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ABSTRACT

A detailed diagnostic examination of the warm frontal region ahead of the surface

cyclone in Intensive Observation Period (IOP) 9 of the Genesis of Atlantic Lows Ex-
periment (GALE) is conducted. Data for this study consists of normal synoptic obse,-

vations and special GALE observations, analyzed by the Navy Operational Regional

Analysis and Prediction System (NORAPS), which uses optimal interpolation. These

analyses are enhanced by hand-drawn fronts and cloud outlines from Geostationary

Operational Environmental Satellite (GOES) imagery. Symmetric stability is evaluated
on cross-sectional analyses of pseudo-absolute momentum and equivalent potential

temperature. and reveal conditions of moist symmetric neutrality in the warm frontal

reion. TIhe planetary boundary laver 0, budget is examined to determine what processes
hea:ed and moistened the region. Surface heat and moisture fluxes were found to con-

tiuto ,,ant 6, increases only in the early stages of development. Upper-level

d,,ero...e and surface frontogenesis are studied to determine their contributions to

fbrcinohe warm frontal updraft. Results indicate that during the period of explosive

development. upper-level forcing was unfavorable for development. Low-level

frontocencticai forcing in the presence of symmetric neutralityv was found to be strong

enoug:, to oppose this negative upper-level forcing to force rapid development.
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I. INTRODUCTION

A. BACKGROUND

Expiosive cyclogenesis poses serious problems for the forecaster. Explosive devel-

opment has been defined by Sanders and Gyakumn (1980) as a 24-h drop in central

pressure of 24-mb at 60 N and is adjusted for geostrophic equivalency at an arbitrar
sin b

latitude. ( ). by multiplying by (-si 0). The distinction between these and non-
explosive developing cyclones is made because of their severe weather. Primarily mari-

time events occurring in western oceans, explosive cyclones have caused injury, death

and property damage in coastal areas and on naval and merchant vessels at sea.

Explosive cyclones are often poorly predicted by numerical forecast models due in

part to a lack of understanding of their development. Past studies of explosive

cvclogenesis have attempted to isolate the dynamic effects that lead to rapid develop-

ment. Upper-level baroclinic processes undoubtedly play a dominant role in explosive

development. as suggested by the climatological study of Sanders (I9s6a) and numerous

case studies. The importance of surface and boundary layer processes has also been il-

lustrated in a climatological study by Davis and Emanuel (198S) and other case studies.

Sarious mechanisms can be shown to contribute to explosive cyclogenesis. but such a

complex phenomenon is more likely the result of an interaction between the dominant

baroclinic processes and diabatic effects associated with the surface heat and mo:szure

fluxes.

lndiidu,. case studies have identified the mechanisms by which upper level forcing

contributeq to explosive cyclogenesis. In their analysis of an explosive cyclone over the

eastern laitei States. Bovle and Bosart (19S6i exanined the synoptic-scale uer-e',d

thermal an,- vcrticity advection. They found that strong cold air advection above

51)4(-mb into the trough accompanied rapid cyclogenesis at the surface. Subsidence as-

sociated with 1he cold advcction was greatest at 500-mb, causing vortex tube stretching.

which generated cvcionic vorticitv above 500-mb. The strong cyclonic vorticity gener-

ated at these levels was advected downstream and enhanced development of the surface

cc!one.

Uccehiini et al. (19S5 have shown that smaller-scale upper-level baroclinic processes

associated w:,h je: streaks enhanced the vertical circulation and cyclogenesis in the 19 -4

Piesident s Da', s:crm. The mechanism for this forcing is convincingly demonstrated ir



numerical simulations of the same storm by Uccclhni et al. (1987) and Whittaker et al.

19SS . They found that strong ditergence associated with the upper-leN el jet induced a

secondary circulation that extended throughout the depth of the troposphere. Ihe jet-

induced circulation enhanced the development of a low-level jet and secondary

cyclocenesis at the surface.

'fhe process by which the planetary boundary layer (PBL) and surface heat and

moisture fluxes influence explosive cyclongenesis is less certain. I lowever, individual

case studies reveal possible mechanisms for surlace flux influences on explosive

c clogenesis. Of particular interest is the interaction between static stability. surface

fluxes, surface fronts and bar oclinic processes. Baroclinic theory indicates that disturb-

ances grow more rapidly when the static stability of the atmosphere is small. Reed and

.\lbright (1 980) investigated an explosive cyclogenesis event in the eastern North Pacific

Ocean in 19M1. lheir analyses of chanCes in surLIce temperature and dew-point tem-

perature revealed that the surlace temperature and moisture increased in the vicinity of

surlLce cyclone development. The 500-nib temperature also increased, but by a smaller

amount, resulting in a reduction of the static stability. Ihe reduced static stability was

belived to hax e been caused in part by advection of high eqluivalent potential temper-

attire (0,) air ahead of the cyclone and by warming and moistening of the PIBI_ by surface

heat and moisture fluxes.

Bosart and Lin (1164) performed a diagnostic analysis of the 1979 President's l),I%

storm in whic lh sensible and latent heat fluxes were analyzed. lhey concluded that

o ceanic heat fluxes were x ital to cv,:logenesis prior to frontal development. Atlas (I IOS-

examined the roles of the surf,!ce fluxes in numerical predictions of the same storm. .\

forcca,,t without any surface fluxes faziled to predict any :,uface dcvelopmcnt. Addino

jut heat f!luxe to the modl rcsultcd iin weak development. 1 lie model run sith holh

heat and moisture fluxes accurately predicted the cclogenesis,. lie concluded that the

surface fluxes decreased the static stability. cenerated low-level cyclonic vorticiMv. and

increased baroclinicity in the vicinity of cyclone development. Model simulations by

Uccellini et al. 1987) confirm this interpretation of the role of tie surface fluxes and also

found that the fluxes contributed to latent heat release in the jet streak forced circu-

lat ioa .

While interaction betwteen surface fluxes, diabatic heating and jet streaks is clear for

the Presidents l)av storm on a coastal front. the interaction of these processcs has ni,-t

boon clearl h for c\ c]one over the ope1 oceall. InI ope) oceaIn Cy.clone', the , iTI

t er'.l region is likely to bo the focal point of this interaction a< sugested 1, "V, '



(19S9). Emanuel (1988) indicated that this ascent region is characterized by moist

slantwise neutrality. In a recent study of frontal circulations under conditions where the

atmosphere was neutral to slantwise convection, Emanuel (1985) solved the Sawyer-

Eliassen equation for the case where the potential vorticity, q, approached zero. The

result of the frontogenetical forcing was to force a strong, small scale updraft on the

warm side of the maximum temperature gradient. Sanders (1986b) found observational

evidence of a strong narrow updraft in his analysis of a New England snowstorm in

19S1. The atmosphere ahead of the storm center was characterized by small, nearly

neutral simmetric stability and strong frontogenetical forcing. tIe concluded that

frcnto2enesis drove a strong band of ascent above the surface and that small symmetric

stability enhanced the intensity of the frontal circulation. These studies suggest that

processes associated with the warm front may also contribote to enhanced cyclogenesis.

The intent of this thesis is to look at one particular case of oceanic explosi;,e

cvciogenesis in terms of the dynamic and thermodynamic forcing mechanisms and of the

interactions between the mechanisms. Several questions will be studied: Was moist

s%'nmietric neutrality present in the Nicinity of the surface warm front? How did the PBL

structure influence surface frontogenesis? Did strong warm frontogenesis enhance the

upper- level jet to aid surface cyclone development? What contributions did surf'-e

fluxes make to increasing the heat and moisture in the warm frontal updraft region?

B. GENESIS OF ATLANTIC LOWS EXPERIMENT (GALE)

From 15 January to 15 March 19S6, the Genesis of Atlantic Lows Experiment

(GALE) was conducted as an effort to study rr-soscale processes in winter cyclcnes.

GALE w as a cooperative experiment undertaken by several agencies and univers:ties to

collc:-t data vith a higher spatial resolution than is available with the standard synriic

data netvcrk. According to the GALE Field Program Summary (19S(,), the GALE ob-

jectives were tc study mesoscale processes and the influence of air-sea interactions in

c~coegenesis over the east coast of the United States. The GALE data network was

centered over the Carolinas. The field experiment was divided into 13 Intensive Ob-

serving Pericj ( IOP's), during which special observations were taken throughout the

ea" te,"Lnited States, including an area extending several hundred miles offshore.

This thesis deals with GALE IOP9, which covered a 49-h period front 1s, UTC 24

February throuch 1900 UTC 26 February. During 1OP9, an explosive cxclegenesis

eve:,: occurred oft the East Coast. Pertle (1987) has described synoptic and subsy noptic

processc OCczrr"ne during 10P9 and conducted a verification of the Nasa' Operational

3



Regional Anialysis and Prediction System (NORAPS) forecasts of the system. Carson
(1 "SS) further refined the sy no ptic- scale development of this oceanic cyclone and indi-

cated that low static stability was present in the region of this cyclone.

'Ihfe goal of thlis thesis is to look at the detailed thermodynamic processes and forc-

ing 11chanlisis that may h'-%e contributed to the rapid cyclogencsis in GAI.LE 101")).

In ariuathe interaction of'surface- and upper-lvel forcing mechanisms in the warmn

fronital regioni will bec examined. Specific goals include:

1. IDeniostrate the presence of small symnictric stability in 10119 ahead of' the surface
Lc\ c~ia C in the ' iCinlit x of thle warmi front.

2. I e rietho contribution by the surIface fluIxes to increasing the surface potcntiAI
t*11' t L~ape t f4) in the updraft rqgion

. . Kane the for-cing mechanisms in the updraftl region

-1. L..nethe relationship between upper-level forcing. surface frontocnesis, and
s micntr ncneutrat in producing strong ascent along the warmn fi ont.

C. DAT-A AND) ANALYSIS

I heand'. ,cs used for this study are prerared by NORAPS, using an optianl in-

terpdunnn Al method to conv ert a field of meteor olocical observ ations into a set of'

Lat 1 gri d PC :aS. 'Values are weight ed depending on the distance btweecn obserxatin

a: nd no::::. t rpe of' ob-servation, ace of observation anid density of'osratao

awu A aKc sri d p cin. Data from the normal synoptic network were suppienz ed bK,

owl(M\I! data.

i Q1.! key (Vnantial features, subjcctivex enhanced anlsswere nu1,de fraui

a a riilx s mdixidcM observations anid ico stat onar a ianne ( )p.

(;oh!IS) ma,!cry SeOalve pressure harts wVre atadied by lund t,

~. r~a t cxlane1 center j itin s and intensities. In Adian fons and cIi d

v. !,eded to the gridded surface analyses. 1 hle surfaic features were Cenhan1 cJ

fra &Octiid anAixsis of JO P9 performed by Wash. et al. (19SY).

Bca a~e of- the additional observations and the subjective modifiations, the linal

anb Yck uWe in Ahs study depict more detail than is usuallx the case for ocanic recwoas

Ilocc Qa' ;Ctume arc liriofns to the data avhich must be considered WWIdr drWO,

LoFIC 'asP I is.the N(Jk\ PS analyses have an Swlkm gnd resolution. whit h in toa

coi" rto rcsv . e dmaihk of' small-scale fbeatures. Second. the moisture fieldn used in the

ni.Jei anac, ae re 12-lh forecast firlds. Consequently, someI Of the con1clus ionIs drawnI

!11!, a c nern unc~ertainties. Where possibl.te U1uncertitis hWxe heen notd

and e'~naate and tde uao~ses are considered sound.

4



11. SYNOPTIC DISCUSSION

Complete discussions c, che synoptic- scale Forcing and evolution of this cyclone are
available in Pertle (19S7) and Carson (I9SS). Key aspects of the synoptic evolution that
relate to the circulation in the warm frontal region are higlighl-ted in the followinE

sectjons.

A. 1200 UTC 24 FEBRUARY 1986
Key uprper-level features for this pre-cycl ogenesis period were a 500-mb shortw~ave

trouchn ino:L shown) that extended from Lake Michigan through Mississippi and a strong
Unne7-leV01 iet that extende-d from tile Gulf Cc~:A,.us Z -Nuuthern Georcia anid then

cBoc.Ar. area of large positive vorticity associated with the trough existed 'with a.

rrnax Mn ,m- of 2 x I- s centered over the Ohio River Valley. with the strongest positive
V C -L :c:7:, a uvection (PV'A; over Kentuckv. The trouch at 250-mb was located near the

5~n::; truc loatin. owstream from this 250-mb trouih. near the Forida

p nanlde. a T-m-l s jet streak enhanced the positive x orticitv in the trough (Fig. 11)

Anc~~ae, *e ,~e~ wna6-in s maxim-um, was located offshore. from 32 0 N 6S0

- N of., WV. The srac analysis showedl a weak- cv :onc was centered over

K ~ F.2 under the PVA re ci on of the 500_(_-mb short wav e trough. A 99S-rnb

lOW o: Nova Scotlia produced a trailinc cold fror- that extended through a secondary'

lov. eaS N §c W. southlwestward to the tip of Florida., Frontai positions wr



Figure 1. 1200) LTC 24 February 1986 IUpper-Level Analysis: NORAPS analysis

of 2-) xmb heights, m (solid) and isotachs. m s (dashed).

ZZ )
ZZ ..#

Fii.,ure 2. 12001 UTC 24 February 1986 Surface Analysis: Sfc pressure. mh (solid)

* ~K (dashed.)



B. 0000 UTC 25 FEBRUARY 1986

The jet and shortwave trough advanced eastward (Fig. 3) to produce an area of

positive vorticity with a maximum of 22 x 10-Is-I over the Carolinas, which provided

strong PVA offshore. The jet maximum was greater than 70-m s at 250-mb just off the

east coast of Florida offshore to near 34 * N 71 * W. Downstream. a smaller jet streak

with a maximum of 60-m s was centered near 37 * N 60 X V. The surface low previously

over Kentucky deepened to a central pressure of 1007-mb and apparently moved offthe

coast of North Carolina (Fig. 4). However. careful hand analysis by Carson (19SS) re-

vealed the development of a distinct second low further offshore, which subsequently

developed rapidly. A cold front trailed through the Cnrlinas and Georgia then along

the Gulf Coast. The clouds added to the analysis by Carson (19S8) and \Vash. et al.

(19S9 showed that this second low was clearly separate from a comma cloud associated

with the left exit region of the jet streak. It will be shown in this study that this second

low de-eloped] along a region of warm frontoeenesis in an environment of small sym-

metric stabiiitv.

/ I

-e -- . .. ......

Figure 3. 0000 UTC 25 February 1986 Upper-Level Analysis: Same as Fig. 1.

wi:t, Jet streak highlighted. Vertical cross sections are indicated.
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Figure 4. 0000 UTC 25 Februarv 1986 Surface Analysis: Same as Fig. 2, with

fronts and cloud outlines added.

C. 1200 UTC 25 FEBRUARY 1986

Duri:, m the next 12-h. the "o-m s jet streak extended from the east coast of Florida

to the east-northeast and maintained its strength and location (Fig. 5). The second jet

streak continued to form donstream over the warm frontal region. The associated

elongated ]e, structure and mu,,ip e centers complicated the vorticitx advection pattern

at this time. and actuallv reduced the PVA over the cyclone center. The NORAPS

analysis of the surface pressure showed a broad low center (Fig. 6) suggestive of this

complCx upper-level forcing. Detailed hand analyses indicate that the low offshore

deepened and moved to near 37 * N 6S ' W along a strengthening warm front. A wave

in the surface equivalent potential temperature (O,) analysis was present near the eastern

cyclone and suggested strong coupling between this new cyclone and the intense frontal

zone. GOES imagerv continued to depict two distinct cloud masses: one to the south

of the jet and one over the surface low.

• i
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Figure 5. 1200 U TC 25 February 1986 U.pper-Lev~el Analysis: Same as Fig. 3

I 
NV

-- --- --

Figure 6. 1200l UTC 25 February 1986 Surface Analysis: Same as Fig. 4



D. 0000 UTC 26 FEBRUARY 1986

By this time, the downstream jet maximum strengthened considerably with a 70-m. s
center at 250-mb from near 41 " N 59 0 W to 43 0 N 56 0 W (Fig. 7). The analysis of

the primary jet streak near the base of the trough indicated weakening, as did the PVA
over the cyclone center. This intensity estimate is uncertain due to the difficulty of
oceanic upper-air analysis. Analysis in Chapter 3 will examine the relationship of the
strengthening jet south of Nova Scotia to the warm front. Despite the weaker PVA, the
surface cyclone was in its explosive development stage, deepening to 980-mb. The center
was analyzed at 40 0 N 63 NV (Fig. 8). The thermal wave apparent in the 0, analysis

indicated strong surface heating ahead of the low in the ascent region and a strengthen-
ing of the front during the previous 12-h. GOES imagery suggested that the separate

cloud,,a. ,TS previously observed had combined into a more unified cloud feature to
the east and northeast or the cyclone.

Figure 7. 0000 UTC 26 February 1986 Upper-Leel Analysis: Same as Fig. 3

10/
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7e

Figurie S. 0000 UTC 26 Fehruarv 1986 Surface Analy-sis: Same as Fig. 4

E. SUMMARY

11n sunrmry, the interesting synoptic aspects of' 1O1P9 are the upper-level jet behav-

ior anid the surfaUce Structure. Two distinct .250-mib jet streaks dominated the upper-level

pattern. 'fhe upstream jet streak dominated the pattern early in the peiod. At 1 2()()

IIC 2i Fellruary. the downstreami streak increased in size. 12-h1 later, this jet streak

intensified and the uipstreami jet streak apparently weakenied. TUwo suri'ice lOW Pr-C-sUI

center wecre present early in th~e period, hut the coastal low moved offshore and weak-

ened". -1 hie second c\yclone center moved to the northeast and deepened along a strong

warm fr-ont. At 0000 UTC 26 February its deepening rate of 12-mnb in 12-l imet tile

criteria for explosive development.



1II. RESULTS

A. SYNIMETRIC STABILITY AHEAD OF THE CYCLONE IN IOP9

Symmetric instability is a type of convective instability that can occur in baroclinic

flow. Instability results from an imbalance of body forces acting on a fluid. If the re-

sponsible force is gravitational, the instability will be convective. If the force is

centrifugal. the instability will be inertial. Convective and inertial instabilities differ in

the direction in which the restoring forces act; gravitational forces act in the vertical, and

centrifugal forces act radially.

Symmetric instability results from a combination of vertical and radial restoring

forces. The motion resulting from convective instability is vertical; such convection is

ref'erred to as "upright". The motion resulting from symmetric instability includes a ra-

dial component; this convection is referred to as "slantwise". The atmosphere can be

stable to upright convection but still produce significant convective development.

Bennerts and Hoskins (1979) and Emanuel (19S3) have suggested that such development

may be slantwise convection driven by symmetric instability.

Emanuel (19S3) demonstrated that slantwise convection is on a small enough-scale

to treat with parcel theory. In the case of slantwise convection, the parcel is lifted

slantwise instead of vertically. In addition to conserving its potential temperature, a

the parcel also conserves its pseudo-absolute momentum, defined as M = v+ fx. where

v is the geostrophic thermal wind, and x is the coordinate perpendicular to the thermal

wind.

Potential vorticity. q, can be defined by - r , where 7 is absolute vorticit- on
potential temperaure surfaces. Moist potential vorticity. q., is defined using equivalent

potential temperature. 0. In a moist symmetrically neutral atmosphere, a parcel lifted

alonz q constant 'M surface will conserve 0, and q, will become zero. Solutions of the

Sa w'er-Eliassen ecuation derived by Emanuel (19S51 indicate strong response to

f'rontocenesis in recions where moist potential vorticity vanishes. In the numerical sim-

ulations, a stron2. small-scale updraft occurred on the warm side of the maximum

isotherm gradient. Sanders (1986b) offered observational evidence that small symmetric

stabiiitv in the warm air ahead of a cyclone, accompanied by frontogenetical forcing.

forced the ascent. It will be shown that symmetric neutrality occurred in the warm

12



frontal region ahead of the cyclone in IOP9, where surface frontogenesis forced a strong

updraft.

Two different methods have been developed to evaluate symmetric stability

(Sanders. 19S6b). The first method involves the construction of vertical cross sections

oriented parallel to the mean temperature gradient throughout the troposphere. Abso-

lute momentum. MI, is analyzed in the cross section, as well as 6 for an unsaturated at-

mosphere or 0, for a saturated atmosphere. Using the thermal wind relation and

geostrophy. Sanders (19S6b) showed that symmetric instability is present if the 0 or 6,

surfaces are more steeply sloped than the M surfaces. Parallel surfaces of 0 or 0, and

.M indicates symmetric neutrality.

Even with the enhanced GALE data network, the region of active frontogenesis in

IOPN was in a data sparse area. The specia ropwvliisuideb were not in position to

construcz cross sections across the warm front ahead of the cyclone. Instead. gridded
(,,a were uscd to analyze the 6.06 and M surfaces. Since moisture fields are 12-h fore-

casts from the model. the cross-sectional 0, analyses are only estimates (hopefully rep-

resentative, ofthe actuaL- moisure distribution. Cloud outlines from GOES imagery were

hand.-,draxn on the cross sections to indicate areas where the atmosphere was saturated.

Coud-:to te:tperatures from the GOES images were used to determine the depth of the

clouds. Reedi and Al r iht (196 used a similar technique based on the theor, that in

c.ou:: recion 0, surf-ces snou!d be nearly vertical. An Omega dropwinsonde was

dropped by a Citation aircraft flown by the National Oceanic and Atmospheric Admin-

is'ratc: I NO.\A for the GALE experiment at 0.400 UTC 25 February 19S6. Altho-,-:-

the soC:n, co"l-I not be used to construct a cross section. the cross-sectional analysis

from th.rI data was supported by 6, values calculated from the sounding. The

oricnta:: on of the cross section is indicated as "A" in Fig. 3. The results, shown in

FIz. 9. a tht the surfaces were much steeper (more vertical) than the NI sur-

fac.s in the cloudv regions near this point. In fact. the gridded data indicated potential

unstabilitv in the S5,--iO-mb laver on the south half of the cross section. Hence. the

gr1ddcd 1", anal,.s aprCars to successfully identify critical moist dynamic recions for this

tine nericu.

, 13
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(:, - :-ii is the thickness of the layer being considered. This adjusted parcel temperature

is equivalent to the temperature a parcel would have if lifted in such a way that it con-

serves both %I and 0 values. The adjusted parcel temperature is then compared to its

environment at each level. Stability is evaluated using the same criteria as in the case

of upright convec-ion.

The 0400 UTC Omega dropwinsonde was located at 33.7 ' N 72.8 * W, just ahead

of the surface cy-clone. The location of the sounding is indicated on the cross section in

Fiz. 9. Azhouch the sounding location was in a clear region on the 0000 UTC analysis.

it shows that clouds were probably present at 0400 UTC. (Fig. 10). The sounding was

evaluated for syrrmetric stability using the procedure described above. The sounding

was conditionally unstable to upright convection from the surface to about 700-mob. The

aWi:st~d ar'c.z tauc ,,as neariy equal to the environmental temperature up to

about 7h'-ib, indcatin. slantwise conve,:t ve neutrality. Above 700-mb. the adjusted

par ce. temverature was slightly cooler than the environment, indicating a change to

sn~il san:.visc convective stability. This single sounding evaluation agreed with the

_,id0 cross section which showed increasing slantwise stability above 700-mb.
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scaleI details of the analyzed surfaces were smnoothed. Since the sounding, indicated

sy'MetIic neCutrality in the cloud region, it scems reasonable to expect that a cross sec-

tion constructed from several actual soundings would depict 0, suffaces nearly parallel

to the M! surfaces through the cloud region.
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Symmetric neutrality can be inferred from any cross section with good 0, and NI
analyses. Since there were no soundings available in the critical warm frontal region
ahead of the cyclone in IOP9. the cross section method was used to assess symmetric

neutrality from the gridded data. The orientation of the cross sections studied are indi-

cated on Fi's 3, 5 and 7. At 0000 UTC 25 February, cross section "B" showed the PBL
was convectively unstable (Fig. 11). A shallow region of symmetric instability existed

along the warm front. South of the jet streak, a large region of symmetric

neutrality instability was indicated on the right side of Fig. 11 up to 300-mb. This re-
gion corresponded well with the deep clouds present on the GOES imagery. The deep

clouds on the left side of Fig. 11. where the atmosphere was symmetrically stable, were
associated with ascending air under the left exit region of the upstream 250-mb jet
st."eak.

ST Z 7L-a
200 . .... _ ... ... . - : .. .. . . ..------- ' :'

400-

\ t4600-

000'\ \ "

Figure 11. 0000 UTC 25 Februar" 1986 Cross section of NI and 0,: NI. m s (soiid)

and 0,. K (dashed). Cloud outline added. Area within heavy solid ine
is synmetrically neutral or unstable. Location of cross section indicated

as "B" on Fig. 3.

At 12-.j LTC. the layer of symmetric neutrality near the warm front deepened and

.....r~~cJ e co,' region. as seen, :n the cross section throuch the entrance re,.en

of °:"e ;c: ,trcak Iia. 12,. The recin of sxmmcric neutrair instaHiiity persszcd lof:

1-



on the right side of the jet,. Again the GOES imagery indicated deep cloudiness in this

rezion. The syn-u-ericallv stable regLion on the left side of Fig2. 12 was under the left

entrance region of the 2-50-mb downstream jet streak and represents the stable lifting

assoctated with the trough. GOES irnaver-v indicated a solid area of low and mniddle

clou"ds In this stable rezion.

2 0 - --------
- -- - . ....... . . .--- _________

300 7

r- \\el

Fi--tire. 12. 1200 UTC 25 Fel)ruar-, 1986 Cross section of M~ and 9: Samc- a

F : a C' I' C ec7 0 S iILctej in I-.5

A: 2.TC>T rar tIhe cross sct-ion across the center of the ojet ,- sowe ont

ncrc .'.re: :: s. :~erKnea ro:'-I :hy extendel from thle Surface wvarmi f'ront up to

1-:- 13. T',s rec, exten-,cc' uC70 .S to the WrMI Side of the e', in ""X

I. 2?.§ wnre tA2Jeep clouds' south" 0i, ".he jtwr revto0uslv tfeund Th

GO'LS >2...cu :.I~~c~Ja nfdcoud mrass wlih cloud-tops near the troponalu"e.
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The two prinary processes responsible for changes in the surface 0, are advection,

and surface heat and moisture fluxes. To determine which process contributed to in-

creasin surface (, in the vicinity of the warm front, the planetary boundary layer (PIBL)

0. tendency was computed using the following equation:

V) oe ( (I:V (2)

The first two terms on the right represent horizontal and vertical advection of 0,. The

last term represents the flux divergence of 0,, which is approximated by the surface flux

divided by the height of. the boundary laver top (assumed to be 850-mb), where

entrainment flux is assumed to be zero. Boundary later heat and moisture fluxes were

computed using the PBL model of Brown and Liu (1982) applied to the NORAPS

eridded data. The model uses a modified Ekman solution to relate surface wind and

fluxes to the S50-mb wind. Sea-surface temperature (SST) was analxzed from

clinmatology rather than actual data, so horizontal SST gradients were smoothed.

At (., ) LTC 25 February, the PBL analysis indicated a maximum 0, inciease of'..40

K day ahead of the cyclone south of the warm front (Fig. 14). An increase of 3(--'

K day is a typical 0, change for a vigorous oceanic cyclone (Nuss and Kamikawa. 1 QS8.

1 Mis increase was located in a shallow region ofsynMnetric neutrality. as was seen in tiC.

11. 1 he deepest region of symmetric neutrality., instability lies just south of the maxi-

n mu in i nrcase. Separating (2) into its components and plotting each termindi idua !lv

isohites the contribution of each term to the total. As shown in Fig. 15 the horizontal

ad-,ection of 0, accounted for more than half of the total increase and the flux dierEence

ter:i ( ig. l,) provided the rest of the increase. The vertical ad\ection term (not shown)

.as near zero. Analyses of the actual flux terms indicated a maximum heat flux of more

than 31) If m' ( lig. 17) and a moisture flux of more than 18 W1117: ( Vie. 1 S) in the re-

gicn of maximum 0, increase. Other notable features revealed in the flux computations

included two strong maxima along the coast, one off Maryland and the other ofi

northeastern florida. lhe first area, north of the surface cyclone, showed a maximum

heat flux of greater than 9(0) 111/2 and a moisture flux of greater than 210 (1*I m'. I lie

stronger area along the Florida coast showed a heat flux of 12) Ilim and a moisture

flux of 480 IW, t 2.
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Figuire 14. 0000 I-TC 2-9 Februarv 1986 Total increase in 0,: in K day. Solid lines

are sea level pressure in mb.

'A

r

Fiur01. 00)0 UTC 2- February 1986 Horizontal advection of 0,. in K dav.

Sc;J :nc are sea-level pressure in nib.
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Figuire 16. 0000 UTC 2-5 Februarv 1986 Flax divergence terni: in K dav. Solid

lines are sea-level pressure in mb.
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rioure 17. 0000O UTC 25 Februar-N 1986 Surface heat flux: in lm. Solid lines

are sea-lev el pressure in mb.

Ka /

/- ----- -- -

Figure IS. 0000 UTC 2 5 February 1986 Surface moisture fluLx: in W im. Solid

lines are sea-level pressure in mb.



By 1200 UTC 25 February, horizontal advection was responsible for approximately
70 percent of the total increase in 0.. At this time, the maximum 0, increase of 65 K day
(Fig. 19) was located furher ahead of the dccpcning cyClone on the warm front. As
was seen in Fig. 12. a deep, sloping region of symmetric neutrality instability existed on
the warm front. The maximum 0, increase on the cross section was on the warm front,

with a magnitude of 50 K. day. The horizontal advection term (Fig. 20) was stronger
at this time in response to increasing surface flow. Again the vertical advection term
(not shown) was near zero. Flux divergence (Fig. 21) accounted for more than a 20
K day increase in 0,. The surface heat flux at this time was still 30 W/m but the surface

moisture flux increased to more than 240 IWIm 2 (not shown).

/

Figure 19. 1200 UTC 2- Februar 1986 Total increase in 0,: Same as Fig. 14
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Bv 0000O LTC 26 February, the surface cyclone was deepening explosively. The total

PBL budget (Fig. 22) showed an increase in 0, of 65 K day in the region ahead of the

warm front. The maximum 0, increase on the cross was on the warm front, coincident

,with the deep region of synimetric neutrility, ins tability shown in Fig. 13. Horizontal

advection increased 0, by 85 K day (Fig. 23), but vertical advection in the updraft region

decreased e, by 25 K da-v, as shown in (fig. 24) The flux divergence term decreased 0.
by 5 K day, as shown in Fig, 25.The surface heat flux was downward in this region and

the moisture flux (not shown) was slightly negative.

(b 7

Fioure 2. 00(00 (.TC 26 Februarv 19S6 Total increase in P,: Same as Fic. 1""
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Figurze 23. 0(0 19ITC 26 February 1986 Hlorizonital advectioii of 0, . Same as

Jju. 15~
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Figure 25 0000 UTFC 26 February 1986 Flux divergence term: Same as Fig. 16

Th,,rouz- o,'- ti-e dv~elopment of the surface c-vclone, horizontal advection was the

dorninan: mre,- 1arism that increased surface 0. in the updraft region. During the period

of raid dee'-enin~LI te horizontal advection term w~as strong enough to Overcome a

s tr onm' det, cvse in 0, caused bv vertical advection. Flux divergence accounted for nearly

half of" th, increase earlv in the development but contributed little as the surface

cyclone mov~ed over colder water and the surface fluxes became neszative. The impor-

tance of surfiace fluxes to the early developoment of the cyclone in 10P9 contradicts

classic quas i -zeo strophic theorxy of cyclogenesis, where horizontal and vertical advectionl

are the prima-x processes that amplify the baroclinic wve (Holton. 1979). The strong

nor-thwardl advection of 0, supplemented by significant surface fluxes which warmed and

moistene- the PBL w~ere responsible for the w~eak symmetric instability regions showvn

on Fizcs 9.11. 1_ an'd 13'

C. FORCING 'MECHANISMS IN THE U.PDRAFT REGION

It has be '-i estabshed that the boundarv laver in the region ahead of the cvclonc

was hea-ted and mnoistened bv surface fluxes and bv advection of O, into the rezion. Since"

the atrnospi erc near the w~arm front w~as sy m-metrically neutral, a surface increase in 0,



F

must be compensated by a O increase aloft. The upper-level 0, increase was presumably

accomplished by slantwise convective adjustment (Emanuel, 1988) in the updraft region.

To understand the importance of the surface processes in this case, the upper and low-

level forcing mechanisms of the updraft have been examined. One source of upper-level

forcine, was divergence associated with the jet streak. Low-level forcing was provided

by surhfce frontogenesis.

1. Subtropical Jet

-lhe vorticitv and divergence patterns associated with jet streaks induce vertical

circulations and play an important role in surfacc cyclogenesis. For straight flow, the

vorticitv equation can be approximated by:

V . V I" - I . [-;.(3)

The ad ection of vorticity and divercence are in approximate balance by neglecting the

contributions from the vertical advection. local tendency and tilting terms. In the ab-

sellce Of curv atre effects. vorticity will be entirely due to shear effects. In the northern

hnC iph.cre, the ma ximum cvclonic vortici tv will occur on the left side of the jet maxi-

mum and the minimum cycloiic %orticity will occur on the right side. MIaxinuru

cyclonic or positive vorticitv advection will thus occur in the right entrance region and

left exit region of the jet streak. From the above equation, regions of nmaxinum positive

Norticitv advection ak o will be regions of maximum divergence at jet level. By mass

CCOti'U~t ,. regions of horizontal divergence must have compensating ascent below the

jet. -l hus. the lcft exit and right entrance regions of jet streaks in stiaight flow will he

reci on of upwyard vertical motion.

As shown in Fig. 3 at OO0 IC 25 February. a 70-ni's jet streak at 2511-mb

extended from off the east coast of Florida northeastward. T lie left exit region of the jet

streak was ahead of the ollishore surface cyclone center on the warm front. A cro-s

sectional analxsis of wind. 0, and ageostrophic circulation taken through the exit region

(lic. 26 indicated a strong updraft associated with the left exit region. This is consistent

with classicideas of oceanic cvcloeenesis. In a study of two cases of explosively devel-

oping cyclones. Wash et al. (1988) concluded that rapid deepening occurred because of

the singular favorable location of the upper-level jet streak with respect to the sullace

cyclone. At this time, the updraft region was symmetrically neutral unstable only in the

I131. region.
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Fi(,ur as Fig100.T 26 Location of Cross section nicte io h and. 6e5.m

A: fI'I)UTC 2o Febrruary-, the surfaice cyclone was in its explosive sta~e. The

251 1m e streals :ntensiled to the northeast of the surface cyclone over the warm front

(Fig. ),piacinc the lef, entrance convergence over the warm front. The ri~ht entrance

rC2O con:- L07-11UCe to force a strong updraft ('Fig. 2S) southeast of the surface cyclone.

A g_' do-lvndra !: branch would be expected under the left entrance region. Instead,

an uprc:is pre,,cnr. As discussed above. one possible reason for this updraft is that

the low-ecve! forcing was strong enough to overcome the thermallv direct circtuation

as sciaed iththejet and, force a strong updraft in this region. The role of the o.~n

PVA* nti rc-'on foInlt~ pdr-aft is uncertain.
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Figure 28. 0000 UTC 26 February 1986 Cross section of isotachs and 8,: Samie

as Fie.- 26 Location of cross section indicated in Fiz. 7.

2. Surface Frontogenesis
A.nalIses of the jet strea-k forcing. discussed in the previous section. clearly show

that tlhce up)druft rezion ahead' of -le surface cyclone in 10P9 opposed the upper-le-velljet

sna orcing-. An examilnation of frontocenesis in this case should Illustrate the in)i-

por-ancce of- low-level forcing in the updraft. Sanders ( 19S6b and with Bosart. 19, 5) ha s

studice.d Cases- Of- explosive cvclogenesis which resulted in large amounts of precipitation-

alonz the east coast of the United States. In all cases, he determined that the ascent

recni- a,-nLad of the cyclone w\vas driven by large-scaleC fr-ontoenetic forcing in the pres-

ence of small svrnmetrjc stabill~l-. Emanuel (l9SS further suggested that instabilities

zerle-ated by low-level heating and moistening by surflace fluxes and advection of' 0. are

neutralized by upper-leve! increa-ses in 0, resulting From moist slantwise convection. This

slan~twise convective adjustment occurs continuously on sma-:, time-scales and it reCdu'cs

the-scale and increases the intensityv of the fronto-cenetically forced updraft.

Frontocenetical forcing was computed by:

AX C.V C V C V CX (V ~ C
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The frtterm on the riht, known as horizontal convergence. represents the contrib-

ution due to the ageos trophaic part of the flow. The second term on the right is the

horizontal deomnnterm. which represents the contribution due to shear and curved
Cleos"roonk flow. The last term represents the c.ontribution of differential diabatic

heating to creatinnc a temperature gradient. Front ogenetical forcing also includes con-

tribuuor~s :r a ttn, term. which represents the effects of differential vertical motiuns.

Sin,-ce the t~l-ine term does not contribute to surface frontogenesis, its effect was not

conSu".,eeJ In this case.

A-, 01ufl UTC 25 February. the updraft region northeast of vvu~~~ews

c a 7,1c : rZc >.' 11 a total frontoeenetical forcing of 3 K day 100-km (Fig. 29). Diabatic

e:et F:c 30s"Iicht 1x onposed front ogenesis. The horizontal conive-zence term

Fi f7 otibtdmr than 2 K day 100l-km., representing almost all of the total
l~~. 1iorizona: deformatio acutd for a weak contribut'o

FP: 3 2

.......

Fi-ture 2Q 00MI) IjTC 25 FebruarA 1986 Total frontogenetical forcing-: in,

K 1.:' '- Kn; ScVilnes are sca-levec Pressure 'In ib.
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Figuire 30. 0000 UTC 25 February 1986 Diabatic term: K day. 1%0-km. Solid lines

are sea-level pressure in-mb.
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Figure 32. 0000 U.TC 2- Februarv 1986 Deformation term: in K day 100-kmi.

Solid lines are sea-level pressure in mb.

The 120 TC 25 Februar analyses show an eloneated area of frontogenetical

fcr ''m to the northeast of the cyclone, associated with the warm front. The ma.xtmum

to-al frontocene-ical forcinz of greater than 6 K day 100-km (Fie. 33) was located in the

uda:rcion ahead, of the warm front seen in Fi*2. 27. With decreasingL upper-level

f'crcia n t', his rezion. it seems evident that the increasing surface forcing along the wvarm

front is contributincg sinmicantly to the updraft. The diabatic term (Fig. 3"') althouch

no -on-"r cppos i..! frontogenesis. was very small, due to the maximum heat flux bn

frhrsouth. The conivero-ence and deformation terms (Fig.'s 35 and 36) each contrib-

uteZ near!, half th. total forcing.
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Figure 33. 1200 UTC 25 February 1986 Total frontogelietical forcing: Same as

FIL. 29
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Figure 34. 1200 UTC 25 February 1980 Diabatic term: Same as Ic. f
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Figure 3-4 1200 1UTC 25 February 1986 Convergence term- Same as Fig. 31
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By 0000 UTC 26 February, the period of maximum deepening of the surface

cyclone, the total frontogenetical forcing tripled to a maxumum of 19 Kday,/100-km

(Fig. 37) in the thermally direct updraft region of the warm front. This confirms the

increasing low-level contributions to the warm frontal ascent as suggested in the previ-

ous section. The surface heat flux was downward at this time, and consequently the

diabatic term opposed frontogenesis by 2 K/day,100-km (Fig. 38). The convergence

term (Fig. 39) represented the largest contribution, with a forcing of 12 Kiday.'100-km.

The deformation term (Fig. 40) accounted for 9 Kiday,'100-km.

i Ir

° i.. '

"' .- p- ...-- -

~. . (

Figure 37. 0000 UITC 26 February 1986 Total frontogenetical forcing: Same a,

Fis-. 29

39



. . . . .... ...

~, '0

414

C / -wt

Figue 39 000 -1 C 6FburI96lovrec ent ca i.3

~3



iti

Figure 40. 0000 UTC 26 February 1986 Deformation term: Same as Fig. 32

The frontogenetical forcing in this case was moderate early in the development
of zhe cvc!one when jet streak divergence forced the updraft. Later in the period, when

the jet streak location became unfavorable to force an updraft. surface frontogenesis
increased in strength. During the rapid deepening stage of the surface cyclone, the
frontozenetical forcing, increased dramatically.
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IV. DISCUSSION

Previous studies of explosive cyclogenesis have stressed the importance of upper-

level forcing. Sanders (1986a) suggested that large upper-level forcing must be present

before low-level forcing can contribute. In their study of an eastern North Pacific

cyclone, Reed and Albright (1986) found that rapid deepening occurred in response to

the jet stream. Wash et al. (19SS) exanined two explosive cyclones and found that when

the upper-level jet was favorably located, the surface cyclones developed.

Ihe response of the su'rface cyclone in 10P9 to the upper-level jet stream forcing

mechanisms was quite different. Upper-level forcing was a contributing mechanism in

forcing the updraft ahead of the surflace cyclone early in its development. Low- level

forcing provided by frontogenesis enhanced the jet streak induced updraft. lihe

frontogenetical forcing was almost entirely due to horizontal convergence. Later in the

period, the 250-mb jet streak was in a position to force a downdraft and inhibit surface

development. The frontogenetical forcing, which resulted primarily from hori7ontal
convergence, was strong enough to overcome the thermally direct downdraft. At _)o()

LI C 26 February. the frontogenetical forcing increased dramatically and continued to

oppose the upper-level forcing, resulting in explosive deepening of the surface cyclone.

Although the details are unclear, it seems apparent that the boundary layer structure

played a key role in deforming the thermal field and increasing surface frontocenesis

ahead of the cyclone in this case. This suggests that PBL processes were important in

providing a favorable prestorm environment which set the stage for explosive develop-

ment.

In the Presidents' Day storm, Bosart and Lin (1984) concluded that surface fluxes

and cold air danmuing were vital to setting up strong coastal frontogenesis. In that case,

diflerences between the land and water surfaces were responsible for the frontogenesis.

Cold air advection resulted in differential heat fluxes along the coast. Differences in

roughness bet% een the land and water increased the frictional convergence along the

front. Surface frontogenesis in 10P9 was forced primarily by convergence in the PBl_.

1)cvelopment occurred well offshore, where there were no differences in suriice

roughness to cause frictional convergence. Nuss (19S9) suggests that PBL convergence

is enhanced by differences in horizontal boundary layer stratification in the warm frontal

regionS of cyclones over ithe open ocean, which potentially explains the strong
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age ostrophic frontogenesis in this case. In addition , the symmetrically neutral frontal
region may have enhanced the updraft and ageostrophic frontal circulation as suggested

by Emanuel (19S5), which in turn increased the frontogenesis.

Surface fluxes directly contributed to development only in the early stages of
cyclo2enesis. when the fluxes resulted in heating and moistening the boundary layer.
This is consistent with the results of Green (198S), who showed that the warm moist air
was confined to near the surface by a lid of warm dry air. He found that this lid inhib-

ited free convection which prevented latent heat from being released. As the updraft
increased in intensity and the lid eroded, high 0, air was advected upward and latent was

released.

To maintain symmetric neutrality, surface 0, increases must result in 0, increases
aloft. Moist slantwise convection in the ascending air provided sufficient latent heat

re!ease to increase 0, above the surface. The moist slantwise convective adjustment

continuously neutralized the atmosphere and enhanced the updraft.

Bec:ause the model used in this study cannot resolve details of small-scale features

and because the moisture fields are 12-h forecasts, the computations used in this study

contain some uncertainties. The largest uncertainties exist in the PBL 0, computations.

as wei as the cross-sectional 0, analyses. Even with potentially large errors, the 0, ana-

lyses were consistent with actual data where the, were a,,ailable. Therefore. conclusions

draw,n from the 0, analyses are considered credible.



V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The development of the surface cyclone in IOP9 was not consistent with other cases

of oceanic cyclogenesis. Upper-level forcing contributed to development in the early

stages but inhibited development later. Instead of decaying. the surface cyclone contin-

ued to develop and in fact deepened explosively in response to frontgenetical forcing in

a symmetrically neutral environment.

The atmosphere in the warm frontal region ahead of the surface cyclone in GALE

IOP9 was characterized by small. nearly neutral symmetric stability. On a cross section

taken through a cloudv region near the surface cyclone center, surfaces of pseudo-

absolute momentum. M and equivalent potential temperature. 0 , were nearly parallel.

A sounding located along the cross section was evaluated for symmetric stability using

the procedure developed by Emanuel (1983). The sounding supported the cross section

b% indicating near symmetric neutrality in the cloud- region. Since both methods of

evaluation concur. the cross section method is valid in this case. at least near the

so,,,'.:'z. Cross sections of N1 and O taken through the updraft region ahead of the

cyclone indicate that the atmosphere in the updraft region was symmetrically neutral

throughout the period.

In a symmetrically neutral atmosphere. local changes in 0, determine the develop-

ment of a most baroclinic cyclone. Exanining the terms that contribute to heating and

mciste nig:- the planetary boundar- layer. it was apparent that surface h,at and moisture

flux divergence accounted for nearly half of the increases in 0, early in the development

of the cvc'onc. As the cyclone moved over colder water, the surface fluxes became

rnza-ive and horizontal advection of O, represented the total contribution to heating and

moistening the boundary laver.

Isolating the upper-level jet stream and low-level mechanisms that forced the up-

draft ahead of the surace cyclone, it is apparent that the jet streak drove the ascent only

in the early period of development. Later. the intensifying jet streak was in a position

to force a downdraft in the recion. Surface frontogenesis may have been strong enough

to oppose the thermally direct circulation and force a strong updraft ahead ofthe surface

c% clone. The roie of the upstream 500 mb trough in forcing this updraft is uncertain.
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B. RECOMMENDATIONS

Since the conlusions drawn from this study represent a single case. it is recom-

mended that other cases of oceanic cyclogenesis be examined to determine the impor-

tance of low-level forcing. Data sets from the current Experiment on Rapid

Cyclogenesis in the Atlantic (ERICA) should provide excellent opportunities for further

study using more detailed data sets. Several limitations were noted in the analyses used

for this case. Since moisture analyses are vital to this study, accurate moisture data

should be used instead of a first guess.

Cross sections constructed from actual soundings would describe the atmosphere

better than those constructed from gridded model data. Cross sections should be made

from four or five soundings to provide sufficierit detail over a large area.

It was apparent in this case that understanding the boundar- layer structure is crit-

ical to understanding the surface development. Reconstruction of the frontal response

in IOP9 through various solutions to the Sawver-Eliassen equation may be helpful to

understand thle role of boundary layer stratification in enhancing the ageostrophic

fronto-enesis as well as the ef.ect of symmetric neutrality on the frontal circulation. In

addition to deaiied diagnostic studies of IOP9, various model forecast runs may isolate

the roles of PBL processes. Varnina the intensities of heat and moisture fluxes in the

...... ,st,.,IC hcln ex-huin their contributions. The inclusion of detaiied sea-

sur-,ace te.-.'erature ana!vses may offer more information on the PBL. structure.
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