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Abstract

A NOAA P-3 instrumented aircraft observed an intense, fast-moving narrow cold frontal

rainband as it approached the Pacific Northwest coast on 19 February 2001 during the Pacific

Coastal Jets Experiment. Pseudo-dual-Doppler analyses performed on the airborne Doppler

radar data while the frontal system was well offshore indicated that a narrow ribbon of very high

radar reflectivity convective cores characterized the rainband at low levels with echo tops to -4-5

km. The NCFR exhibited gaps in its narrow ribbon of high reflectivity, probably as a result of

hydrodynamic instability along its advancing cold pool leading edge. In contrast to some earlier

studies of cold frontal rainbands, density current theory described well the motion of the overall

front. The character of the updraft structure associated with the heavy rainfall at its leading edge

varied across the gap regions. The vertical shear of the cross-frontal low-level ambient flow

exerted a strong influence on the updraft character, consistent with theoretical arguments

developed for squall lines describing the balance ofvorticity at the leading edge. In short regions

south of the gaps the vertical wind shear was strongest with the updrafts and rain shafts more

intense, narrower, and more erect or even downshear tilted. North of the gaps the wind shear

weakened with less intense updrafts which tilted upshear with a broader band of rainfall.

Simulations using a nonhydrostatic mesoscale nested grid model are used to investigate the gap

regions, particularly the balance of cold pool induced to pre-frontal ambient shears at the leading

edge. Observations confirm the model results that the updraft character depends on the balance

of vorticity at the leading edge. Downshear-tilted updrafts imply that convection south of the

gap regions would weaken with time relative to the frontal segments north of the gaps since

inflow air would be affected by passage through the heavy rain region before ascent, suggesting

a mechanism for gap filling,
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1. Introduction

The rainfall patterns within extratropical cyclones are usually organized as mesoscale

rainbands (Houze et al. 1976; Rutledge and Hobbs 1984). Of the six main types of rainbands

classified by Hobbs (1978), the most intense rainfall rates are usually associated with Narrow

Cold Frontal Rainbands (NCFRs), a few kilometers wide and usually found close to the position

of the surface cold front. Studies of NCFRs with Doppler radars have shown that they are

associated with strong but relatively shallow updrafts of up to 20 m s -_ (Carbone 1982; Hobbs

and Persson 1982; Parsons 1992) near the leading edge of the surface front. The strong updrafts

occurred in the absence of appreciable potential instability. The radar echo tops are often seen to

be 4-5 km AGL. The convective cells within the NCFR are often severe (heavy rain, hail, strong

surface winds, etc), in spite of their shallow nature, and sometimes exhibit gravity current-like

structures and motion (Braun et al. 1997; Carbone 1982; Parsons et al. 1987; Koch and Kocin

1991). In fact, the NCDR studied here produced hail along the California coast at landfall, and

was particularly hard to detect by coastal radars due to its shallowness. Rather than being strictly

two-dimensional and continuous, however, the NCFR has often been observed to exhibit breaks

or gaps in the horizontal radar reflectivity depiction (James and Browning 1979; Hobbs and

Biswas 1979). Usually, the precipitation cores are observed to be oriented at a slight angle with

respect to the orientation of the synoptic cold front (Hobbs and Persson 1982; Wakimoto and

Bosart 2000). The gap regions of some NCFRs have been observed to be of various sizes (James

and Browning 1979). Locatelli et al. (1995) termed gaps greater that 10-12 km as "large" gaps

and suggested that they may be dynamically different from smaller gaps. Wakimoto and Bosart

(2000) provided fine scale kinematic observations of these large gaps using airborne Doppler

radar. Although the Wakimoto and Bosart (2000) case had relatively weak rainfall (maximum



radarreflectivity within thebandwas-30 dbZ)comparedwith othercasestudies,including this

onewith maximumreflectivities-55-60 dBZ, theiranalysisclearlyshowedthatthegapregions

wereareasdevoidof strongupdraftsandassociatedwith weaksurfacewind discontinuities.The

maximumcorereflectivity couldbedisplaceddownwindfrom thecoreupdraftandcouldbe

collocatedwith theweakestsurfacediscontinuity,arefinementto earlierNCFRanalysisby

HobbsandPersson(1982).

Horizontalshearinginstabilities(Haurwitz1949)alongtheleadingedgeof theadvancing

cold fronthasbeenoftenadvancedasthemechanismof thegapstructure,althoughother

mechanisms,suchasatrappedgravitywave(Brownet al. 1999)orperhapsdifferential

advectionof precipitationparticlesby thecore-relativewindscoulddefinetheNCFR structure

(Locatelliet al. 1995).

Two-dimensionalcross-frontalsectionsthroughtheleadingedgesof NCFRsoftenreveala

gravity current-likestructure(KochandKocin 1991;Chenet al. 1997).Thegravity current,fed

by low-levelcold air advectionandevaporativecooling from intenseprecipitationalongthe

leadingedgeof theNCFR,helpsmaintaintheNCFRupdraftthroughthebalanceof the

solenoidallyforcedvorticity within thegravity currentandthevorticity producedby strong

verticalwind shearassociatedwith theenvironment,specificallythe low-leveljet aheadof the

NCFR (Rotunnoetal. 1988).High-resolutionmesoscalenumericalsimulations(Chenet al.

1997)of NCFRshavereplicatedmanyof thestructuralfeaturesof NCFRs,includingthelow

levelgravity current,but limitations in themodel'scloudmicrophysicalparameterizationand

grid resolutionmayhaveprecludedusingthemodelto testthehypothesisthatevaporative

coolingwasimportantin maintainingthegravitycurrentandassociatedfrontal contractionand

NCFR structure(Koch 1999).



This studydescribespseudo-dual-Dopplerradardata,flight level in-situ data,anddropsonde

measurementsfrom aNationalOceanicandAtmosphericAdministration(NOAA) instrumented

WP-3Daircraft in thenorthwestPacificduringthePacific Landfalling Jets Experiment in

January-February 2001 (PACJET-2001). The overarching goal of PACJET is to develop and test

methods to improve short-term (0-24 h) forecasts of damaging weather on the U. S. West Coast

in landfalling winter storms emerging from the data sparse Pacific Ocean. Specifically, PACJET

provides the data sets with which to improve understanding of landfalling storms, as well as

providing unique data to forecasters for real-time 2. In this paper we present analyses of an

NCFRs observed by the P-3 on 19 February 2001. We further supplement the Doppler analyses

with numerical mesoscale model results using the Penn State-NCAR MM5 to explore the

relationships between low-level processes and the gap regions of the NCFR.

2. Aircraft Data and Analysis Approach

The primary observational platform used in this study is the NOAA P-3 aircraft with its

vertically scanning X-band Doppler radar (Jorgensen et al 1983). The P-3 was deployed from its

PACJET base of operations in Monterey California. In addition to its Doppler radar and wide

variety of in-situ sensors, the NOAA P-3 is also equipped with a horizontally scanning lower

fuselage C-band radar for mapping of radar reflectivity to a range of about 400 km from the

aircraft. The various parameters of the P-3 radars are shown in Table 1.

The NOAA P-3 airborne Doppler radar (Fig. 1) is an X-band, vertically scanning radar

mounted in the tail section of the P-3 that uses the fore/aft scanning technique (FAST, Jorgensen

et al. 1996) to alternatively scan the antenna fore and aft by about 207- from a plane perpendicular

2 For more information on PACJET see the web site:

http://www.etl.noaa.gov/programs/2002/pacjet/.



to theflight trackduringaperiodof two full antennarotations.As theaircraftflies arelatively

straightflight path,theantennasweepsoutathree-dimensionalvolumewith theforeandaft

beamsintersectingat approximately40_ angles.Thehorizontalvelocity is estimatedfrom these

two estimatesin theverticalregiondefinedby E45_ elevationangle. Restrictingtheelevation

angleto E45_ minimizedthedeleteriouseffectsof uncertaintiesin terminal fallspeedon the

horizontalwind estimate.

Theradarusesabatch-mode"staggeredpulse-repetitionfrequency(PRF)" approachto

extendtheunambiguousradial(Nyquist)velocity usingtwo PRFs(Jorgensenet al. 2000). The

two PRFsusedin thisstudywere3200and2133s1, whichproducedanextendedNyquist

intervalof 51.4m sl; hencetherewerefew "folds" in theradardatathathadto bemanually

corrected.Thefew processordealiasingmistakes(-3% of thetotalgates)wereremovedusing

theNCAR SOLOradareditingsoftwarepackage.Followingediting,three-dimensionalwinds

wereconstructedusingthepseudo-dual-Dopplermethodologydescribedin Jorgensenet al.

(1996). TheDopplerdatafrom 19Februarywascollectedwith theantennain sectorscanning

modesothehorizontaldataspacingwas-700 m. TheDopplerdatawas interpolatedto Cartesian

gridswith a spacingAx=Ay=0.7 km and Az=0.5 km. The vertical grid levels were constructed

relative to mean sea level (MSL). Vertical velocity is estimated from vertical integration of

horizontal divergence estimates. The integration is from the top of the echo (where w=0 is

assumed) to the surface. An O'Brien (1970) divergence correction is made to the vertical

column to insure that w=0 at the ground. A two-step Leise filter (Leise 1981) was applied to the

velocity data prior to computation of the vertical velocity to remove artifacts of wavelength less

that about 4Ax and retain greater than 90% of the energy of features with wavelength >8Ax.
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Themaximumrangeof theradaris about45km, whichrepresentsamaximumtime

displacementbetweenforeandaft scansof about4 minutes.During thattime, aswell asfor the

durationof eachflight legthatcomprisesthecompletevolumescan,theweatherwithin the

analysisdomainis assumedto be "stationary". Stationaryoverthe 8-10minutes,requiredto

completethevolumescan,isa fairly commonassumptionfor airborneandground-based

Dopplerradarstudies.Neverthelessthis assumptionis a limiting factorin interpretingthedata

collectedon relatively fastevolvingsystems,like individualconvectivestormcells.

To determineNCFRmotiona sequenceof lower fuselageradarcompositeswereexamined

overabouta6-hourperiodto determinemotionof the leadingedge.Various"gaps"or "kinks"

in theNCFRcouldbe reliablytrackedfor severalhoursandtheir displacementsaidedin the

determinationof overallNCFRmotion. TheNCFR studiedherewasmovingrelatively rapidly:

toward053_ at 18m g_overtheapproximately6 hourdurationof theP-3 investigation.The

analysisgrid is movedto compensatefor this systemmotion,andwind vectorsdisplayedare

relativeto themovingsystem.At varioustimesduringtheflight individual convectivecoresor

piecesof theNCFR couldbeseenmovingslightly differently thatthis meanNCFRmotion,

usuallyslightly fasteror slowerby anaverageof aboutE15C of directionand []2 nils We

evaluatedtheeffectof usingthis core-relative motion, rather than the mean NCFR motion, for

one flight leg segment where the difference between the two motions was the greatest: about 20C

in direction and 5 m s-1 in speed. The differences in the pseudo-dual-Doppler wind analyses and

computed fields like vertical velocity was slight. Rather than compute separate core-relative

motions for each flight leg segment, as was done by Braun et al. (1997) in their study of an

offshore NCFR in 1993 using the same P-3, we chose to utilize the mean motion to facilitate

comparisons between different time periods.



Theradarreflectivity field wasdeterminedby takingthemaximumof eithertheforeor aft

scansat eachCartesianpoint.Precipitationfall speedsweresubtractedfrom theradialwind

estimatesandwereestimatedby two empiricalrelationshipsbetweenterminalfall speedand

radarreflectivity: onefor rain (JossandWaldvolgel1970)appliedbelow2.25km MSL andone

for snow(Atlaset al. 1973)appliedabove2.75km MSL. Between2.25km and2.75km the

terminalfall speedis determinedasaweightedsumof thesnowandrainrelationships.

3. Overall NCFR structure from aircraft observations

The P-3 departed Monterey at 0134 UTC and arrived at the vicinity of the NCFR at about

0320 UTC. The 19 February NCFR was intercepted by the P-3 approximately 560 km offshore

from its base at Monterey, California over the eastern North Pacific Ocean. The P-3 monitored

the NCFR, using a variety of Doppler legs, ascent/descent soundings, and low-level flux stacks

until returning to Monterey at 0940 UTC, just ahead of the heavy rainfall of the NCFR at

landfall.

a. NCFR environment

Fig. 2 shows the 0000 UTC 19 February 2001 500 hPa analyses from NOAA's National

Centers for Environmental Prediction (NCEP). Fig. 3 shows the surface analysis, and Fig. 4

shows an infrared satellite image at 0400 UTC about the aircraft had begun its Doppler flight

pattern investigation. The advancing cold front marked the surface position of the NCFR, which

was situated just ahead of a 500 kPa deep occluded low to the northwest, with a strong westerly

jet at 500 kPa of about 25 m s_ to the west of the surface frontal position. Westerly to west-

southwest winds were observed by ships to the west of the front. At landfall near the San

Francisco Bay area and southward, the frontal system produced heavy rain and surf along the

coast, and a funnel cloud report near Sacramento, California.
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TheNCFR existedin anenvironmentvirtually devoidof instability yetpossessinghigh low-

levelshear.A soundingconstructedby compositinga dropsondedeployedby theP-3at 0234

UTC (below500hPa)with the0000UTC radiosondelaunchedat Oakland,California(data

above500hPa)is shownin Fig. 5. ThedropsondewasdeployedastheP-3approachedthe

NCFR in thewarm sectorabout150km from theNCFR. Theconvectiveavailablepotential

energy(CAPE)wasonly -50 J kg-1,yet thesurfacewindsweresoutherlyatabout15m s-1,

turningto southwesterlyat near25 m s1 by 700hPa. Suchlow instability/highshearsoundings

arecharacteristicof NCFR environments(Houzeet al. 1976).

b. Precipitation structure

The P-3s lower fuselage radar (LF) composite over a 34-minute period indicates the

extensive horizontal extent of the two bands (Fig. 6). The horizontal extent of the NCFR was

quite extensive with a ribbon of high near surface reflectivity extending over 200-300 km in

length with extensive cloud cover downstream and lighter precipitation ahead (to the east) and

behind (to the west) of the surface frontal position. Maximum reflectivity of the core cells often

exceeded 55 dBZ. The narrow ribbon of 40 dBZ reflectivity indicating the position of the NCFR

was often not continuous, but broken by periodic "gap regions" (or "kinks") of lighter

reflectivity indicating breaks in the NCFR with a spacing between the gaps of 50-75 km. Hobbs

and Persson (1982) and Wakimoto and Bosart (2000) also noted the discontinuous nature of

NCFRs.

In contrast to the Wakimoto and Bosart (2000) finding that there was about a 20E clockwise

angle of rotation between the cold frontal position and the long axis of the precipitation cores

making up the line in their case study, this NCFR did not have any difference in the orientation

or motion of the cores between the gaps and the overall frontal motion. Although there were



timeswhenindividual coresdid movefasterthanthe line as a whole, leading to the "bow-

shaped" regions of the NCFR and breaks north and south of it, the convective line was constantly

reforming and individual precipitation cores could not be consistently tracked as entities within

the narrow ribbon of high reflectivity to yield a separate core motion.

c. Environmental soundings

A total of 9 aircraft sounding profiles were obtained during the P-3 fight. Eight profiles

were obtained ahead of the convective line and one behind. Of the 8 ahead profiles, 2 have a

height range from 300 m - 5500 m and the other 6 have a height range of 150 m - 1600 m. The

post-frontal profile had a range of 300m-5500m. In a front-relative sense, they are spaced 20-

200 km ahead of and behind the front and at various locations along the front. Figure 5 shows

the profiles with the 300 m - 5500 m height range, of which two are ahead (denoted "Pre-frontal

(N)" and "Pre-Frontal (S)" on the LF radar plot of Fig. 6) of the line and one is behind (marked

"Post-Frontal"). Of the two taken ahead of the NCFR, the "Pre-frontal (S)" was obtained 200

km further south than the "Pre-frontal (N)". The post-frontal profile had a north-south position

roughly between the two prefrontal profiles. Since the NCFR had nearly a north-south

orientation at the time of the investigation, the u and v wind profiles indicate wind components

perpendicular to and along the NCFR, respectively. Examination of these profiles indicates

differences in both the cross-frontal and along-frontal directions. Far from being embedded in a

homogeneous environment, the NCFR had substantial differences in the north-south direction.

For instance, the along frontal low-level jet (LLJ) is strongest near the center of the NCFR (in the

u component or along-front direction), reaching 32 m s_. In the two prefrontal profiles shown,

the LLJ has a velocity of 24-29 m s1. It is lower in altitude to the south (about 500 m) and

higher to the north (1100 m). The air ahead of the convective line is potentially unstable
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((0(0c)/0z< 0) up to 3-4km,where0c is the equivalent potential temperature, with the potential

instability greater to the south (0(0_)/0z = -9KJ3000m) than to the north (_(0_)/oz = -2K/3500m).

However, the prefrontal air is statically stable ((,_(0v)/0z > 0), even near the surface. Note,

however, that the prefrontal air is substantially cooler to the north than to the south, and that the

mid-level winds are stronger to the south. Finally, the wind direction backs by 25-30 degrees

from the south to the north, consistent with the bow shape of the convective line and the front.

Behind the front, the air is cooler and drier at all levels. Except above 500 mb, the wind speed is

also 7-10 m/s weaker than ahead of the front, and the wind direction has veered, consistent with

the passage of a cold front. The post-frontal air is potentially unstable to about 2 km, and is

statically neutral in the lowest 500 m. The presence of small convective clouds in the post-

frontal air seen by on-board observers as well as on the satellite picture (Fig. 4) is evidence of

this low-level post frontal instability.

c. Kinematic and precipitation structure

Fig. 8 shows the reflectivity and Doppler wind structure of the NCFR in the domain labeled

"A" in Fig. 6 at 1.0 km MSL and slightly higher at 1.75 km MSL (Fig. 9). At the time of

observation the NCFR was oriented approximately north-south with several distinct "bows" in

the line toward the east. Three such NCFR gaps in Fig. 8 are seen at approximate locations of

y=16 km, y=50 km, and y=100 km. Weaknesses in the radar horizontal radar reflectivity, and

even complete breaks in the narrow ribbon of high reflectivity, are seen at those locations. The

apex of each bow was associated with an enhancement of low-level radar reflectivity and a larger

component of westerly rear infow behind the line. Slightly aloft (Fig. 9) the flow behind the

line reverses from westerly to southerlies or even easterly, depending on location relative to the

gaps in the line. In general the gap regions and regions just north of the gaps, are locations of
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enhancedfront to rearflow at 1.75km MSL, while thebow regionsarelocationsof strongest

rearto front flow at 1.00km MSL. Theline structurefor theregion"B" in Fig. 6 is shownin Fig.

10for 1.00km MSL andFig. 11for 1.75km MSL. A bowin theNCFRis seenat

approximatelyy--29km with a gapjust southandnorthof it. An enhancedfront to rearflow on

eachsideof thebow apexis alsoseen.

Earlierstudieshavehypothesizedthatthebreaksin theNCFRweredueto horizontal

shearinginstabilitiesof thealong-frontwind (WakimotoandBosart2000;Carbone1982;Braun

et al. 1997). Linearwavetheory(Haurwitz 1949)would predictthatthefastestgrowingmode

wouldbe-7.5 timesthewidth of theshearzoneacrosstheleadingedgeof thefront. To access

thispossibility, individualtail radarsweepswereexaminedduringthealongfrontal flight

segmentfrom 0520-0554UTC (over300sweeps).Theradial velocityfor eachsweepwas

examinedto identify thetransitionat low-levelsfrom recedingto approachingradialvelocity,

indicatingtheshearzoneat theleadingedgeof theNCFR. Theaverageshearzonewidth was

determinedto be -2.97 km with a standarddeviationof-0.465 km. A correctionwasappliedto

accountfor thefactthatthebeamdid not cuttheNCFRperpendicularly,but ratherat anangle

-20[] from perpendicularitybecauseof thefore/aftscanningtechnique.Therangeof shearzone

width, 2.40-3.55km implies,accordingto the linearwavetheory,thatthemostunstable

wavelengthis -18.0-26.6km. Thiswavelengthis areasonableapproximationto thegap

distancesrevealedin theLF imageryin Fig. 6, providingevidencethatperhapsshearing

instabilitywasa mechanismresponsiblefor thegapstructureof thisNCFR.

Thevertical cross-linestructureisbestseenin vertical crosssections(Fig. 12)oneachside

of a "gap" or breakin theNCFR (at abouty=50km) takenperpendicularto the orientationof the

NCFR.In bothcrosssections,low-levelconvergencewasgeneratedfrom thesouth-southeasterly
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flow aheadof theNCFR with thepost-frontalwesterlyflow behindit. This low level

convergencesupportedthestrongupdraftsin theNCFR convectivecores.Theechotopswere

only 4-4.5km MSL, abouthalf of theheightstypicalin midwestU.S.convectivestorms.

Becauseof therelativeshallownessof thisNCFR,coastalNationalWeatherService(NWS)

radarsdid not depictit verywell (notshownhere)dueto beamovershooting.Thecrosssection

showsupdraftsalongtheleadingedgeto be-5-10 m/s. An overshootingtop alongwith strong

rearto front flow belowabout1.8km MSL wasalsoseen.Thestrongtemperaturediscontinuity

is indicatedby thedescentin thebright bandheight from around1.8km MSL to theeastof the

NCFR to about1km MSL behindit. The strongerfront to rearflow in thenorthernmostcross

sectionA-A' (Fig. 12a)is clearlyseen,alongwith thenearsurfaceconvergencebeinglocated

neartheeasternedgeof thehighreflectivity region. Theprecipitationcorealongwith the

principalupdraft isprimarily verticallyerectbelowabout1.8km andslightly rearwardsloping

aboutthatlevel. In contrast,thecrosssectionsouthof thegap(Fig. 12b)showsthestrongest

nearsurfaceconvergenceto benearthewestern,or rearward,edgeof thehigh reflectivity core

with anindicationof a forwardleaningprecipitationcore.Thisconfigurationof updraftsloping

downshearleadsto rain falling into the inflow air prior to rising in theupdraft,asituationthat

wouldeventuallyleadto weakeningof theconvectionby weakeningtheinstability.

d. Vertical circulations at the leading edge of the NCFR

The different structural nature of the NCFR revealed in the two cross-sections in Fig. 13

indicates that different physical processes are acting on the NCFR across the gap regions. Many

previous studies have stressed the importance of gravity current dynamics, particularly frictional

processes within the boundary layer, to the character of the lifting along the leading edge of the

surface front (Chen et al. 1997). Individual scans of the P-3s tail radar Doppler radial velocity
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from thisNCFR clearlyshowgravitycurrent-likestructure(not shown)asthe"nose"of the

leadingedgeof thecoldpoolmarkstheedgeof theadvancingcoldair. Otherexamplesof radar

scansthroughNCFR leadingedgescanbeseenin WakimotoandBosart(2000).Parsons(1992)

showedthat low-levelcross-frontalambientwind sheardeterminesthecharacterof the lifting at

thecoldpool leadingedge.Usingaseriesof numericalexperimentshedemonstratedthatan

"optimal" vertical shearbalanceexistswherethefrontalupdraftis uprightandsustained.

Rotunnoet al. (1988)offers acomplementaryviewpointof this processinvolving horizontal

vorticity balancebetweenthelow-levelenvironmentalwind shearandthevorticity producedby

thecoldpool (RKW theory). A sustained,erectupdraftisproducedwhenthevorticity produced

at the leadingedgeof thecoldpool is balancedby theadvectionof vorticity from theambient

environment.Weisman(1993)extendedtheRotunnoetal. (1993)ideasto bow-echosystems

thatproducedstrongrear-inflowusinga seriesof numericalsimulations.In atwo-dimensional

framework(Fig. 13)thetilt of theprincipalupdraftof aconvectivesystemcanbedownshear

(Fig. 13a)if thecold poolgeneratedvorticity is lessthattheambientenvironmentalshear,or

upright (Fig. 13b)if thetwo opposingshearsareroughly in balance,or evenupshear(Fig. 13)if

thecold pool generatedvorticity dominatesovertheenvironmentalshear.Weisman(1993)

termedthesequenceas"evolutionary"sincethestrengtheninganddeepeningof thecold pool

takesplaceovera finite timeandin hissimulationsthebow-echoevolvedinto amaturesystem

oncethecold poolbecamedeveloped.Oncethesystemtilts upshear,arear-inflow isgenerated

in responseto thebuoyantupdraftair beinglifted overthecold poolby theestablishmentof a

hydrostaticallygeneratedmesolowjust behindtheleadingedge(Jorgensenet al. 1997). Sucha

strongupsheartilt wouldnot leadto intenseprecipitationalonganarrowzonenearthesurface
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frontal position, but a broad zone of precipitation extending to the rear of the system (Parsons

1992).

Earlier work by Parsons (1992), who studied NCFR structure with a two-dimensional

version of the Klemp and Wilhelmson (1978) cloud model, emphasized the importance of cross

frontal vertical shear in determining the character of the frontal updraft. In this earlier treatment

the NCFR was treated as a two-dimensional entity. Clearly, this NCFR is not a strictly two-

dimensional. However, we hypothesize that the same RKW theory can be applied to NCFR

structure that involves breaks and gaps in the line if the vorticity balance is considered to be local

to a given bow-shaped element. Brown et al. (1999) argues that density current theory should

only apply in local regions of the cold front, especially near precipitation cores. Wakimoto and

Bosart (2000) found that their NCFR density current arguments could not explain the observed

motion of the overall front, but did describe the motion of precipitation core segments of the

NCFR. To evaluate if gravity current theory approximates the front's overall motion we

evaluate the expression for propagation speed of a density current, retarded by opposing

prefrontal flow, by Simpson and Britter (1980):

I
c = k_lgh-.-=-- + bu o

V Ovc
(1)

where c is the frontal propagation speed, g the gravitational acceleration, h is the depth of the

cold pool, uo is the prefrontal cross-front wind component (negative for a wind toward the front),

A 0"v the mean difference in virtual potential temperature across the front, O_ the mean virtual

potential temperature in the cold air, k the internal Froude number (0.7-1. I Koch 1984), and b is

a constant equal to 0.6.
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The calculation of c is based on the aircraft's post-frontal decent sounding (the location is

shown in Fig. 6, the sounding values in Fig. 7). For this sounding AO,. = 2.1 K, 0",.c= 300.1 K,

and h = 2.1 km. The Doppler winds indicated uo was -7.1 m s -1 averaged over a 3 km by 15 km

region ahead of the front and averaged over a depth corresponding to the cold pool. Using Eq.

(1) the frontal speed was computed to be -15.5-20.3 m s -1, depending on the range of the Froude

number. The observed speed of the overall front was 18 m s 1' thus the gravity current velocity

reasonably approximated the front's observed motion. We note, however, that many previous

studies have found that gravity current theory does not properly describe NCFR motion. In

particular, Wakimoto and Bosart (2000) showed that while the overall frontal motion was not

described by gravity current theory, individual precipitation core segments that had different

orientations and motions than the overall front, was well described by the theory. Significant

long lasting individual precipitation cores, like those described by Wakimoto and Bosart (2000)

were not observed in this NCFR. The horizontal pseudo-dual-Doppler wind plots shown in Fig.

8-10, however, show the NCFR was not a two-dimensional feature. Moreover, the descent

sounding was -200 km to the rear of the leading edge and nearly 45 minutes after the time of the

dual-Doppler analysis presented in Fig. 8-10, so the validity of the calculation of density current

speed to specific local regions of the NCFR is questionable. The cross sections on each side of

the NCFR gap (Fig. 12) show the depth of the rear inflow (and probably the depth of the cold

pool) to be approximately the same, and the depth and strength of the inflow wind shear to be

similar. The strength of the cold pool across the NCFR gap, however, cannot be accurately

determined from the Doppler radar data so it is difficult to asses the validity of density current

theory locally.
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Similar to the density current evaluation, the balance of vorticity argument presented by

RKW can be evaluated by comparing the horizontal vorticity induced by the density changes

across the leading edge of the cold pool (the parameter C in Fig. 13). That parameter can be

estimated by

(2)

Evaluating Eq. (2) using the post-frontal sounding data gives C -12 m s -1. The pre-frontal

ambient shear-induced vorticity can be represented by Au, which is the vertical shear over the

depth of the cold pool (h) and can be readily estimated from the pseudo-dual-Doppler derived

winds. Two mean profiles of cross-frontal winds are shown in Fig. 14, taken over a 5 km by 10

km box ahead of the NCFR centered on the western end point of the two cross sections A-A' and

B-B' (shown in Fig. 12). The plot shows stronger low-level pre-frontal shear (i.e., Au over the

lowest 1.8 km) for the profile B-B' south of the gap (Au-15 m sl), than the profile near A-A'

north of the gap (-4 m s-l). The pre-frontal Au south of the gap is slightly larger than the

horizontal vorticity shear due to the cold pool computed by Eq. (2), which Rotunno et al. (1988)

hypothesized would lead to an "sub-optimal" condition in which convection at the leading edge

of the cold pool is downshear tilted (Fig. 13a). Conditions north of the gap are such that C>Au

and RKW ideas would predict an upshear-tilted updraft with a broader rainfall maximum, in

agreement with the radar cross section (Fig. 12a).

To examine the character of the updraft flow around other gaps in the NCFR many cross

sections were examined. A summary of the survey is shown in Fig. 15, which shows the

relationship of the updraft core locations to the rainfall maxima and 0.5 km AGL relative wind.

The regions where the updraft cores, very nearly coincident with the near surface convergence
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maxima, coincided with maximum reflectivity are labeled "erect" for the vertically erect nature

of the reflectivity core on cross sections. Similarly, where the updraft core is east (west) of the

reflectivity maxima the region is labled "upshear" ("downshear"), respectively. The repeatable

nature of the relationship of updraft tilt around the NCFR gaps is seen. Regions north of gaps

are characterized by erect updrafts then transitioning to upshear then downshear tilted updrafts.

Profiles of cross frontal winds in each of the regions labeled "erect", "upshear", and

"downshear" (not shown) confirm the relationship shown in Fig. 14, i.e., in upshear tilted regions

the pre-frontal low-level shear is much weaker than the value of C computed by Eq. (2).

Other factors, such as spatial and temporal variations of C due to diabatic cooling in the cold

air due to hydrometeor evaporation and melting or boundary layer modifcation of the cold pool

due to sea-air flux and possible generation of horizontal vorticity by horizontal buoyancy

gradients not associated with the leading edge of the cold pool (Lafore and Moncrieff (1989),

represent possible limitations to the application of RWK ideas in explaining NCFR behavior.

Nonetheless, the coevolving fields of wind and NCFR precipitation structure are highly

suggestive of the relevance of RKW theory in explaining this NCFRs structure. Also, some of

the other factors that limit the application of RKW theory to deep convective lines are mitigated

here. For example, although Weisman (1990) found that certain squall line environments

contained other sources of vorticity, other than the balance at the leading edge, which need to be

considered when assessing the behavior of leading edge updrafts, in our NCFR case the limited

potential instability and small buoyancy gradients limit those concerns. Yu and Smull (2000)

performed similar calculations of vorticity balance using buoy and airborne Doppler

observations for an NCFR approaching the Northern California coast and found that, in the

mean, density current theory did adequately describe the motion of their NCFR. Moreover, the
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verticalshearin advanceof thefront wasgenerally"suboptimal"(i.e.,C >> Au) until right

before landfall consistent with vertical cross sections that showed frontal updrafts sloping over

the cold air and upshear tilt. They also noted a progression toward more erect updrafts, and

narrower rainfall patterns, as the NCFR moved closer to the coast coincident with increases in

prefrontal low-level shear. They concluded that low-level upsteam blocking was an important

factor in changing the character of the frontal updraft as the front made landfall, a factor not

affecting our NCFR.

4. Numerical model simulations

Since in-situ observations of cold pool strength and depth in the cold air across the NCFR

gap regions was not available in sufficient detail for the 19 February flights, we utilize mesoscale

numerical model simulations to assess the role of vorticity balance at the NCFRs leading edge in

defining the character of the frontal updrafts.

a. Model description

The nonhydrostatic version of the Penn-State-NCAR MM5 (Dudhia 1993) uses observed

meteorological analyses as an initial condition for time-evolving simulations of the NCFR. The

model uses a nested grid structure to simulate cloud processes on grids of xx km, 4 km, and 1.3

km. The model was initiated from the NOAA/National Centers for Environmental Prediction

(NCEP) archived "ETA" model analyses at 1200 UTC 18 February 2001 and allowed to run for

18 hours. The "valid time" for comparison to the P-3 observations is therefore 0600 UTC 19

February 2001. No ad hoc initialization using a traditional cold pool or warm thermal bubble was

used, rather the clouds generated in the simulations were the result of explicitly resolved

mesoscale convergence fields. The principal physical processes involved:
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. An explicit cloud microphysical scheme that contains water vapor, cloud water, and

rainwater when the air temperature is above 0_i C; below OE C the cloud water and

rainwater are treated as cloud ice and snow.

2. A cumulus parameterization scheme (Grell 1993) on all but the 1.3 km grid.

3. A high resolution planetary boundary layer scheme (Zhang and Anthes 1982).

b. Model results

A plan view of the 850 hPa system relative flow and precipitation from the 4 km grid mesh

of the modeled NCFR after 17 hours of integration is shown in Fig. 16. The model produced an

arc-shaped rainband that was moving (u,v) =(12.8,15.4) m s-lwith the apex of the bow near

34.5N. Much like the observed NCFR, the modeled version was near the bottom of the large-

scale trough. Model simulated precipitation for the 5 hour time period 13-18 hours after model

initialization (which corresponds to 0100-0600 UTC 19 February 2001) is shown in Fig. 17.

During this 5-hour period, the simulated NCFR was bow-shaped and propagated rapidly

eastward much like the observed motion of the NCFR. Near the apex of the NCFR bow, its

motion was reasonably similar to the observed NCFR motion from LF image sequence of (u,v)

=(14.4,10.8) m s 1. Rather than being a continuous ribbon of rainfall, however, as the P-3 LF

radar indicated between 33N-36N (Fig. 6), the simulated NCFR exhibited gaps, particularly near

35N, with precipitation cores moving as discrete elements. The motion of these cores was not

uniform along the NCFR. North of about 36N the cores moved mostly northerly, while south of

about 32N the core motion was east-northeasterly, probably in response to the flow pivoting

around the synoptic surface low shown in the satellite photograph near 39N, 134W at this time

(Fig. 4). The more discrete nature of the precipitation cores resembled the NCFR studied by

Wakimoto and Bosart (2000).
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ThemodeledNCFR structurearoundthegapregionnear35N is revealedin thesurface

precipitationandsurfaceequivalentpotentialtemperature(0c)analysesfor 0600UTC 19

February2001(Fig. 18). Southof thegapregionthecoldestsurface0cwasalongtheleading

edgeof theprecipitationin anarrowribbon.Minimum 0_within theribbonassociatedwith the

strongestsurfaceprecipitationwas-296 K, adeficit of-12 K from thesurfacevalueseastof the

leadingedgeof-308 K. Northof thegapregionthe0cdeficitwas-8 K, but ratherthan

concentratedin anarrowribbontheleadingedgewasmorediffuseandextendedrearwardfarther

thanthedeficit southof theNCFR gap.

To evaluatethevorticity balanceattheNCFR leadingedge,the innermodeldomain(shown

in Fig. 18)wasdividedinto eightregions,fourbehindtheline andfour in front of the line. Each

domainwas0.5_ of latitudeby 0.6E of longitudein areawith four of thedomainsto thenorthof

thegap(domainslabeled"B 1andB5" and"B2 andB6"), andfour to thesouth(domains"B3

andB7" and"B4 andB8"). Meanverticalprofilesofu (east-westor cross-frontalwind, m s-l),v

(north-south or along-frontal wind, m sl), w (vertical velocity, m s-l), and potential temperature

(K) are plotted in Fig. 19. Fig. 19a, the mean profile of cross-frontal wind in each of the

domains, shows that the low-level cross-frontal wind shear ahead of the front and over the depth

of the cold pool, 1.8 km, increases from north to south (B5 through B8). This behavior was also

seen in the P-3 aircraft ascent/descent soundings (Fig. 20) taken about 100 km north and south of

the apex of the NCFR that was located near 35 N. This change in pre-frontal shear implies that if

the circulation due to the cold pool were relatively constant, the character of the frontal updraft

would vary from an upshear tilted broad precipitation zone to the north (i.e., C>Au; Fig. 13c) to a

frontal zone to the south that is either upright (C-Au; Fig. 13b) and narrow or downshear tilted

(C<<Au; Fig. 13a). To the extent that the average wind profiles in B2-B6 and B3-B7 represent
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conditionsatthe leadingedgeof theNCFR,theRKW balanceargumentsappliedto themodel

resultsareconsistentwith theP-3observationsacrossthegap. Thatis, Au in the lowest 1.8 km

goes from -6 m s-_ in B6 (north of the gap) to over-8 m s -1 in B7 (south of the gap). The along-

front wind component (Fig. 19b) shows that the pre-frontal low-level jet is also stronger to the

south. The post-frontal regions are dominated by subsidence below about 3 km (Fig. 19c) and

rising motion above. The potential temperature profiles (Fig. 19d) show about a 2 K decrease

across the leading edge with the strongest decreases to the north. Above the cold pool (-1.8 km)

the mean profiles of potential temperature are nearly identical.

The model simulation was similar to the P-3 observations in a number of respects. A model

east-west cross section north of the break along 35.5N is shown in Fig. 20. A rearward tilted

updraft, in agreement with RKW theory, is seen. Model computed radar reflectivity extended

only to -4.5 km, in agreement with the observations, with the maximum low-level reflectivity to

-45 dBZ. Some evidence of weak convective scale downdrafts at the low levels of heavy rain

areas are seen.

5. Summary and conclusions

P-3 radar, dropsonde, in-situ data, and numerical MM5 simulations have been used to

document the precipitation and kinematic structure of a strong NCFR well offshore of the U.S.

Pacific Northwest. Many aspects of this NCFR structure have been seen in previous studies,

including 1) gaps or breaks in the NCFR's narrow precipitation zone at the leading edge, perhaps

due to horizontal shearing instability; 2) a strong frontal updraft at the leading edge of the

advancing cold pool in spite of the absence of potential instability; 3) strong ambient

environmental low-level shear of the inflowing air; 4) low-level jet reaching a peak near 1.5 km

AGL ahead of the NCFR and flowing roughly parallel to it; and 5) a "rear-inflow" jet of westerly
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air behindthefront peakingatnear1km AGL. OtherprincipalNCFRfeaturesdocumentedin

thisstudyare:

A consistentvariationof updraft tilt on either side of the NCFR breaks. On the south

side of the gap the NCFR is bowed to the east with the strongest near surface

convergence on the western side of the rainfall maximum. The inflowing air thus

flows through the heavy precipitation before rising and tilting downshear. To the

north of the gap the updraft is erect then transitions to an upshear tilt.

Associated with the changes in frontal updraft character are changes in the pre-

frontal cross-frontal low-level wind shear. In regions of downshear tilt there is

strengthening of the shear, with upshear tilt there is a weakening of the shear,

consistent with RKW theory.

There was very little difference in the strength of the cold pool across the gap

regions well behind the leading edge.

The findings presented here suggest that the mechanism for gap maintenance is not self-

sustaining. Once the gap forms (due to hydrodynamic instability or some other mechanism) the

convection along bow shaped segment to the south of the gap would eventually weaken with

time, relative to the erect or upshear tilted convection north of the gap, since the inflow

sustaining the updraft would flow through the heavy rainfall. Rain induced cooling of the inflow

air would reduce whatever small amount of instability exists in the environment. That the gaps

existed for such a long period in the simulation is probably a testament to the near saturated

condition of the inflow. P-3 radar observations of this NCFR suggest that the gaps did not
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persistoverseveralhours.Oldergapsfilled andneweronesdevelopedoverthe5 hoursperiodof

investigation.

This study,alongwith thestudiesof Braunet al. (1997)andYu andSmull (2000),and

WakimotoandBosart(2000),haveshowntheutility of usinginstrumentedaircraft to investigate

thethree-dimensionalmesoscalestructureandbehaviorof frontal rainbands.Futureaircraft

investigationsof NCFRsshouldaddressthe evolutionof NCFRbreaksby focusingon repeated

passesarounda singlebreak(perhapsusing"box" patterns)for severalhours.Themore

continuousdatawouldallow monitoringof thestrengthof thecoldpool behindthegapand

convectivecoreregionsandallowinghypothesesto begeneratedconcerningthemechanisms

responsiblefor gapfilling.
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Table1. Characteristicsof theNOAA P-3sweatherradars.

Parameter
AntennaRotationRadar(_21gl)
Transmitterwavelength(cm)
Transmitterpulselength(usec)
Receiverminimumdetectablesignal(dBm)
PulseRepetitionFrequency(Hz)
Sweepangleresolution(_)
Peaktransmittedpower(kW)
Horizontalbeamwidth (C)
Verticalbeamwidth (_)
Gain,mainbeam(dB)
Gain,sidelobes(dB)
Pulsesaveragedperradial
Nyquist (unambiguous)velocity (m s-1)
Nyquist(unambiguous)range(km)
Gatespacing(m)

DopplerTail Radar
6O

3.22
0.5,0.375,or 0.25

-111
3200/2133

0.6
60

2.02
2.04
40

Hor:-56.6; Ver:-41.6
32

51.6
46.8
150

LowerFuselageRadar
12

5.59
6

-109
200
1.92
70
1.35
4.1
37.5
-23.0

32

749.5
75O
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Figure Captions

Scanning geometry of the NOAA P-3 tail-mounted X-band Doppler radar. The

antenna scans alternatively looking forward and then aft 20g from a plane

perpendicular to the aircraft's longitudinal axis (top figure). The bottom plot shows

the projection of the fore and aft scans on a horizontal plane. Where the beams

intercept, a horizontal wind estimate can be made. The horizontal data spacing of

intersecting beams is proportional to the product of the aircraft's ground speed and

antenna rotation rate. For the P-3, with a 10 RPM rotation rate and -120 m/s ground

speed, the spacing is nominally -1.4 km. If the antenna is scanned toward only one

side of the aircraft (sector scanning) the spacing can be reduced to -700 m.

Geopotential height (10s of meters, solid line) and temperature (K, dashed line)

analyses at 500 kPa for 19 February 2001.

Surface analyses for 0600 UTC 19 February 2001.

Infrared satellite images from the GOES-10 satellite at 0400 UTC 19 February 2001.

The color scale for cloud top temperature (O C) is shown at the bottom of the plot. The

black line indicates the approximate location of the NCFR from the P-3s lower

fuselage radar.

SkewT-Log P plot of a composite sounding made up of a P-3 dropsonde from 500 hPa

at 0234 UTC with the 0000 UTC radiosonde launched at Oakland, California.

Dropsonde was located near 34.0 N, 124.8 W, about -150 km ahead of the NCFR.
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Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Radarreflectivity compositeof 68scansfrom theP-3's lower fuselageradarfrom

0520-0554UTC 19February2001. TheP-3trackis indicatedby thewhite line,the

twopsuedo-dual-Doppleranalysisdomainsby thetwo blackboxeswith tic marks

labeled"A" and"B", andthereflectivity color scale(dBZ) is indicatedby thescaleon

theright sideof thepanel. Thelocationsof aircraftspiralascents/descentsare

indicatedby thespiral flight tracks.Thelocationsof threepossibleNCFR"breaks"are

alsoindicated.

Windcomponents(top figurem s-1)from thethreeP-3ascent/descentsoundingsthe

locationsof whichareshownin Fig. 6. Theu (east-west)componentis shownfor the

post-frontalsounding;thev (north-south)componentis shownfor thepre-frontal

soundings.Bottom figureis theequivalentpotentialtemperature(K).

Horizontalstorm-relativewindsandreflectivity field at 1.0km MSL from theairborne

pseudo-dual-Doppleranalysisfor theregionlabeled"A" in Fig. 6. P-3flight trackis

shownasthethin red line runningapproximatelysouthto northneartheright hand

sideof theplot. The shadedlinesrunningapproximatelyEast-WestandlabeledA-A'

andB-B' indicatesthelocationsof verticalcrosssections.Theradarreflectivity color

scaleis shownto theright.Thegrid wasmovedwith themeanline motion,toward53

at 18ms1.

As in Fig. 8, exceptfor 1.75km MSL.

As in Fig. 8, exceptfor thepseudo-dual-Doppleranalysisfor theregionlabeled"B" in

Fig. 6
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Fig. 11 As in Fig. 10, except for the 1.75 km MSL.

Fig. 12

Fig. 13

Fig. 14

Fig. 15

Vertical cross section of radar reflectivity and system relative winds in the plane of the

cross section for the sections labeled A-A' (top panel) and B-B' (bottom panel) in Fig.

8. The vertical wind scale has been stretched to match the plot aspect ratio.

Reflectivity color scale and wind scale are at the top of each figure.

Schematic diagram showing the various responses of a convective updraft to various

strengths of the environmental low-level wind shear and cold pool. The sense of the

circulations (i.e., horizontal vorticity) associated with the wind shear and cold pool are

depicted by circular arrows. The thick, double-lined red arrow denotes the updraft

current. Blue shading denotes the cold pool. Rainfall regions are indicated by light

vertical lines with the outline of the cloud indicated by the shaded, scalloped lines.

[From Weisman (1993).]

Vertical profiles of mean cross section cross-frontal wind velocity within the

prefrontal regions ahead of the surface frontal position derived from pseudo-dual-

Doppler observations. The blue line labeled A-A' represents conditions near the part

of the NCFR just north of the break shown in Fig. 7, while the red line labeled B-B'

represents conditions to the south of the NCFR. The averaging domains are 5 km by

10 km boxes ahead of the NCFR centered on the western end point of the two cross

sections A-A' and B-B'.

Horizontal storm-relative winds and reflectivity field at 0.5 km MSL from the airbome

pseudo-dual-Doppler analysis for both regions labeled "A" and "B" in Fig. 6. The P-3

flight track is shown as the thin red line running approximately south to north near the
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Fig. 16

Fig. 17

Fig. 18

Fig. 19

righthandsideof theplot.. Theheavyblackline connectstheribbonof maximum

verticalvelocity.Regionswheretheupdraft is to thewestof therainfall maximaare

designated"downshear"zones,regionswhereupdraftandreflectivity coresare

coincidentarelabeled"erect",andregionswhereupdraftsareto theeastof reflectivity

coresarelabeled"upshear".

Horizontalview of 4 km grid meshsystemrelativeflow andprecipitation(mm h-1)at

850hPavalid at 0500UTC 19February2001after 17hoursof integration.

Precipitationis from theprevioushoursaccumulationwith thecolor scaleto theright

of theplot.

Surfacemodelprecipitation(mmh-1) for the 5 hour period from 13 to 18 hours after

initialization (0100 UTC to 0600 UTC 19 February 2001) from the 4 km grid.

Horizontal plot of model surface equivalent potential temperature (solid contours

every 2 K) and system relative wind at 1 km MSL (system motion u=12.8 m s 1,

v= 15.4 m s 1) and surface precipitation (shaded contours mm hl) on the 1.3 km grid at

0600UTC 19 February 2001. The color scale for the precipitation shading is shown to

the right of the plot. The scaling vector for a 20 m s -1 vector is shown above the

precipitation color scale. The boxes labeled B 1 through B8 are averaging regions for

vertical profiles shown in Fig. 19.

Vertical profiles of (a) mean u (cross frontal) wind component (m s-l), (b) mean v

(along frontal) wind component (m s-l), (c) mean vertical motion (m s-l), and (d)

equivalent potential temperature (K) for the regions shown in Fig. 15. Solid contours
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Fig. 20

Fig. 21

arefor regions(B1- B4) behindtheNCFR whiledashedcontoursarefor regions(B5

- B8) aheadof thefront.

Cross-frontalwindcomponent(m s-1)from thetwo P-3ascent/descentsoundings

aheadof theNCFR shownin Fig. 6. Theblueline is thenorthernmostsounding,the

red line thesouthernmostsounding.

Vertical crosssectionof modelreflectivity (dBZ) andvertical velocity (cms-1)along

aneast-westline throughtheNCFR leadingedge.

36



\ z.o,,,

',',,i2o°/ I/ i

Fig. 1

!
/

,/

/
/

/

/

/

\

Scanning geometry of the NOAA P-3 tail-mounted X-band Doppler radar. The antenna

scans alternatively looking forward and then att 20 ° from a plane perpendicular to the

aircraR's longitudinal axis (top Fig.). The bottom plot shows the projection of the fore

and att scans on a horizontal plane. Where the beams intercept, a horizontal wind

estimate can be made. The horizontal data spacing of intersecting beams is proportional

to the product of the aircratVs ground speed and antenna rotation rate. For the P-3, with a

10 RPM rotation rate and -120 m/s ground speed, the spacing is nominally -1.4 km. If

the antenna is scanned toward only one side of the aircratt (sector scanning) the spacing

can be reduced to -700 m.



Fig. 2 Geopotentialheight(10sof meters,solid line)andtemperature(K, dashedline) analyses
at 500kPafor 19February2001.
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CAPE~50 J kg "1

Fig.5 SkewT-Log P plot of a composite sounding made up of a P-3 dropsonde from 500 hPa at

0234 UTC with the 0000 UTC radiosonde launched at Oakland, California. Dropsonde

was located near 34.0 N, 124.8 W, about -150 km ahead of the NCFR.



Fig. 6
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Radar reflectivitycomposite from the P-3's lower fuselageradar from 0520-0554 UTC

19 February 2001. The P-3 track is indicated by the white line, the psuedo-dual-Doppler

analysis domains by the two black boxes with tic marks labeled "A" and "B", and the

reflectivity color scale (dBZ) is indicated by the scale on the right side of the panel. The

locations of aircraft spiral ascents/descents are indicated by the spiral flight tracks. The

locations of three possible NCFR "breaks" are also indicated.
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Wind components (top plot m s"1) from the three P-3 ascent/descent soundings the

locations of which are shown in Fig. 6. The u (east-west) component is shown for the

post-frontal sounding; the v (north-south) component is shown for the pre-frontal

soundings. Bottom plot is the equivalent potential temperature (K).
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2 Radars 8oln: 2crop Rolative Winds
1.00 km 0535:00 UTC 0_/19/0t Grid
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Horizontal storm-relative winds and reflectivity field at 1.0 km MSL from the airborne

pseudo-dual-Doppler analysis for the region labeled "A" in Fig. 6. P-3 flight track is

shown as the thin red line running approximately south to north near the right hand side

of the plot. The shaded lines running approximately East-West and labeled A-A' and B-
B' indicate the locations of vertical cross sections. The radar reflectivity color scale is

shown to the right and the wind scale at the top. The grid was moved with the mean line

motion, toward 53 ° at 18 m s-1.
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Fig. 9 As in Fig. 8, except for 1.75 km MSL.
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As in Fig. 7, except for the pseudo-dual-Doppler analysis for the region labeled "B" in

Fig. 6.





Fig. 12
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Vertical cross section of radar reflectivity and system relative winds in the plane of the

cross section for the sections labeled A-A' (top panel) and B-B' (bottom panel) in Fig. 8.

The vertical wind scale has been stretched to match the plot aspect ratio. Reflectivity

color scale and wind scale are at the top of each Fig..



EVOLUTIONARY STAGES

(a) C <<Au

//7/////////,////////////////////////////////////// ////////

(c) C>Au

Fig. 13 Schematic diagram showing the various responses of a convective updraft to various

strengths of the environmental low-level wind shear and cold pool. The sense of the

circulations (i.e., horizontal vorticity) associated with the wind shear and cold pool is

depicted by circular arrows. The thick, double-lined red arrow denotes the updratt

current. Blue shading denotes the cold pool. Rainfall regions are indicated by light

vertical lines with the outline of the cloud indicated by the shaded, scalloped lines.

[From Weisman (1993).]
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Vertical profiles of mean cross section cross-frontal wind velocity within the prefrontal

regions ahead of the surface frontal position derived from pseudo-dual-Doppler

observations. The blue line labeled A-A' represents conditions near the part of the

NCFR just north of the break shown in Fig. 8, while the red line labeled B-B' represents
conditions to the south of the NCFR. The averaging domains are 5 km by 10 km boxes

ahead of the NCFR centered on the western end point of the two cross sections A-A' and

B-B'.
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Horizontal storm-relative winds and reflectivity field at 0.5 km MSL from the airborne

pseudo-dual-Doppler analysis for both regions labeled "A" and "B" in Fig. 6. The P-3

flight track is shown as the thin red line running approximately south to north near the

right hand side of the plot. The heavy black line connects the ribbon of maximum



verticalvelocity.Regionswherethe updraftis to thewestof therainfall maximaare
designated "downshear" zones, regions where updraft and reflectivity cores are

coincident are labeled "erect", and regions where updrafts are to the east of reflectivity

cores are labeled "upshear".



MM5 4 km grid
Precipitation (mm h"1) - System Relative Winds at

Fig. 16
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Horizontal view of 4 km grid mesh system relative flow and precipitation (mm h _) at

850 hPa valid at 0500 UTC 19 February 2001 atter 17 hours of integration. Precipitation

is from the previous hours accumulation with the color scale to the right of the plot.
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Surface model precipitation (mm h_) for the 5 hour period from 13 to 18 hours at_er

initialization (0100 UTC to 0600 UTC 19 February 2001) from the 4 km grid.
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Fig. 18 Horizontal plot of model surface equivalent potential temperature (solid contours every

2 K) and system relative wind at 1 km MSL (system motion u=12.8 m s"], v=15.4 m s4)

and surface precipitation (shaded contours mm h "l) on the1.3 km grid at 0600 UTC 19

February 2001. The color scale for the precipitation shading is shown to the right of the

plot. The scaling vector for a 20 m s"t vector is shown above the precipitation color

scale. The boxes labeled B 1 through B8 are averaging regions for vertical profiles

shown in Fig. 19.
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Fig. 19 Vertical profiles of (a) mean u (cross frontal) wind component (m sl), (b) mean v (along

frontal) wind component (m sl), (c) mean vertical motion (m s'l), and (d) equivalent

potential temperature (K) for the regions shown in Fig. 18. Solid contours are for

regions (B 1 - B4) behind the NCFR while dashed contours are for regions (B5 - B8)
ahead of the front.
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Cross-frontal wind component (m s l) from the two P-3 ascent/descent soundings ahead

of the NCFR shown in Fig. 6. The blue line is the northern most sounding, the red line

the southernmost sounding.
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Fig. 21 Vertical cross section of model reflectivity (dBZ) and vertical velocity (cm s"1) along an

east-west line through the NCFR leading edge.
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Popular Summary

Of the main types of extratropical-cyclone-related mesoscale rainbands, the most

intense rainfall rates are usually associated with Narrow Cold Frontal Rainbands

(NCFRs). A NOAA P-3 instrumented aircraft observed an intense, fast-moving

NCFR as it approached the Pacific Northwest coast on 19 February 2001 during the
Pacific Coastal Jets Experiment. The NCFR produced hail along the California coast

when it made landfall. NCFRs are particularly hard to detect by coastal radars due

to their shallow nature. The airborne Doppler radar found that the echo tops over

the convective cores containing very high radar reflectivity, which characterized this
NCFR at low levels, extended at altitudes extending only to N4-5 km. An

outstanding feature of this NCFR is the gaps (breaks) in the narrow band of high

reflectivity, which is probably a result of hydrodynamic instability along the leading

edge of the advancing cold pool.

This study used radar, dropsondes, in-situ data and mesoscale numerical
simulations to document the detailed precipitation and kinematic structure of the

NCFR. Specific attention was given to the structure of the gaps. Many aspects of

NCFR structure seen in previous studies were confirmed. In addition, some new

principal NCFR features were identified. In contrast to some earlier studies, density

current theory described well the motion of the overall front. Based on radar

analyses and numerical simulations, the updraft structure associated with heavy

rainfall along the leading edge was shown to vary across the gap regions. The
vertical shear of the cross-frontal low-level ambient flow exerted a strong influence

on the updraft character. These new findings are consistent with theoretical

arguments developed for squall lines describing the balance of vorticity at the

leading edge, and also suggest that the mechanism for gap maintenance is not self-

sustaining.


