermal gradient. On 

the other band. turhulent nUxing can tran~port he<J.t and moisture out of the boundary 

layer into the tropo(pherc where it can enhance the temperature gradient through the 

release of brent he:lt. This feeds back to the cyclone. since the enhanced thermal gra­

dient enhance:-. the secondary circulation anJ intensity of the cyclone. which in turn en­

hances the winds anJ the geostrophic frictional conYergcnce. It ccm be seen thJ.t the 

J.dYance of the <.·yclonc into a new distribution of difTerential heat and moisture Jluxes 

ha s a cri ti c<l] imrac t on the intcmit~ of cyclogcne sis. Case I ctllows an analy~is of 

bount..Llry b~ cr procc ~~c~ in the prc<:.ence of a continuously changing cro~s-front SST 

Ji~t r ibution. Case 2 allows an:.:dysis of ii·ontogcnc:.i::. and t.:)c.:l o ~encsi~ in the ah!:-e!lce of 

smLt<-~ hc~n ai1~1 mci:'-lurc Du \cs. cmd \ a .'-e 3 allows analysis of these prot.:csscs in the 

prc~~'!Ke or <1 11 init ial]) unifo rm SST gradient fo llowed by a changing &radicnt after 2-4 

hom~ or l!~\ dormcnt. 

D. TOTAL FORCI:\G A11HE Sl.RL\CE 

l he intcn ~ it~ of the sur be;; '' o. rm from can be repre:.cntcd by the total geostropbic 

;::h! al;~O,trophic forcing at th~· surfJ.cc . fig~. 1~ .:mJ 13 ~how tile total forcing <~t the 

surface ~~t 2-4 h for C ase~ 1 and ~.and ri,t. 1..:: shows the same for Case 3. Recalling the 

J ircuion of !1C•\\' around \ c rti ~ ct!ly - o ri c ntcJ ccmcrs of positive and negatiYc forcing as 

Jj~ <- m~ed in Scuion II. one can dct~nnine the scn"e of ilow in the vertical plane from 

the 5i sn of the fOn:ins at the surface. In each Gl5e there i::. a region of slightly negati,-e 

forcing ahead of the \~ ·cum front. ,~·hich implies clockwi.'-e circulation in the -rertical plane 

and con~el{Ue i ltly !lo\\. tO\\· cm.h the nortiK<t st in the horizontal plane of the surface. 

s :m.ibrly. the regiom of p osi tiYe forcing imply countercloch,·ise circulation in the YCrti­

ud pbne . and c o n~cqth'ntly surf<tce flo\\' towards the south\\'est. The vcnicill plane of 

1]oK i~ assumeJ t o be perpendicula r to the a'\is ofhorizontill forcing. and the si ,tn oftl1e 

forcing at the surrJ.cC jo.; ::.\(Sll!l1C J tO C\tend \"erticaJiy ilbO\"C th::tt region. 

The bo unJ~nie s bet \,·ccn the po ~ itiYe <tnJ negati\·c regions of forcing arc of particular 

impor tanL:e si ne~ they rcrrc ~ ent the transition from L"OUnterclockwise to clocb,·i~e flo\\·, 

and hence a rc r c ~i o no;; of ur\,·ard or downward \·enical motion. For example. in Case 

3. tile bvu nJary l.,c twee11 the nepti\ e regi on to the non!Jcast of the fi-ont and the rosi-



ti\·e region v•ithin the surface front is a downward vertical motion region. Simllarly , the 

bounJary bcn\·ecn this positive region and the negath·e region south of the surface low 

is an upwtlrd vertical motion region. This combination of downward motion ahead of 

the front and upward motion behind the rront supports the direct circulation and is 

frontogcnetical in that the forcing enhances the temperature graJicnt. The strongest 

surface flo\\' is to the southwest, perpendicular to the axis of forcing, which is close to 

the rosition of the warm front. 

The total forcing is strongest in Case 2 and weakest in Case 1. which supports the 

results of ::\uss ( l9 S9). who found that the Case 2 warm front was the strongest. Yet this 

case did not have the strongest vertical circulation or colJ conveyor belt, nor did it have 

the most rainfall . although it had the most intense cyclone. lhe structure of the vertical 

circul.:ltion anJ forcing above the surface is not neces<sarily the same as that of the sur­

fttLT. A clearer picture can be obta ineJ from an nnalysis of the cro5s-sections of total 

fOrcin.t fOr each case. or more importance is how each component or fOrcing i~ con­

tributing to the total forcing at alllcHls. and v;hat effect the surface flu 'Xes have on these 

crmroncnts. 



fig. 12. 

·24Z XX SF C GHT SEQ 

Total forcing at the <;urfacc at 2..t h, Cao;e- l. Cieopotenrial height in m 

(~oiH.l), total !Orr..:ing in f..:. 100 km- 1 doy-1 (Jasllcd), and obseneJ wind 

vectors in m s 1• \\'1nd \Cctors vary in length according: to speed, \,·ith the 

ma\imum length So ms 1• Contour intcn·al of forcing is 5. IIeavy lines 

denote zero CO!ltours. 
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rig. 13. As in fig. 12. r.\:crpt for Casr- 2. Contour intcrYnl is 10. 
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'~"""'- '"'"' •• " .. ... '~'""' ,., .... ,.. ..... .,.,,. \e"<.\:0:;;;,. 

fig. 1·1. As in fig. ll. r.'\ct'pt for Case 3. Contour intcrYal is 10. 
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1\". RESUL TS 

A. 0\TR\"IE\\" 

1\ series of surface plots of totJ.l frontogcnctical forcing through the c;·jonc domain 

were taken at six-hour intcrYals to analyze the eYolution of total for-..ing:. figs. 12 

through I..\ are reprcsentatiYe of the general pattern and rclati\'e intensities of forcing 

of the cold D.nd \\'arm fronts obscrYcd throughout the simulations. Although there is 

positiYe forcing of the warm from in each case, total forcing at the surface in Case~ 1 

and 3 is strongest in the cold air sector behind the cold front. "·hercas in Case ::'! total 

forcing is strongest in the vicinity of the "·arm front. This suggests that processes unique 

to Cases I and 3 arc dominating totul fOrcing at the surface. 

n. 1 UTAL fORCI'iG OF THE \\"AR~I FR00T 

I. Surface 

As seen in Figs. 12 through 1-l. the pattern afforcing of the warm front in Cases 

2 and 3 i.~- elliptical, ,..,.hcreas a diqinguishable ellipse of forcing docs not become cYident 

until 3\l h in Ca~;c I Total forcing reaches a ma\.imum at 30 h in Ca"e 3, ::lnd 36 h in 

Ca"C'- 1 and 2. fig. IS is a. time series of the towl forcing of the warm front. measured 

a~ the m<nimum contour ralue at the approximate mid point of the surface \\'arm front. 

This is in the loc::ltion of maximum forcing. and also a\·oids the occluded fi"ont. Total 

forcing reaches a ma"Ximum of 10 K 100 k11r 1 day- 1 in Ca"c l. -W K 100 km-: da_1~ 1 in 

Case~- and 100 K 100 km- 1 da_1·· 1 in Case 2. Comparing the SLP deepening rates fi·om 

fig. II \\'ith the rates of growth and rc!atiYe intcnsitie~ of total forcing from fig. 15 for 

e~Jc:h ... a...,c. one ca n see that the strongest frontot:cnctical forcing and deepest cyclone are 

both in Ca~e ~. and the ,,·cakest total forcing and s]m\·est deepening rate are in Case 1. 
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CASE 1 
~.SE--z­

CASE 3 

rig. 15. Elolution of total fon.:ing of the surface \\arm frout. 

.., Cross Sl'dions 

Crms sections of total rorcing ofthev;nrm front were taken nt six-hour intervnls 

for each case. oriented perpendicular to the warm front <1nJ bisecting the re~ion ol 

maximum total forcing of the \\·arm front at the surntcc for that time. The cross ."cctions 

depict more clc~1rly the loca ti on or total forcing in the \·cnical plane \dth respect to the 

Ycrtical circulation field and ~ud ~tc.:c mum front. By 12 hours nil three cases have broad 

regions of rositi\ c total fOrcing in the cold air sector ahead or the warm front. ami gen­

erally negati\'e forcing in the W<Hm air sector behind tile warm front. The countcr­

clock:\\ise circulation inJuccJ by tile positiYe forcing ahead of" the front, Cllld the 

clock\Yise circulcltion induced by the negatin forcing behind the fi·ont, set up the Jirect 

circulation cell and upward Yertical motion region in the \nmu fi·ont, as suggested in 

Section II and a.c; indicated in J"igs. J(, through 18 by the vectors ofageostrophic \Crtical 

motion. figs. 16 and 17 show the cross sections of total forcing at 24 hours for Cases 

I and 2, and Fig. IS shows the same for Ca<>e 3. The orientation from left to right in the 

cross-sections is northeast to southwest, \\·ith the cold air scLtor nhead of the fl·otlt to 

the left and the wan~1 air sector behind the front to the right. 

The initial model C) clone docs not have an initial \'Crti cJ] circ ulation field: rather 

it e\·oJ\·es over the course of the simulation as frontogenetical processes occur in the 

model. The presence of a distinct updraft region, as dcf'ictcJ by the \"Cctors of 
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ageostrophic flow around the warlll front, is eriJent by the 12 hour point in Case J, witll 

a less distinct updraft region in Case I at this time. Case 2 Uocs not UcYelop a Jistin­

guishable updraft region until IS hours. One can get a sense of the intensity of the cold 

conYeyor belt (CCB) ffom tile Ill<lgnituUc of the agco.strophic nctors circulating around 

the Uirect cell in each case. The strongest CCll is In Case 3, \i-hilc the \\"Cakest is in Case 

2 

fig. 16. 

24Z XX MRRCH 1986 SEQ EQT CVR 

!3611 311.01 1:2411 11.01 

2-t-h cross section of totnl ageostrophic forcing. Cn~r 1. Forcing is in K 

100 k111 1 day 1 (solidi, 0~ inK (d~shcJ), ami ageoqrophic circulation \·cc­

to rs. A.geostrophic circubtion nctors \'<HY in leng th accorJing to :;peed. 

\Vith the maximum length coneo;;pondin~ to 50 m s 1 in the horizontal anJ 

50 ttb s· 1 in the Yeitical. lleaYy lines denote zero contours. Contom in­

ten<ll of forcing is 5. 
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fig. 17. As in Fig. 16. e:\.rt•pt for Case 2. Contour internd is 5. 
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fig. 18. As in Fig. 16, except for Ca~e 3. Contour interval i" 10. 

Uy the 18 hour point C~<;cs I and 3 have distinguishable ellipses of positive total 

forcing extending vertically within and ahead of the updraft region, \\'hcrcas in Cusc 2 a 

~im.ilar region is not apparent until 2--l hours. Cores of positi\'C r(l!Ting in the boundary 

layer are first distinguishable in Case 1 at 30 h, and at 2c.l h in Cases 2 and 3, artcr \rhich 

the boundary layer remains the }c\·cJ at which total forcing is the strongest. Ur <li] the 

cases, Case 2 develops the strongest boundary layer total forcing, I caching a maximum 

of 150 K 100 km -1 day- 1 at 3G h. ·1 he relative maxima and tilllcs of occurrence in C.:ucs 

1 and 3 are 35 K 100 km- 1 day 1 at 36 h and 60 K llJO km- 1 day- 1 at 30 h respectively. 

rig. 19 shows the evolution of total forcing in the PUL for each case, measureJ from the 

respect ire cross sections as the lliJ.Ximum positive VJlue in the core of positi\c fmcing 

ncar the updra!t region, typically at about 950mb. i\lthoug!J this is a crude measure 

of the frontogenesis, it gi\cs at least qualitative c\idcncc of how the forcing C\' OI\'c~ in 

cadi case. Case 3 has the stro11gest initial forcing, but is the case in \\'hich the PBL 

forcing first declines. Uetm: ~.:n 18 h and 24 h the total forcing in Cases 2 anJ ~ is tlic 
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~ame, after which the rate of growth begins to decline in Ca.~c 3 while the gro\\ th rate 

in Case 2 continues to incrca~c. 

CASE 1 
---v;,;,-,-­

CASE 3 

...... !__;;~ 
·~.~,-.~.~,~,~ .. -.~.~,~.~,~ .. ~,-,~.~,~.-.~,-.. c-., 

nME !Zl 

fig. 19. £\Oiution of total fon:ing in the PilL. 

At nlid levels, Ca<..c 1 develops the stronge ~ t total forcing, reaching 35 K lOll 

km- 1 dtl_l' I at <4 ~ h. Case ~ t.lc\clop" a maximunl. of 30 K IOU /" 11 1 day -1, and Case 3 

develops a maximum of 2ll 1..: 1011 ldl! 1 dctr- 1 at 24 h . I"ig. ~~~i s a summary of the tot al 

forcing at mid levels, measured in the direct circulati on celJ a s the maximum cont our of 

pmitive forcing at GOO mh. 
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CASE 1 

~~ 
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nME lZ) 

Fig . .20. Elolution of total furring at mill lends. 

C. TOTAL FORCING AT 2~ II OURS 

For continuity with ;\m~ ( ILIS9), the 2-4-ll our time was cho~en for detailed analysis. 

·r his time is representative of the most rapid phase of development. and is just prior to 

formation of the occluded front. By this time in the evolution, the e/lCct of the /luxe~ 

will have influenced all the tcm1s to some degree. In all three cases there is a large region 

of positi\·e forcing ahead of the \>:arm front, and generally negative !"arcing behind the 

fi·ont. The gradient of total f"urcing nt nlld levels is strongest in the upUrnCt. regi on \rhere 

the vertical vec.:tors are the strongest. The positive f01c.:ing in the Jircc.:t c.:irc.:ulation c.:cll 

dominates tile negatiYe forcing. sugges ting that the direct cell is the dominant cell in the 

secondary circulation of the warm front. 

The patterns of forcing of the direct circulation cell in each case. as seen in Figs. 

16 through 18, arc not synm1ctrical ellipses as discu ssed in Section II, particubrly in 

Cases 2 o.nd 3 wllerc there is o. cell of strong positi\·e forcing in the boundary Ia} cr be­

neath the updraft region. Case I develops a similar region by JO hours. There w·e dis­

tinct differences in the forcin g at co.ch level in the three case~. and as di~cusscll in the 

previous section, must be a result o[ the ditlCrcnccs in the surr;u.:c Ouxes in en: i1 case. 

As described by 7\uss (1989), diHCrcnt surface heat and moisture flux distributions re­

sulted in diJlCring rates of cyclogcncsis, frontogcnesis, and intensity of the cold conYeyor 

belt. "I !Jere is certainly e\"idcncc or a relationship her ween total forcing of the \\CHill 
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front. espccio.ll~ at the surface. and the cyclone deepening rate. The important question 

is ho\Y these lhrx distributions. which differed rrimarily ncar the \\·arm front. modified 

the \\·arm fl:ontal temperature gradient and Ycrtical motion in each case, as indicated by 

difTerenccs in total forcin~. 

D. CO~TRIBUTIO:\S BY EACH CO~IPONENT Of fORCil'G 

I. Own·ie" 

The total forcing in each case is strongest in the boundary layer, with confluence 

and shear the dominant contributors to total forcing at this level. Confluent forcing is 

generally concentra ted beneath the urdraft region. with shear extending from this lo· 

cation into the direct circulation cell at low le\"els. Diabatic heating is generally negative 

at t his level in all three cases. concentrated beneath the updraft region but extending 

ahcaJ of the \Yann front as with shear. rrit:tional forc:ing is a small component of total 

forcin~ of tile \rann front. The forcing J.ue to diabatic heating is the dominant comro· 

nent of tota l rorcing at mid anJ urper !eYe!~. anJ generally located within and ahead of 

tl.c updraft regi on . Centers of mid·lnel connuen~.·c and shear arc located \rithin tht;: Ji­

rect cdl ahead of the warm front. Interesting departures from these general results were 

found in c:1d1 ca '-c. ;.t ~ Jc-;crihcd belo,.,·. 

2. Ca~L" I 

The ~ --1 - il scn..,iblc anJ lat ent heat flux distributions for CD.sc I arc shown in Fig. 

2 1. wi th the positions of the front and cross-sec tion added for rcf'crencc. lly this time 

the initial J(J09 mb lmr bJ5 deepened to a 9S6 mb low, with strong rositiYc total (latent 

r lm scn.;;iblc) heat !luxe~ west of the low and Jo,Ynwnrd Jluxes cast of the low. This 

diqri[lmion rrcYcms the formation of conce ntrateJ surface temperature gradients and 

strcn::; temperature adYcc ti on. ~incc the Ufl\\·ard J1uxcs are warming the cold air region 

anJ the do\\·nward Jiu:--.cs arc cooling the warm air regi on. Il owe\er this eDCct cxtcnJ.o; 

only to the top of' the boundary layer (:'\uss and :\nthes. !0 8"7 ). 
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a 

fig. 21. 

b 

2..t-h brat flu.'\ rlistr ihutioJJs for Case I. (a) sensible ami (b) latent heat 

Jlux distributions in \\. m 2. Dashed lines imlicatc Jm\·myanl or ncgati\T 

1luxes. fronts aJdcJ for reference. rro!ll :\uss, 191\9. 

Surfaa 

1 he frictional com·crgcncc and Jiabatic heating components of forcing for 

the surface arc shown in J igs. ~2 ami 2]. rrictional forcing i~ ncgati\T in the rc~i {_)n of 

Up\Yard heat fluxes northcaq of the surface low, but also slightly ncgntivc in the region 

of dowmrard heat fluxes behind the warm front. I JowcYcr, the /fictional fort:ing is 

strongly positiYc in the cold air seuor behind the calli front \\"here the UJl\Yard heat flu'\ 

is the strongest. ·1 he in<.:onsi stcncy of' the fri ctional fOrcing rclati\'C to the sign or the 

heat !luxes sugf:ests that the momentum fluxes in the 1\Jodcl depend on other factor!: that 

arc not determined simply from the fluxes. This may be particularly import.:mt when the 

boutJdary layer i ~ dose to ncuti<ll stratification. 

The sense of the ageostrophic fl ow induced in the region of negcHive f'nt cing 

northeast of the \\'fUll\ front i" for surface {]ow to the northeast. ·with corrcspomling 

downward motion at the boundary between this region and the region of' positive !'on.:ing 

closer to the ii'ont. Similarly, the inJuccd flow in thi ~ region or po~itiYe forcing is to the 
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southwest, with downward flow .:dong the boundary with the negati\·e region to the 

northeast closer to the warm f'ront. The boundary between thi~ positi\·e forcing region 

and the region of negative fi·ictional forcing associated with the low and warm front is 

upward. The combined Jlow would tend to support the direct circulation cell cts dl~­

cus~cd in the prnious section. The overall pattern of frictional forcing resembles the 

pattern of total heat I1ux.c~ (her the course of the simulation the band ofpositi\·e fJic­

tionctl forcing. expond's in size. although the magnitude docs not substantially change. 

This suggests that as the cyclone hecome~ more intense and the gcostrophic wind~ in­

crease. Uowmvard momentum !lu.\cs hegin to influence frictionctl forcing more th<m the~ 

did initially, resulting in reduced negative frictional forcing. 

242 XX SFC GHT SE3 

fig. 22. 2-t-h surfacE' forcing duE' to friction, CasE' I. Forcing in I\: 100 km- 1 day- 1 

(dashed), with gcopotential height (solid) in m and obscned \\"ind vectors 

in m s- 1• Contour interval afforcing is I. 
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fig. 23. 24-h surface fo rcing due to diaha tic heating, Cas(' I. Contour interYal is 

5. 

Forcing due to di<1hatic heating at the ~urface i~ fi ·ontol} tical to the ·warm 

front, with the Yalues of forcing larger than hictional forcing. Lnlikc the pattern of 

fl·ictional forcing, the pattern of this component of fOrcing d oc<; not resemble the <;urn\cc 

heat nux pattern, because the horizontal gradient of the heating is hcing consiJereJ. 

\\'hat is nident from Fig. 23 is that the surface heating gradient tends to reduce the 

low-leYel temperature gradient. "!be boundary between the m:g:atiYe forcing region along 

the warm front and the positive fOrcing region behind the f1 ont implies downward mo­

tion along the warm front. Consequently, there is opposition of the surface warm 

[rontogcncsis and sccombry circulation. 'I he diabatic heating component dominates 

any frontogcnctical cfiCct of the frictional forcing , giving a net frontoly tical effect of the 

boundary layer processes at this time. 
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b. Cross-Sections 

The cross-sections: in Figs. 24 and 25 depict the vertical extent of these 

diaba tic forc ing terms. Frictiollal rorcing extends up to 900 n1h in the model, at \' hich 

point boundary layer stresses arc 7cro. In Fig. 2<-1, the sense of flow between the positive 

region of frictional forcing ahead or the updraft region and the negative region beneath 

the updraft is fr ontogenctica l. supporting the leading edge or the updraft region. 

Fig. 2-t. 

zqz XX MARCH !986 SE3 EDT CVA 

13o e 3\:l _el 

2-4-h cross-~ cctiou of frktional forcing, Case J. 0, in K (dnshcJ), 

agcostrophic \Crtie<J! C.:Jrc u] ntion \eCtors in ,ub s -1, <J lld agcostrophic rorc­

ing in K 100 km -1 day 1 (solid). Contour imcn-.:11 is I. lleavy lines deno te 

zero cont ours. 
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fig. 25. As in fig. 2-4, rxcrpt for diahatic hl'ating. Contour interval is 5. 

The boundary between the ncgntiYc anJ pos.itiYc regions of di;;batic forcing beneath tile 

updraft region in Fig. 25 is Crontolytical, and Jominatcs frictional forcing as mentioned 

above. llowcYcr, this fronto\ytit.:al component of forcing is domin.1tcJ by positi\·c Yalucs 

of shear and conOucnt gcostropllic deformational forcing (n ot shown) in the boundary 

layer ahead of the front. 1\t mid and upper Jc\·cls diabatic heating generate<; 

frontogenesis and supports forcing of the updran region throughout its vertical extent. 

The transport of heat ami moi<;turc from the surface to the mid ami upper !CYcl s allo\YS 

for latent heat to be released \\'ithin and behind the warm fi-ont. which enlw.m·cs the 

temperature gradient in the \Yarm air ~ector. Becau~c the forcing is pmitive it also en­

hances the secondary circubtion. Geostrophic deformation i~ al5o positive at mid Inc\!', 

although diabatic heating Uominates, especially ncar the updr;d't region. The diabatic 

forcing is most su~ceptible to error at upper lc\·ch: whc1e the horizontal tempcratuJe 

gradient is a minimum, so a rurtller discussion or uppcr-lc\'el forcing is precluded. and 

is llOt the racus of this stuJy. 
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3. Casr 2 

By ~-t h the cyclone in this ctl se btl~ deepened to 9R-l mh. Although it has the 

stronge~t w.:trm front. it has about the sumc .:~.ccumulated rainfall as Case I for thi s time. 

and a}.;;o has the \Yeakest secondary circulation and ccn. The patterns of confluent and 

shear geostrophic deformation are simil<lr to C1~c 1 and are presented for this case for 

reference. 

a. Smface 

rig ~. ~ 6 and 27 depict the surface forcing due to confluent and shear 

geo-strophic defo rmation. and is rcpre~entativc of the typical pattern of this forcing seen 

in Case I after ~-t h. Fig. 28 depicts the forcing due to diabatic heating at the surface. 

\\"it h the absence of sur t:lce heat and moisture fluxes in this case. frictional forcing is 

negligible. &uggeqing tha t ~ur fac c been !luxe" play a significant role in driving the 

do\Yll\\·arJ momentum flux . .-\l tlJOugh there arc no surface heat anJ moisture lluxcs in 

thi s ca~c. the pc.:ncrn or fo rci ng due to Jiabatic heating a t the surface i~ "imi.lar to that 

of c~:~c I. wit!. qrongcr v.:tlucs. I hi~ suggests that either the erron. in the diabatic 

hc~:::n~ cakubtion .:t r c- rclati\·e]y b rgc N that there arc significant differences in the 

bound;:ry Lt:cr po.r<~mctcri;aticm in the mo,Jcl. 

The ~cmc of ho\\. the positin: and negat ive regions of fOrcing enhance or 

rct.J.rd the scconJary circ.:ubtion is the same as in Ca se I. Age~in. the boundary bct\recn 

tlJC banJo!" ro~iti\"C fo rcill£ ncar the warm i"ront in fig. ~8 anJ the broa d 11 C f! ~l ti\"C region 

to t!Jc nonhca"l of the front is a do\\ll\r ard motion rcsion. Similarly the boundary bc­

:.v:ccn thi~ po!.itiYe regiC'n .J.nd the ncga ti\c re,:;i on ncar the smfacc lo\1." i~ urward. i\S 

in CJ~C l. this i~ Ji·ontolytical. 
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rig. 2(i. 2-4-h confluent gl'O!'>trophic forcing at the surfan-, C:-~w 2. Contour intcr-

,·ai i~ 5. 
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Fig. 1.7. As in fig. 2(i, l'-'.n·pt fur forcing tlue to shear. Contour intcn:al is 5. 
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fig. 28. As in Fig. 16. exCC'Jlf fur diahat ic heat ing. Contour inten·ai is 5. 

b. Crou-Sediom 

The ~trength of the \'ertical circulation i~ weaker in this case than in Case 

I, as indicated by the Ycrti~.:<tl Yelocity vectors of rig". 29 through J I. Confluence and 

sheen, in Figs. 29 and 30 rcspccti\·cly. arc strongest in the boundary layer beneath the 

updraft regi on. In rig. 3 t. diabatic heating at mid len: is, in the /'arm of latent heat, is 

not as strong as in Case 1. Thi s i~ to be expected since the only di1 cct ~ource of moi~turc 

in the model is /'rom the PBL ~at only is there no friction al confluence. there is no 

moisture transp orted by the CCB to surface low. In addition. the weaker secondary 

circulJtion in this case support~ the weaker CCU found by :'\u~s (1989). !lo\\'ncr. thi" 

case is dominated more strongly hy geostrophic deformation at the surface than Case 

I. \\·hich supports the findings in preYiou" studies that geostrophic deformation domi· 

nates frontogenesis ;:tnd cyclogcnesis, since this case has the strongest warm front and 

eventually the deepest cyclone. 
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Fig. 29. 2-t-h cross-section of confluent geostrophic forci11g. Case 2. CotltOUJ in-

ten·al is 5. 
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Fig. 30. As in fig. 29, exrcpt for forcing due to shear. Contour interYal is 5. 
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fig. 31. A'i in rig. 29, e;\rPpt lnr diabatic heating. Contour intc rYa l is 5. 

--'· ca .. e 3 

The cyclone in thi~ ca~c h:1" de, eloped as ra1)i.Jly as the ca,c 2 cyclone, <1nd <~!­

though the surf~tce front is not a~ intense as in Case 2 it Ins the most acclllliUI<ltcd 

rainfall at 2-l h. ·1 he heat flux di"tiibution at 2--l h, as shmn1 in I ig. 3~. is charactcriLcJ 

hy strong Up\\'<lJd heat Jluxcs heJund the cold front, positi\e heat 1\u:.:,cs northca!-1 or the 

surface lmr a nO \\·arm front. and a pocket of dO\\ nward heat !lu\cs ncar the trailing edge 

of the center of the warm front. ~imilar to Case I 

a. Sm:f(ue 

The pattern of' liictional forcing in Case 3, as sllo\\'n in J-ig. 33, is quite 

different to that of Case I, in that almost the entire region cast of the surface lou· is 

negatiYe. \\"itllin this ncgati\c region is a pocket or ~lightly ro~itiYC Cric.:tional forc.:ing 

ncar the \\·arm front. Again, the lbuional forcing di~tribution is !\lore complex than the 

heat flux pattern, indicating the significance or other !'actors. \\-hcrcas in Case I the 

region of positi\C forcing was .JhcaJ or the \\"arm front. in thi~ ca:-c it is located behind 



the warm front. 1 he resultant fOrcing of the Oow between the positive and ncgo.ni,·e re­

gions docs not seem to located in the same posi tion rclati rc to the warm frou t to en­

hance the direct circulation cell anJ fi·omogcncsis. As in Ca:;e I . this region of positive 

fr ictio nal forc ing expands in si7c, a lthough not in magnitude. ·1 he magnitude ofncg<'lti\·c 

fi·ictionnl forcing does increa~c slightly, altho ugh it decreases in area. This Iauer result 

was not seen in Case I , anJ ~uggests tha t since the two cyclones a rc of equal intensity 

at this time, the difference is due t o the surface heat llux distribution. 

The 2-l-h surf3ce diahatic hea ting in this case, as seen in rig. 34, is similar 

to the other cases. but with a lllorc 11arrow band of negati\'e forciug a ssociated \Vith the 

warm front. The strength of the gradient frotn the negative to positive regions is 

strongest in thi~ case, supporting a stronger t ransverse fi O\\. and \'Crtical flow at the 

boundaries. Just as frictional fOrcing appears to be less frontogcnetical than in C<.~sc I , 

the IQ(:ations of the upwan.l and Jownward motion regions appear to be Jess front olytical 

than in the o ther t\\'O cases. 1\n analysis of the c ross sections yiciJ..; n clearer picture of 

this relationship. 

fig. 32. As in fig. 21, e.\(.:cpt for Case 3. 
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rig. 33. 2-4-h surran· rmrill::,! dur to friction. Ca <il' 3. Contour itHCJ"\'al is 2. 
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Fig. 3~ . 2~-h surface forcing due to diahatic heating, Case 3. Contour interv;J\ is 

5. 

b. Crou-Scctiom 

The cross-section or fi ictional forcing in Fig. 35 ren-al!> that the rc)!iO ll of 

positive frictional fo rcing is located beneath the trailing edge (\mrm ~ector side) of the 

direct circulation cell updraft region, \\·ith negative forcing directly beneath and ahead 

of the updraft region. The resultant vertical motion between these centers of forcing act!' 

to oppose the vertical component of the direct circulation cell. I lo\vcver, because the 

negative frictional forcing ahead of tile front is strongest in this GBe compared with Case 

I, one can imagine a stronger trans\·crsc flow towards the front ami cyclone at the top 

of the PBL. Thm !fictional forcing is not enhancing the updra!i. region but is enhancing 

the transverse component or the direct circulation cell at low lc\"cl ~. 

Thi~ case has ~trongcr values of mid Jcye] latent heat than the other two 

cases at this time, as seen in I" ig. 36, anJ indeed, this case has the most rainb.ll accu­

lllUiation at 2-4 h. ·1 his sugge~ts that the region of strong upward llJoisture Ou:o; northeaq 
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of the surface Ji ant hJs influenced the latent heat of the mid tropo~phcrc, tran sported 

to the fl'ont anJ cyclone by the influence of frictional forcing. 

zqz XX MARCH 1986 5E3 EQT CVR 
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fig. ~5. 2..f-h CfOS'i-srrtinn nr frictionnl forcing. Cn<.r 3. Cont our itHCrYal is I. 
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fig. 36. As in fig. 35. exl'ept for diabatic heating. Contour intcrYal is 10. 

E. TI~IE SERIES or roRCINI; 

The results at 2..t h nrc a ~napshot at one time, and the fCcdhack of the ~urface 

diabatic effects on gcostrophic forcing has not been separated. A time series or the 

contribution to total forcing by each component at lo\\·, mit..!. and upper icYcls t1ttcmpts 

to separate the influence of each forcing term as they c\ oh·c throughout the simulation. 

f arcing was measured as the maximum value of each term along a horizontal line across 

the direct circulation cell in the re~pectiYe cross-sections or each case. The most am­

biguous term at low levels is the hictional forcing term. Frictional forcing \\"aS measured 

as the maximum positive value near the leading edge of the upcln1ft region of the direct 

circulation ceiL since this \\'auld enllancc the updrart region in this location. 'J hi.~ de­

piction does not take into account the inOuence of the negati\c flictional forcing ahead 

of the warm front. Theoretically. tile dock wise circulation around the negative forcing 

center is acting to enhance the low-level transverse component of the circulation cell nt 

the top of the PBL "·here the circulation around the region is towards the frotH and 

54 



cydone . Forcing due to Jiabatic heating was measured as the maximum negatiYc Yalue 

at the base of the updraft region. since it \\·as generally frontolytical in each case at this 

!eYe] and location. Connuence and shear were measured as the maximum positiw \'alues 

in the dirc'-'t circubtion cell within and ahead of the front. The ()50 mh level was chosen 

~ince it i~ the lcYcl of maximum Ya]ucs for most of the terms at each time. At rnid levels. 

the hllO mb )eYe! was d10sen to repre~;ent the forcing due to confluence, shear, and latent 

heat releJ.sc. \lid~leYel forcing was found to be a nw.:...imum at this h::Ycl. with confluence 

and she e~ r gener<~IIY centered within the direct circulation cell. and latent heating located 

within the updraft region. Because the upper-le\·cJ diabatic forcing is most susceptible 

to error. the maxima were located at 300 mh. \Yhere the center of the upper~lc..-cl trans~ 

Yene comr onent is located in each case. For reference. the SLP deepening rate is also 

rwYided \\·ith the 95u mb time series in each ca ~e. 

I. lloundar~- La~ er 

The time s e rie~ of forcing in the bound <~ ry layer for Ca~es l and 2 i~ depicted in 

r ig. _, JnJ fOr Ca <:> (' 3 in J ig . 38. In a ll three CC\~e~. conf1uent and shear geoqrophic 

deformational forcing dominat e totr1 l forcing a t low lewi s. with confluence domin ating 

~hi.?<.lf thoughoUt the \ iJTIUbtiom e\CC'pt fo r Ca~ t:" }. where shear dominates conf1ucnce. 

l oral /'arcing doc" not peak. until :;n h in Ca~c :; and 36 h in Cases I and 2. This is 

comi -.t cn t with the decl ine in the deepening rate of the cyclone in each ca~e m these 

time". Surl~u:.:e diabatic heating i<:. f"r ont olytical. initially pealing at tile same time as 

t'-'O~trop)li~.: fo r<.:in g. Th is component of low lc\ el forcing is frontolytical in all three 

ca"e". and n::Juce<> total (orcin& by ab out 20 I)" · Lnlikc gco st rophic dcformc:nion <t l 

rorcint. diahatic heating Jt the m rface docs not han :.1 single pea k. and period of decline. 

I 'rict: ona] forcing is nor a significant contr ib ut or t o t ota l forc ing in Ca ses I and 3, but 

it i~ the fir~t component of t ot al forcin g: t o de\ elop in Ca ~e 3. In all three cases, 

con!lw .. ·m and ~ hear geo~ tr o rhic deformati onal fo rcing and diabatic heating do not de~ 

\-elo r at ]O\\. ]c, cl~ unt il .:t it er 12 h in Ca ~ e 3 and 1 S h ll1 Ca5c<:. I and 2. The earlier dc­

nlopmcnt of gco~trophi c deformation in Case 3 i~ pre sumably due to the inllucnce of 

the frictional forcing: tha t \\' <:~s rre sent fr om the beginning. The pcri oJ of maximum de~ 

\'el o pm~:!nt of' gcostro r hic and diabatic fOrcing is between IS h and ~-l h in all three ca ~cs, 

J.llJ the rcriod of decline is between 30 h and 36 h. 
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rig. 37. Time se ries ul lull·iug iu the PBL. (a) Ca..,c I, nnd (hJ Ca~c 2. I\o t •~ the 

sca le of forcing in Ca"c 2 is t\\icc that ol Case 1. 
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CASE 3 
CONFLUENC E 

:: ~~'ili'~G_~ 
"l ~~,g:b~N~~-

: ......... /----- ~ 

fig . .3X. As in Fig. 37. e.'\rt•pt for Cas~? 3. 

2. !\lid and Lipper lL'\l'l" 

Tbc time series of tot;d ftH·cing at miJ levels i~ depicted in rigc;, 39 and <-10. ·1 he 

time series fOr upper levels in dcrictcd in rig~. '-ll anJ --12. ,\t both levels, diabatic 

heating dominates total forcing. o;ccrt for Case 3 \\here gcostrophic dcform:1tional 

forcing dominates. \lid IC\'cl di~tbatic heating in the form of' Iatr:nt heat rckn~c is 

strongest in Ca.:;c I. where it d(WS not peak and Jcyci olf until -t~ h. t\n~!vc hours alter 

the Jccrening rate has begun to dcchnc. In C<J.scs 2 and 3 Ji:th<ltic heating rc;u..:hcs a 

stcaJy state at nbout 2-t holll5. :\t upper levels, there is .:;omc contribution to total 

forcing by conllucnt and ~hear f:costrorhic dcfoml3tion. 1n Cases 1 anU 2, Jiab::Hic 

heating at this lcYcl peaks at ~t1 h. then det:lines, wllcrcJ.s in Case 3 it remains steady 

alter 2~ h. 
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TIME IZJ 

3 8 • 12 15 11 21 2• 21 so 33 3e n u ~~ H 

TIMEIZl 

fig. :N. As in fig. 37, excrpt lor (100 mh. 
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Fig. 41. As in Fig. 37, e.\.n•pt for 300 mh. 
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CASE 3 
CONFL~ 
~AR 
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nME{Z) 

fig. 42. As in fig. 38. e.'\xept lor ~00 mb. 

F. CO~II'AHISOI\ Of C.\<.J<, 

I. Boundary La~·rr 

Case 2 is similar to Ca<..c I during the first I~ hours, af"tcr which time the most 

significant Ji!ICrcnccs arc the rapiJ rise in geostrophic fOrcing in Case 2. the Jominancc 

of shear 0\"Cr connuencc in Case 1. and the larger surf~lCC frontolytical cflCcts or diahatic 

heating in Case 2. Comparing Cctse 3 with Case I, the mo~t si!,'uificant diiiCrcm:cs arc 

the stronger frictional forcing in the llrst 12 hours of dc\'dopmcnt, the rapid rise in 

geostrophic forcing simibr to ( ase 2 for the fir~t 2-4 houn. anJ a decline in the 

frontolytical c[fects of diabatic heating after 30 hours. 

2. !\lid and l lpper Le,els 

The most signiJlcant JiflCICIKcs between Cases I and 2 arc the steady rise in 

diabatic heating in Case I coupled with the presence of g:eostrophic forcing. 'I here is 

no significant gcostropbic forcing at mid lcYels in Case 2. In Lase J, latent heating is 

c\·ident, but it not the dominant mid level forcing as it is in Case I. Both confluent and 

shear de[Ormational forcing dominate diabatic heating in Case 3. ;\t upper le\Tl". the 

only significant dill~rence is the absence of any significant gcostrorhic dcf"orlllational 

for<..ing in Case 2. 

61 



V. DISCliSSIOC\ 

A. 0\"ER\"!E\\" 

The basic conceptuctl model of front agenesis is that geostrophic deformation forces 

strong frontogenesis at surface and upper levels. and at mitl le\·c]s frontogenesis is usu­

ally \\"cak and forced primarily by latent heat release. Frontogcnctical forcing can be 

moJificJ by small-scale frictional forcing and diabatic heating, \\'ith their rclatiYc con­

tribution~ to frontogcnesi" moJifieJ by surf<tce anJ bounJ<H} layer processes. 

A re' iC \\' of the SLP deepening rates from Fig. I 1 shows that for the first 12 hours 

each cc1~c Jccpcns at the same r~nc, indicating that the surface flux Ji~tribution peculiar 

to c<.J.ch case does not ha\·c an Jpparent elkt.:t on frontogcncsi~ until12 h. );"one of the 

cases has significant geostrorhic deformation enhancing the forcing Juring the first 12 

hour!'. sugg.c"ting that small-scale processes of frictional forcing anJ Jiabatic heating in 

the bouriJcn~ hycr arc important in setting the stCig_c for the rate of dc\·elopmcnt and 

structure of til e cyclone anJ warm front. Once cyclogenc~is has begun. forcing due to 

gcc~trophic Jcfonn.:ttion builJ~. \\·hicll then fecJs bad·;. on it sell" etnJ Jomin<.J.tc~ the forc­

ing. In btcr st;Jgc~. fri~.:tion and diabatic heating <-.tct to modify the gcostrophir.· defor­

mational forcing. 

B. BOU\DARY LAYER 

1. G(•oo,trophic Dl'fonnational Forcing 

In their two-Jimcno:.ional model simubtion of frontogenesis. Uald\\·in et al. 

(19~-4·1 found then gcostrorilic deformation accounted for the lar~c-scale features of the 

~cconJ;uy circulation arounJ a coiJ front. but was not the Jomin,mt furr.·ing at low leY­

cis. BonJ and rkaglc (1985) found similar results in their case study of an actual 

oceanic co\J from. lla!Jwin ct al. ( 19S-4) found that shear Jcformation dominated con­

ilucnce in their moJcl ~imulation. \Yith resre(t to the forcing of a \\"Jrm front. this stuJy 

founJ that gco~trophic deformation was dominant at low lcYeh. \\"ith conf1uence domi­

nating sbcJ.r Ill those cJ.scs with the most intense warm fronts. \luJrick (197-4) found 

that con!lucnt gcoqrorhic deformation \\·as fa\'orable for \\·arm frontogcne<>is. with 

shear gcostrophic dcformJtion faYorable for colJ frontogcncsis. 

:\." mcntioncJ in the la<:.t section, conl1ucnce dominJtcs ~hear in Cases 2 J.nJ 3, 

and sllcar gcostrophic dclormationetl forcing dominates conOucnce at all lcYcls in Ca.~:.e 

1. ) lJcar Jcfurm~nion is not as efficient for fronto~encsis as confluence auJ may be a 



partial C:'l..planation for the lower intensity of the warm front and cyclone in Case I. The 

~trong frontolytical efTcct of the surface fluxes in Case I to rcJ.uce the temperature gra­

dient al~o preYcnts the dc\·elopment of a frontal pres~ure trough. Lack of significant 

cur\·a turc prccluJes the development of strong conf1uence. 1 his contrasts with Cases 2 

and 3. \\'hich dC\'Clop ~tronger temperature graJicnts and more of a pressure trough 

along the front. In Case J. which is the first case to deYclop signific.mt gc ') Strophic de­

form ationa l forcing. rhe frontogenetical eH'ect of the friction apparent!' helps to con­

cen trate the temperature gradient more rapidly in this case. Thi' occurs in spite of 

relati\·cJy strong frontoly~is due to surf (lee heating. 

2. Frictional Forcing 

Bald\Yin et al. (198~) found that frictional forcing \\'as the dorninant forcing at 

low Jc yeJs. anJ Bond and Fleagle ( 1985) foun~l that fri<:tional conYergence in the 

bounJary layer accounted for 90°o of the observed total forcing at this level. The results 

oftht' "rudy suggest t hat fri ctiona l fo rL'ing is not nearly a<; strong a component of forc­

ing of tll~: '.rarm front . accounting for h:::'~ thJ. n fi ,·e percent of !On;ing at lO\\'lcYels. In 

~dditic:n. the p .:tttcrn of fri ction<il forcing ahea d of the warm front is not a5 c.: on5i"!cnt in 

its contribution to forcing of the warm rron t as it is t o tile forcinf: of the cold front found 

in th~.:'-e other ~tutlics. It is no t kn own whether t h i~ weaker forcing by fri(.:tion in the 

\\'etrm front s tu di~:d here is Uue to moJd ch~ ra cteJ istics or some fundamental diJlCrence 

bct\\'ccn ·.\ <.trm ;,:md cold fronts. l he stronger fric tio na l fOrcing and more intense cold 

!'rant in Ca<:e} compared with C ase I suggest tha t f ric tional forcing can greenly enh:mce 

l'rom-'genc~:is. l Jw.. enhancement is parttctlly due to indirec t cll'cL'ts on other more 

Jo:ttin ;1ll t procc~~es. 

In addit:on. frictional forcin g of the \\'arm front i~ n ot c.: on :o. i<;.tently prcdicwblc 

a~ to "·Lethcr it j., fronto gcnetic:ll A ~ shown in the results . sometimes th e boundary 

between the regions of positiYe and neg<ttiYe fOrcing \\'J S Hh.:h as to oppose the forcing 

by the otlier terms anJ ~on 1e ti me ~ it seems t o enhan ce the fo rcing by the other term:\. 

The development of these bounJ aries seem~ t o be <..:l osely rel a ted to the po sition of the 

cydone and "·arm from "·ith respect to the surfa<:e fluxes , but apparently depends on 

other factors as we ll . Surfa ce fl uxes remain strongly po sitiYe behind the cold front, 

\\'hCICJ<. the DU\ dis;,ribution ac ro ss the \\'.J. rm front i ~ confused hy the pocket of down­

\,·ard hc<tt llu.\c" nca r the fro nt and the track of the cyclone rebtiYc to the SST gradient. 

Th~re is the su gges ti on of a time lag b etween fricti on al fo rcing anJ i t ~ effect on 

geo,trophic deforma tional forcing. in p a rticul ar confluent forcing. in Case 3. The initial 

Jc\ ciopment of 1.:onf1u ern forcing is prcccJ eJ by l ~ hours of ste ady. po:::. itiYe fri\..tional 

6.1 



forcing aheud of the wurm front, and geostrorhic forcing dc\·elops 6 hours rrior to 

simibr forcing in the other two cases. "·hich haYe little or no frictional forcing. Simi­

lar]~·. the decrease in the n:ne of growth of the confluent (and shear) forcing is preceded 

hy 12 hours of increasingly negatiYe frictional forcing in this region. The re\·ersal in the 

frictional forcing may be inJlucnced by the track of the cyclone relati\'e to the SST gra­

dient. During the first 2-1 hours, the cyclone tracks towards the region of ~trong positiYe 

heat fluxes and the frictional fordng is frontogenetical. \Yhen the c:' done begins to 

JnO\'C into colder water and away from the influence of the positiYe heat fluxes. the 

friction.:tl forcing becomes frontolytical. 

3. Diabatie Heating 

Baldwin ct al. (198-l). using a thermally in~ulated boumlary layer in their model, 

found that bOlllld<~ry layer heat flu"\cs had a minimal eJTect on the synoptic-~cale sec­

ondzny circulation. DonJ <.~nd Flc.:tglc ( 19S5 l included bound~uy byer he<.~t Jlu\.e~ in their 

study. yet round sirnilur resul t~. altho ugh bound.:try layer turbulent heat flu\.es were 

founJ t o be Jrontolytic<.~.l in the bound<.~.r~ by cr. :\'uss and Anthes ( 1987 J found that 

hounJ;:ry layer hea.t Jlu\cs inJlucnced th e qructure only belmr 850 mb. suggesting tbat 

surJ:::.:c hccn !hi\ eff..:cts are conflneJ t o the boundar:- la:-er. Juc to the inf1ucncc of the 

inYcni on layer c1boYe the PBL. I his study found similar !'esults in that forcing: due to 

diaba tic hcatintc i<.. fi·o11t ol:- tic<.~.! and occurs at 10\Y k\"Cb only. Its magnitude is compa­

ra'blc to that of shco.r deformationo.l forcing in Case 2 and co11flucnt forcing in Case I. 

and in Cu~c 3 it is about half that of~hc.::tr. Of interest is the prc~cncc ofncgati\' e forcing 

in the PBL in Ca~e ~ de~rite the absence of surf:..tcc he<H and rnciqurc i:u.\.c~. This sug­

gest<.. that in the ab"cnce of diOCrential surface flu\es. there is surface cooling pcrceiYcd 

hy the model. This may he the \\ ay the model handles conYecti\·c \·er"us ncn-conYcctiYe 

pre ci ;1itniun. or it may be a resu lt of th e computation of this term of forcing due to 

aJ\·eLtion. 

C. ~liD AND UPPER LE\'ELS 

I. CC'ostrophic Deformation 

As \\'ith ~ tudies of cold front forcing. geostrophic deformati onal forcing of the 

warm front en mid lcYeb is J orninant within the direct circubtion cell aheuJ of the front. 

anJ at upper leH!ls it enhances the UrJ"~Cr-leYcl transYer~e component of the secondary 

circul<~tion. ll o\\'eYer. the O\'erall Yalues are typically about 2.:''1 o of the ]O\,·-Jcyc] 

geostrophic forcing. The we.:tke"t mid- and upper-le\·cl geostrophic forcing is in Ca~c 2. 

sub'gc~ti;lg thJ.t mid- and uppcr-lc\·cl gcostrophic forcing: is not a~ <.Titical to the deYel-
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opment of the cyclone as it is at low leYels, since this ca ~e has the deepest cyclone and 

<arongcst geostrophic forcing at the surrace. 

2. Diabatic l-IL'ating 

Diabatic heating in the form of latent heat release was found to be the dominant 

forcin g mechanism for the Yertical component of the secondary circulation, with pmitiYe 

center~ locateJ \Yithin and slightly ahead of the updraft region and \Yarm fr o:1t. All three 

ca.!'es Je\'elop some mid-leYel diabatic forcing Jue to latent heating in ·11c model. The 

strongest mid-level latent heating deYeloped in Case I anJ it continued to increase until 

-L~ h. This case was the \\·cakest cyclone. which indicates that latent heating and a strong 

Yertical circulation in the warm front arc not the only factors for strong cyclogenesis. 

rase 3 dcYelorc<> a re1atiwly steady-state of latent hea.tin~ by 2~ h. and the strongest 

\-enical motion. ho\\'eYer the diabatic forcing \Yll" less than Ca"e 1. This is presumably 

a fcJturc of the cumulus parameterization in the moJd. Case ~ has the deepest cyclone 

by 2-l h hut produced the weakest m.id-lcYC'l die1batic forcing. Thi~ lack of latent he <J.ting 

is rrol..,:.Jhl;. J. reflection of the lack of moisture in rut hom the <:urLH.:e in this case. These 

rcqJ!ts. mggest th~t details of the cumulus paramcteriLation anli moist proces~es in the 

moJcl ~trongly alter the intemity of the rn.id-le\·el Jiab~ltic forciug of f"rontogcncsis anJ 

the secondary circul<Jtion. Since the diahJ.tic forcing is dominant at m.iJ anJ urrcr lev­

el'. the circulation clt the<.e le\'els \\'ill be !-.ensitiYe to model errors in precipitation proc-
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Yl. CO NC LUSIONS 

1 he results of the model simulations confirm the results of pre\·ious obsenational 

and numerical studies of front agenesis. They also suggest important interactions be­

tween the surface he~J.t .:md moisture flux di.o:;tribut ions. the forcing of the warm front 

!:-Ccondary circubtion, and cyclogcncsis. Gcostrophic deformational forcing was domi­

nant. but eYolved Jiffcrently depending upon surface !fiction and Jiabatic hc.:tting influ­

ences. 

I he presence of frictional forcing enhances the low-level transverse comronent of 

the secondary circulation. which in turn cnhcmces the cold conn:yor bdt. \Yith strong 

positiYC heat fluxe s in a favorable location! as in Case 3, frictional forcing arrears to 

enhance Jc\clopmcnt of gcostrophic Jcfonnc:~tional forcing at an earlier qagc of 

c.:ydogt>ncsi~. \\-hJc.:h abo enhances the second<Hy circulation. As the cyclone and 

gcostrophic dcformi:l.tional forcing intensify. the s.urfetce forcing due to friction acts only 

to moJify geostrorhic forcing. The dcYclopment of positiYe frictionnl forcing in the 

latter st<Jges of cyclogcne~is . .1s in Case I. lud little effect on the deepening rate, e'\cept 

perhaps to mJ.intain the geostrophic forcing at such a lcYe] as to yield the fm.:d -l mb 

drop b~forc cydogcnesis finally ceased. 

'I he cf:'cct of surface heat and moi~ture Jlu'\e~ and their distribution on forcing of the 

~ccondary <..ircubtion and cyclo_scncsis is more complc\, and the rcsult5 less definitive 

t1nn \\·ith frictionzd forcing. Surface forcing due to diabJtic heating is consistently 

frontolytical in each case. The fact that it is a strong component of total forcing in the 

absence or ~urface hear and moi<.trure Jluxes . .1s in Case ~. suggests that either the error 

i!- Luge or there are signifi<..·ant boundary layer Jifferen(.;eS in the model. Early surface 

n:b\ation of the frontJI temperature gradient as in Case l arrears to reduce the pot en· 

ti<:tl deepening rat~ of the cyclone. and Jomin.1tcs frictional forcing. 



VII. RECO~I~IEi\DA TIONS 

The results suggest areas for further research, including: 

\"crify the magnitudes of the Yarious rorcing terms in o.n actuo.l case study. Because 

t he model is drier than real oceanic cyclones. forcing due to diabatic heating c!fects may 

he JiiTcrcnt. 

\· crify the effect of surface Du\.es and boundary la~er structure on the frictional 

forcing of the warm front. 

Heuer understand the role of Yariom model paramctcrizations invohcd in deter~ 

mining con\TctiYc YCrsus non-convccti\C rclca <..c oria tcnt heat. ·1 hi~ may help to c\plo.in 

the prc~cncc of ncgatiYc surface diabatic forcing in the absence of surface heat and 

lllOiSt',JfC flLI\CS. 
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