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SUMMARY

Resultsare presentedrom a casestudy in which the macrophysicaland microphysicalcharacteristics
of a warm-frontal mixed-phasecloud were investigatedusing simultaneousaircraft and polarimetric radar
measurements\ region of embeddeaorvectionwaslocatedandsampledat variousstageof its ascenthrough
thecloudfrom —5°C to —11°C, andevidenceis presentedhatit wastriggeredby Kelvin-Helmholtzinstability
nearthemeltinglayer High concentrationsf smallcrystalsivereobseredin andabose narrav convective turrets,
aroundl km acrossthat containedsupercoolediquid waterdropletswith an effective diameterof 24 xm and
riming ice particles.The areasurroundingthe turretswasfound to containpristine columns,andwasstrikingly
visible to the radaras a broad plume of high differential reflectvity Zpr (around3 dB), contrastingwith the
0-0.5dB rangeusually found in ice clouds. The columnsobsered in situ had axial ratios of around5:1, in
closeagreementith the valuespredictedtheoreticallyfrom Zpr assuminghorizontalalignmentof the crystals.

We arguethat the high concentration®f smallice crystals(up to 10° 1-1) obsered in this casewere splinters
producedvia the Hallett-Mossopmechanismnin the riming processandthesethengrev rapidly by deposition
in the watersaturatecernvironmentinto pristinecolumns.Laterin the ascenthe picturewascomplicatecby the
presencef afallstreakcontaininglarge, low-Zpr aggr@ateswhich appearedo rapidly accretethe columns.A

numberof plumesof high Zpr wereobsered by the radaron the sameday, eachof which persistedor atleast
half an hour In the vicinity of cloudtop (—15°C), the regions of high Zpr tendedto spreadout horizontally

andattainvaluesashigh as7 dB. At thesetemperatureplatesand dendritesare known to grow, sotheseZpr

obserationsarein goodagreementvith ourtheoreticafinding thatcolumnsalonecannotproducevaluesof Zpr

greaterthan4 dB, no matterhow extremetheir axial ratios,whereaglanarcrystalscanattainvaluesup to 10 dB.

Embeddedonvectioncouldclearly beimportantin determiningthe distribution of ice andliquid waterin frontal
clouds,which affectsboth cloudglaciationandthe radiationbudget,andis importantfor aircrafticing.
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1. INTRODUCTION

Frontsareresponsibldor thebulk of the precipitationthatfalls in the mid-latitudes,
andmostcurrentforecastmodels(which typically have horizontalresolutionsetween
15 km and60 km) assumehatthis ‘large-scale’precipitationis formedby a uniform
distribution of ice particleswithin the modelgrid box which grow by depositionand
aggreyation as they fall, finally melting to producerain. It is known from aircraft
measurementshat ice particle concentrationdgn stratiform clouds are often far in
excessof typical ice nucleusconcentrationsat cloud top (Hobbs 1974; Heymsfield
1977;Hobbsand Rangno1985; Bower et al. 1996),implying that somekind of ice
multiplication mustbe taking place.Ice splinterproductionduring riming (Hallett and
Mossopl1974),known to occurin glaciatingcumulus,hasbeensuggestedsa means
by which high concentrationof ice crystalsmay be generatedn stratiform clouds
(Bower et al. 1996; Mason 1998). However, this mechanismwould only be able to
actin very localisedregions of ‘embeddedcorvection’ wherethe vertical velocities
are sufficient to sustainthe supercoolediquid water necessaryor riming, and grow
dropletslarger thanaround25 xm in diameter(Mossopand Hallett 1974).If present,
theseregionscouldclearlybeimportantin determininghedistribution of ice andliquid
waterwithin the cloud,andthereforeaffect bothits radiative propertiesandtheamount
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of precipitationproduced Although measurementsf localisedupdraughtsontaining
supercooledvater are not uncommonin stratiform clouds, it is very difficult to get
an idea of the three-dimensionahatureand evolution of embeddedcorvection from
one-dimensionahircraft penetrationslone.Consequentlyparameterisations mary
operationamodelssimply assumehatice andliquid waterareuniformly mixedwithin
eachgridbox, and that the ice/liquid-water ratio variesas a function of temperature
alone (Smith 1990; Sundqgvist1993; Moss and Johnson1994). Obviously this is a
grossoversimplification,bothin view of the factthatthe coexistenceof ice andliquid
waterparticlesis fundamentallyunstablewith theice tendingto grow atthe expenseof
the liquid water and becausehe samerelationshipis usually appliedto mixed-phase
clouds of entirely different types, such as supercooledstratocumulusaltocumulus,
frontal nimbostratusand deepcorvection.More recently parameterisationsave been
developedwith separatevariablesfor ice and liquid water that make use of model
parametersuchasvertical velocity to achiese a morephysicallybasedrepresentation
of mixed-phaselouds(Tremblayetal. 1996;Wilson andBallard1999).In view of the
apparensensitvity of meanmodelcloudamountandthe associatedadiationbudgetto
the specificatiorof mixed-phase&louds(Gregory andMorris 1996;Fowler andRandall
1996), theseapproachesre clearly in much needof evaluation by high-resolution
obsenations.

In this paper simultaneousemoteandin situ measurementlsy the Chilbolton 3-
GHz polarisation-drersity radar and the UK Met Office C-130 aircraft are usedto
studytheevolution of narrov corvective plumeswithin awarm-frontalcloud.Particular
attentionis paid to the radardifferentialreflectvity (Zpr) parameterandfor the first
time it is demonstratedhat high valuesof Zpr (in excessof 3 dB) in stratiformice
cloudstendto be associatedvith the presencef supercoolediquid water Assuming
thatfree-falling particlesarealignedpreferentiallyin the horizontal,Zpr is essentially
a measureof hydrometeoraxial ratio, althoughin the caseof ice particlesit is also
approximatelyproportionalto the density of the ice-air mixture. Clearly the liquid
water dropletsaretoo small to contrikute significantly to the radarsignalthemseles,
so the implication is that ice crystalsin the presenceof liquid water are able to
grow rapidly by vapourdepositionin the supersaturatedrvironmentto form highly
asphericalpristine columns,platesor dendrites.Usually ice clouds have low values
of Zpr (0-0.5dB), indicating the presenceof particleseitherwithout extreme axial
ratios (suchashbullet rosettes)pr of low densityandthereforelow dielectric constant
(suchasaggreyates).Indeed,Korolev et al. (2000) recentlyfound from an extensie
study of aircraft microphysicalmeasurementi stratiformice cloudsthat 84% of ice
particleslargerthan125 xm wereirregular, andthe relatively uncommoncolumnsand
dendritedendedo occurin cellswith acharacteristiscaleof hundred®f metregotens
of kilometresembeddedvithin much larger zonesof irregularly shapedparticles.To
producelarge pristinecrystalswith high Zpr requiresdepositionalgrowth to dominate
over aggrejation.This canoccurnearcloudtop whereaggreationhasnot hadtime to
act; henceZpr in the uppermos600 m of ice cloudsis typically largerthanthatin the
bulk of thecloud,althoughis usuallystill only aroundl dB atcloudtop. Whencloudtop
temperaturés around—15°C, however, it is not uncommorto seemuchhighervalues
of Zpr in thisregion. This phenomenomwasfirst commentediponby Hall etal. (1984),
who obsenedvaluesof 4 dB atcloudtop thatdecreasedteadilyto 0.3dB, 1 km belaw,
andattributedthemto highly asymmetrigoristineice crystalsthatslowly aggreyatedas
they fell throughthe cloud. Sauxageotet al. (1986)foundthatin stratiformice clouds,
Zpr wasmorelikely to be greaterthan2 dB at —12°C thanat ary othertemperature
above the melting layer Hoganet al. (1999) presenteasbsenationsof a warm-frontal
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ice cloudwith Zpg valuesup to 6 dB dueto the presencef pristinesectorplates,and
from simultaneousirbornelidar measurementshaved themto be associatedvith a
thin layerof liquid waterat cloudtop, wherethetemperaturevas—15°C. This suggests
thatby maintaininghigh supersaturationshe presencef supercoolediquid cancause
crystalsnear cloud top to grow much more rapidly into pristine forms than would
otherwisebethecase.

The high-Zpr featuresassociatedvith embeddedorvectionthat aredescribedn
this study occurin the middle of the cloud, so it would seemthat a sourceof large
numbersof smallcrystalswhichinitially atleastaretoo smallto aggreyate,is required
to explain the phenomenonWe presentevidenceto showv that thesesmall crystals
aremostlikely to be splintersthrown off large riming snavflakesor graupel(which
arethemselesdistinctly visible to the radar)via the Hallett--Mossopmechanisnfor
secondaryce production(HallettandMossopl974).0Obsenationsof similarembedded
high-Zpr featurestogetherwith colocatedin situ measurementsf ice crystalshape,
have beenpublishedby Liu andHerzegh (1986)andBaderet al. (1987),but werenot
accompaniethy measurementsf liquid wateror thesuggestionthateitherliquid water
or ice multiplication playeda partin their formation.Note alsothathigh valuesof Zpr
have beenobsened at temperatureslownn to —10°C in stronglycorvective storms,but
thesewere showvn to be causedby small numbersof very large supercooledaindrops
carriedaloft in strongupdraughtglllingworth etal. 1987),andcould not be presenin
therelatively quiescenstratiformcloudsconsideredn this paper

In section2 we describethe ground-basednd airbornemeasurementechniques
usedin thepaperandoutlinehow differentialreflectvity is relatedto crystalshapeand
alignment.Theradarandaircraftobsenationsaredescribedn section3 andinterpreted
in sectiord.

2. DESCRIPTION OF MEASURED PARAMETERS

(a) Radarreflectivityfactor anddifferential reflectivity

The fundamentaparametemeasuredy radaris reflectvity factor (Z), andfor a
unit volumecontaininghomogeneousphericalparticlesit is givenby

z-y Ko M
N : 093 "’

whereD is diameterand|K |2 is the ‘dielectric factor’ of the particle,which for liquid
wateris 0.93 andfor solid ice is 0.17. Becauseof the presencef the sixth power of
diametey Z tendsto be dominatedby the contrikution of the larger particles,whichin
mixed-phase&loudsareinvariablytheice particles However, the effective bulk density
of mostice particles(particularlyaggreyates)s significantlylessthanthatof solidice,
andoneshouldinvoke Debyestheory(Battan1973)in which |K | is proportionalto the
bulk densityof theice-airmixture. Accordingto therelationshipof Brown andFrancis
(1995),thebulk densityof irregularice particless approximatelynverselyproportional
to their maximumdimension.Thus,in ice, Z is oftenapproximatelyproportionalto the
fourth power of particlediameteratherthanthe sixth.

If the particlesarenon-sphericahndarealignedsuchthatthey extendmorein the
horizontaldimensiorthanthevertical,thenthereflectvity factormeasuredthorizontal
polarisation,Zy, will be greaterthanthatat vertical, Zy. Hencedifferentialreflectiity
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Figurel. Zpr of spheroidaice particlesasa function of axial ratio anddensity The particlesarehorizontally
alignedbut have randomazimuthalorientation.

(ZpRr), expressedn corventionallogarithmicunitsas

Z
Zpr = 10log, o (Z_:) dB, 2)

is a measureof hydrometeorshapeand alignmentin the radarpulsevolume (Seliga
andBringi 1976). It is commonlyusedin rain to improve rain-rateestimatesecause
of the uniquerelationshipbetweerraindropshapeandsize,but in ice its interpretation
is much more ambiguoussinceice particlesoccurin a multitude of different habits
which aregenerallynot relatedto size.Furthermorethe Zpr of ice particles(in dB) is
approximatelyproportionalto their effective density This is particularlyimportantfor
aggreyateswhich, asfar asthe radaris concernedconsistlargely of air andthustend
to have a ZpR closeto 0 dB. The effective densityof pristinecrystals however, is much
closerto thatof solidice, solarge valuesof Zpr arepossible.Clearly ary tumbling or
cantingwould reduceZpg, but it is well establishedhatfree-falling ice crystalstendto
lie with theirlongestaxisin thehorizontal(Choetal. 1981;PruppacheandKlett 1997;
Liou 1986).

The Zpr of horizontally oriented platesand columns has beencalculatedas a
function of axial ratio and densityandis shavn in Fig. 1. Details of the calculation
may be found in the appendix.We have approximatedlatesas oblate spheroidsand
columnsasprolatespheroidswhich is reasonabléecauseét is theinduceddipole that
is importantin the Rayleigh-scatteringegime; the higher multipolesthat are needed
to describethe precisecrystal shapedo not radiateefficiently. Curves are plotted for
solid ice and for three differenthomogeneougce-air mixtures,using the formula of
Menghini andLiao (1996)to calculatethe effective dielectricconstanfrom theice-air
ratio. An interestingfinding is that, no matterhow extremethe axial ratio, the Zpr of
non-meltingplatescannotexceed10 dB andthe Zpr of columnscannotexceed4 dB. A
practicalproblemto bearin mindis thatlarge,low-densityaggreyatesgvenif presentn
relatively low concentrations;oulddominatehereflectvity, therebymaskingtheeffect
of the smallerpristinecrystalson Zpr (Baderetal. 1987).We discusghelikely impact
of this effectwhenanalysingour data.Also shavnin Fig. 1 is theZpr of meltingplates
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andcolumns calculatecassuminghat,with a coatingof liquid water the particleshave
thesamedielectricconstangsliquid water
In this paperwe usethe 3-GHz Chilbolton AdvancedMeteorologicalRadarin

SoutherrEngland.The large antenng25 m diameteraffords both high sensitvity and
a very narrav beam(0.28). lllingworth et al. (1987) shoved that the narrov beam
enabledt to avoid the problemof high Zpr being erroneouslygeneratedy sidelobe
effects(Herzegh and Conway 1986).1n additionto its polarisationcapability we also
malke useof its ability to measurethe radial componentof the wind when cloud or
precipitationis detected.The capabilitiesof the instrumentwere describedn full by
Goddardetal. (1994).

(b) Aircraftin situmeasuements

The UK Met Office HerculesC-130is well equippedo measuraghe microphysical
propertiesof mixed-phaseclouds.Bulk liquid water content(LWC) is provided by a
Johnson-Wliams hot-wire probe,which togetherwith the Nevzorov total condensed
waterprobeallowsice watercontent(IWC) to bemeasuredKorolev etal. 1998).Three
Particle MeasuringSystem(PMS)instrumentsareavailableto measureahe full particle
sizedistribution. The 2D cloud andprecipitationprobes(hereafter2D-C’ and‘2D-P’)
nominallymeasurdydrometeorén thediameteranges25-800um and200-6400um
respectiely, and are basedon the instrumentdescribedby Knollenbeg (1970). They
operateby illuminating a linear array of 32 photodiodesandas particlespassthrough
thesystenthey occludethebeamandatwo-dimensionaimageis compiledfrom which
shapeandsizecanbedeterminedAlthoughthe minimumsizemeasurabléy the 2D-C
probeis nominally25 xm, thework of BaumgardneandKorolev (1997)indicateshat,
duethe low responsdime of optical array probeelectronicsthe smallestparticlethat
couldbesizedataircraftspeed®f 100m s (thetypical speedf the C-130)would be
closerto 50 xm. Theiranalysisconsiderenly spheresndit is uncleathow theresults
would differ for non-sphericaice particles.The PMS Forward ScatteringSpectrometer
Probe(FSSP)countsparticlesin the diameterrange2—47 «m, althoughbecausever-
countingof smallparticlesmayoccurwhenlargeice crystalsarepresen{Gardinerand
Hallett 1985),we only useconcentrationsneasuredby this instrumentualitatively.

3. OBSERVATIONS

(8 Synopsis

Thecasestudytook placeon 30 March1999aspartof the UK NaturalEnvironment
ResearciCouncil‘Clouds, WaterVapourandClimate’ thematicprogrammeTheflight
stratgy wasfor the C-130to fly straightandlevel searchrunsataroundthe —5°C level
alongaradial to the westof Chilbolton until a good candidatecorvective region was
encounteredtypically with a vertical velocity of around0.5 m s~ at the sametime
asatleast0.1g m~2 of liquid water Thenthe aircraftwould commencean ascending
‘Lagrangian’ figure-of-eightpatterncentredon the region asit adwectedtowardsthe
north east,consistingof a seriesof 2-min straightand level runs (around12 km in
length) separatedy climbs of around150 m. During the courseof the flight three
suchregions were locatedand tracked, althoughonly the secondof the ascentsvas
particularlysuccessful.

Figure2 shows the Met Office surfaceanalysisat noon,in which we seea waving
front extendingover the southof the UK. Accordingto the operationakadarnetwork
thiswasassociateavith light stratiformprecipitationof aroundl mmhr—! thatpersisted
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Figure2. UK Met Office surfaceanalysisat 1200uTc on 30 March1999.
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Figure3. Infraredsatelliteimagefrom the AdvancedVery High ResolutionRadiometerat 1335uTc, andthe
Larkhill radiosondescentat 1000uTc, on 30 March1999.
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TABLE 1. SUMMARY OF THE AIRCRAFT RUNS IN THE 1214—
1244 UTC LAGRANGIAN ASCENT ON 30 MARCH 1999. RuUN 18
WAS ABANDONED DUE TO AIR TRAFFIC RESTRICTIONS.

Run Time(utc) Altitude (km) Meantemperaturé®C)
17 1214 2.75 -51

19 1222 2.90 —-6.1
20 1225 3.06 =71
21 1228 3.22 -8.4
22 1232 3.37 -9.4
23 1236 3.52 —10.0
24 1240 3.67 -10.7
25 1244 3.81 —-11.5

for mostof theday Duringthe periodof the experimentthe cloudwascontinuousup to

around5.5km. Figure3 shavsthe 1335uTcC infraredsatelliteimageandthe 1000uUTC

radiosondeascentrom Larkhill, in which we seea layerat —15°C closeto saturation
with respecto liquid water Larkhill is located25 km to the westof Chilbolton, very
closeto theflight pathof the aircraft.

(b) Thel214-1244TcC Lagrangianascenthroughembeddedonvection

We first discussthe secondof the three Lagrangianaircraft ascentswhich was
the mostsuccessfukincethe aircraft managedo stay centredon the main region of
embeddedtorvectionasit rosefrom —5°C to —11°C during the 30-min period. The
eightrunsof theascenfaresummarisedn Tablel, andFig. 4ashownstheflight track of
theaircraftrelative to Chilboltonfor eachrun. Figures4b—4fshav the meanvaluesof a
numberof differentparametersneasuredy theaircraftduringeachrun, togethemwith
the 20thand80th percentilesEach12 km run only partially interceptedhe corvective
core (which as shall be seenlater was lessthan 2 km wide), so the 80th percentile
providesanestimateof thevaluesassociateavith thecorvective region. All parameters
werefoundto reacha maximumduringrun 22 (3.37km, —9.4°C) exceptIWC andice
concentrationwhich both pealedduringrun 23 (3.52km, —10.0°C).

As the aircraft ascendedthe radar performedboth horizontaland vertical scans
throughits position.For eachrun, the nearestadarscan(in time) hasbeenfound, and
to accountfor ary remainingtime differenceshasbeenshifted horizontallyusingthe
meanwind measuredy the aircraft (around17 m s~1 from the 215 direction). In
practicethe nearestsuitablescanin time to eachaircraft run was never morethana
few minutesaway, andthe scanswerenot movedfurtherthan3 km. The nearestadar
pixel to eachpointalongtheaircraftflight trackwasthenlocatedandthe corresponding
valuesof Z andZpgr extracted.

Figure 5 shaws the vertical radarscansof radial velocity, Z and Zpr for four of
the aircraft runsthroughthe region of embeddedtorvection. Superimposean these
are the aircraft measurementef vertical velocity, IWC and LWC respectiely. Note
thatthe radarazimuthincreasedrom 245’ to 269" duringthis periodin orderto track
the position of the aircraft, and sincethe wind was coming from the 215 direction,
the evolution of featurescannotbe preciselyfollowed from one scanto the next at
all heights.We first considerthe radarvelocity andZ patterns.The slantedfallstreak’
structureis evidentin mostof the ice region, andis explainedby the vertical shear
of around5 m s~ km~! thatis evidentin the radarvelocity data. This structurewas
adwectedby the meanwind from right to left (approximatelywestto east)at a rate of
aroundl km min—. Note that the apparenundulationsof cloud top are probablyan
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Figure4. Panela depictsthe flight track of the aircraft relative to Chilbolton for runs 17 to 25 (indicatedat
the startof eachtrack) of the 1214-1244uTc ascentandpanelsb to f shav the meanvaluesof five variables
measurediuring eachrun (solid lines), togethemwith the 20thand80th percentilegdashedines). The variables
are:supersaturatiowith respecto ice, liquid watercontent,ice watercontent,FSSPnumberconcentratiorand
thecombined2D-C and2D-P concentratiorof particleslargerthan150 xm (whichwe assumeo beice).

artifact of the limited sensitvity of theradar;the depressiong cloudtoptendto occur
in the gapsbetweerthetopsof fallstreaksavhereZ is too low to bedetected.

The presenceof a pronouncedbright band at 1.8 km indicatesthat the melting
particleswere aggreated,low-densitysnanflakes;if they were heavily rimed thenas
melting commencedhe increasein dielectric constant(and thereforeZ) would have
beenmuchless,andwhenthey meltedcompletelyinto rain thereductionin sizewould
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1214 UTC: Run 17 at -5.1°C, radar azimuth 246 °

w

0 b, % e s b o x o iy - S e T . e P .
10 20 30 40 50 10 20 30 40 20 30 40 50
Distance from Chilbolton (km)

Height (km)

0 o - g e ! b = < - . ' ~
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Distance from Chilbolton (km)

1228 UTC: Run 21 at —8.4 °C, radar azimuth 260 °
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1232 UTC: Run 22 at -9.4 °C, radar azimuth 269 °
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Figure5. Verticalradarscansf radialvelocity, Z andZpg for aircraftruns17,19,21 and22 throughembedded
corvection. Superimposean the scansare the aircraft measurementsf vertical velocity (w), IWC and LWC.
Positive radialvelocitiesaretowardstheradar

alsohave beenmuch smaller The Z valuesin the rain rangebetween0 and 25 dBZ,
correspondingo surfacerain ratesof between0.02 and 1.5 mm hr1. However, in
the vicinity of the aircraftit is the narrov upright ‘turrets’ of high Z (marked by the
arrovs) thataremoststriking. In run 17, two aredistinctly visible at a rangeof 39 and
43 km, eachmeasuringapproximatelyl kmx 1 km. The nearerf thetwo to Chilbolton
is clearly associatedvith a cell of slowly ascendingupercoolediquid waterthatwas
measuredy the aircraftasit flew just above the turret. Theseturretsare apparenin
the later scansat higherlevelsin the cloud, and canalsobe seento distinctly perturb
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Figure6. Cross-sectionsf Zpr, LWC andvertical velocity (w) during the 1214—-1244uTc ascentcompiled

from 6 aircraft runsat temperaturedetween—5.1°C (run 17) and —10.0°C (run 23). Zpr was extractedfrom

vertical scansn all runsexcept20, wherethe only suitablescanwashorizontalat an elevation of 5.5°. Thusin
this casethe heightat which Zpr wassampleds not constanwith range.

the horizontalvelocity pattern(Figs. 5g and5j). The aircraftseemdo have stayedwell
centredon themfrom onerun to the next, whereit measuregeakvertical velocitiesof
1-2ms~1, LWCsof 0.1-0.15g m~2 andIWCs of 0.1-0.2g m—3,

We next considerthe Zpr imagesin Fig. 5. The dominantfeatureof the first two
scangin whichtheaircraftwasat—5.1°C and—6.1°C respectiely) is theslantecolume
of high Zpgr (upto 4 dB), around5 km acrossextendingfrom alittle above the melting
layer all the way to cloudtop. In the next sectionwe will show thatthis is dueto the
presencef pristine crystalsgrowing by depositionin the supersaturatedrnvironment.
The two corvective turretsidentified in the Z imagesare visible here as regions of
Zpr = 0 dB, which appearto be rising into the high-Zpr plume. This indicatesthat
the particlesresponsiblefor the high-Z turrets were quasi-sphericaland given the
availability of supercooledvaterdropletsin the ascendingair it seemdikely thatthey
wereriming snonflakesor maybeeven small graupelpellets.Figure6 summariseshe
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comparisorof radarZpgr with aircraftLWC andverticalvelocity for runs17to 23 (after
which the aircraft and radardatawere not well enoughmatchedin spacefor a valid
comparison)Thehigh-Zpr plumeappears$o decayasit is advectedo the eastbetween
runs1l7 and2l,andby run 22 hasvirtually disappeare¢seealsoFig. 51), althoughthis
is partially dueto it moving out of the planeof the verticalscansThe ascendingegion
of supercoolediquid watertendsto stay to the westernside (i.e. at a greaterrange
from Chilbolton) of the high-Zpr region and broadensomevhat. By run 23 the Zpr
appeargo beincreasingagain,andfrom Figs.5i and5l it would seemto be the lower
edgeof adevelopinglayerof elevatedZpr nearcloudtop, directly abovetheembedded
cornvection.We caninterpretthis asbeingdueto unaggregatedice particlesnearcloud
top thatundego rapid growth by depositionwhenliquid waterascendsnto the region
from belowv and spreadsout horizontally Sincethe temperaturas belov —9°C here,
pristine platesand dendriteswill form. The radiosondeascentin Fig. 3 indicatesthe
presencenf nearliquid water saturationat the —15°C cloud top, and in principle a
thin layer of liquid watercould persistherein muchthe samemannerasaltocumulus,
maintainedby cellular overturningdriven by radiatve cooling to space.The aircraft
ascentin this casewas abandonedafter run 25 so the region was unfortunatelynot
sampledabove 3.81km. Hoganet al. (1999)alsoobsened high-Zpr radarsignalsat
the —15°C top of a frontal cloud, andusingdatafrom an airbornelidar shaved them
to be associatedvith athin but horizontallyextensie liquid waterlayer. In section3e,
obsenationsof largervaluesof Zpg at cloudtop arepresented.

An interestingfeatureof Fig. 5l is theincreasedpr (to arounds dB) atthemelting
layerto eachsideof theembeddedonvection.In stratiformprecipitationZpg is always
obsenredto riseto 1-2dB in the melting layer aslow-densitysnownflakeswith modest
axial ratios acquirea coating of liquid water and their effective dielectric constant
increasesheforethey melt completelyinto spheresvith a Zpr closeto 0 dB. If instead
the melting particleswere pristine crystalswith large axial ratiosthenwhenthey start
to meltthey would have a significantlyhigherZpr. Accordingto Fig. 1,aZpgr of 5dB
in the melting layer could be causedy horizontallyalignedmelting columnswith an
axial ratio of 2, or plateswith anaxial ratio of 0.6.

(c) Detailedin situmeasuementsromrun 19

We now examineand comparethe aircraft andradardatafrom runs19 and 22 in
moredetail. During run 19 the characteristicef boththe embeddeaornvectionandthe
high-Zpr region surroundingt were sampled Figure 7 shows the variablesmeasured
simultaneoushby the radarandthe aircraft during this run and Fig. 8 shavs samples
of imagesirom the 2D-C and2D-P probesmeasuredt evenly spacedntervalsthrough
therun.

At thisaltitudetheaircraftwasjust skimmingthetop of the high-Z turret34km from
Chilbolton(Fig. 5e),sowasideally positionedo sampleany smallcrystalsproducedy
theriming particlesbeneathin Fig. 7 we seethata numberof the variablesexhibited
a ‘'spike’ aroundl-km wide, immediatelyabove the embeddedtorvection;hereLWC
reached.19g m~2 (its highestvalueat temperaturebelov 0°C for the entireflight),
IWC wasaround0.1g m~3, theverticalvelocitywas1 m s~! andthe dropleteffective
diametermeasuredy the FSSPwas 24 um. Therewas also an ahundanceof small
ice particles;the combinednumberconcentratiormeasuredoy the 2D-C and 2D-P
probes(i.e. all particleslargerthanarounds0 xm in diameteryeached5001~1, more
thantwo ordersof magnituddargerthanthe valuesa mere5 km closerto Chilbolton.
Someof theseparticlesmay have beenliquid waterdroplets but eventhe concentration
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of particleslarger than 150 zm was around40 I=1, which is still aroundfive orders
of ordersof magnitudelarger than the typical concentration®f ice nuclei at —6°C,
and approachinghreeordersof magnitudehigherthanthe likely valuesat cloud top
(Fletcherl962).Thereforesomeform of ice multiplicationmusthave beenresponsible.
The Hallett-Mossopmechanisnwould seemto be the mostlikely candidateseeingas
thepeakin concentratiortoincidedwith the presencef dropletswith a diametedarger
than25 xm, andoccurreddirectly above a region believed to containriming particles
in the —3 to —8°C temperaturgange.Other possiblemechanismssuchas break-up
on evaporation(OraltayandHallett 1989;Baconet al. 1998)or fracturedueto ice-ice
collision (Vardiman1978; Griggs and Choularton1986), would be unableto produce
theobseredhorizontalnarravnessof the peakin concentration.

Calculationshave beenperformedof the growth of particleswithin the water
saturatedipdraughtegion usingthe one-dimensionamnodelof CardwellandChoular
ton (2000).This modelincludesa full descriptionof secondaryce particleproduction
by the Hallett-Mossopprocess.Theseshow that in the watersaturatedervironment
splinterswill reacha sizedetectabldy the 2D-C probeafteraboutl minuteof growth.
Hencewith anupdraughof 1 m s~1 thesewill have beenemittedabout60 m below the
obsenationlevel for run 19, closeto the region wherethe rate of productionsplinters
duringtheriming processvould be expectedo be amaximumof 200splinterspermil-
ligram of accretedvater Particleslargerthan150 4 m werealsoobsenedatthelevel of
theaircraftin muchlowerconcentrationandthesewould beexpectedo beabout6 mins
old andhave anorigin in the temperaturgangeof —3°C to —4°C. In this temperature
rangethe rate of productionof splintersis much lessthanthe peakvalue but is still
significant(decliningrapidly to zeroat —3°C). Hencethe obsened enhancediumber
concentrationsf ice particlesin theupdraughtegion arequantitatvely consistentvith
the operationof the Hallett-Mossopprocesgust below run 19.

We next look at the causeof the broaderhigh-Zpr region that occurredto either
sideof thecorvectiveturretsin Fig. 5f. The2D-Pimagesn Fig. 8 show the presencef
snonflakesup to 2 mmin size,exceptbetweenaround27 and35 km from Chilbolton
wheretypical sizeswereonly a few hundredmicrons.This absencef larger particles
explainsthe 10 dB reductionin Z thatis apparenin Figs.5eand7a.The 2D-Cimages
indicatethe presenceof numerous500 xm columnsin this area,with axial ratios of
arounds:1. 1t is well known thatcolumnsgrow in thetemperatureange—3°C to —9°C,
so thesecrystalsmusthave grown in the middle of the cloud ratherthanfalling from
cloud top. The apparentlyrandomalignmentof the columnsin the imagesis dueto
local acceleratiorasthe crystalsweredrawn into the probe(Gayetet al. 1993).From
Fig. 1 we seethatadistribution of horizontallyalignedsolid columnswith axial ratiosof
5:1andrandomazimuthalorientationshouldproduceaZpr of 3 dB, whichisindeedthe
valuethatwasmeasuredThe horizontalextent of the high-Zpr coincidescloselywith
that of a broadregion of supercoolediquid water droplets(with an LWC of around
0.05g m~3, anumberconcentratiorof around1.5 x 10* I~! andan effective diameter
of 14-19um) ascendingtaround0.4m s,

Theice concentrationsn the high-Zpr region (around101~1) werecomparablédo
the‘ambient’ concentrationmeasurethroughoutheexperimentandto concentrations
commonlyreportedin theliterature.Despitebeingtwo ordersof magnituddower than
the 10° I-1 measuredn theembeddedorvection,this valueis still itself two ordersof
magnituddargerthanthe0.11~1 thatwould beexpectedrom primarynucleatioralone.
If Hallett-Mossopce multiplicationassociate@vith embeddedorvectionwaseffective
in, say 1% of along-lived cloud, thenmixing with the surroundingsould explain the
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elevatedconcentrationg therestof the cloudat alevel two ordersof magnitudebelon

the valuesin the corvective turretsthemseles. Equally, it is quite possiblethat one
or more of the otherice multiplication mechanismgould be operatingcontinuously
throughouthe entirecloud (albeitat a muchslower ratethanHallett-Mossop)thereby
raisingthe ambientice concentratiorabove the cloud-topice nucleusconcentration.

(d) Detailedin situ measuementgromrun 22

Fromthe Z imagesof Fig. 5 it is clearthatduringrun 19 theembeddedornvection
wasrising into a gap betweentwo fallstreaks but by run 22 it had penetratedne of
them. Figure 9 shaws the radar and aircraft variablesmeasuredduring run 22, and
Fig. 10 shavs a sampleof the correspondingrystalimages.In run 19 the aircraftwas
skimming the tops of the high-Z/low-Zpr turretswhich we suggestedctould contain
riming particles,but in run 22 the aircraft actually penetratedhe top of a turretat a
temperatureof —9.4°C. As in run 19, a ‘spike’ was obsenedin mary of the aircraft
parametersit the samelocationasthe turretindicatedby the radarreflectvity (28 km
from Chilbolton); herelWC pealedat0.22g m~3, vertical velocitywas1.9m s~1 and
the concentratiorof particleslarger than 150 xm reacheds0 | =1, The corresponding
median volume diameter measuredby the combined 2D-C and 2D-P probeswas
250 um, andin the2D-Cimages27.5km from Chilboltonit appearshattheseparticles
were quasi-sphericaice pelletswhich had probablygrown by riming. The processof
riming would soonleadto graupeltoo large to be carriedup in the modestupdraughts
thatwereobsened,so‘sorting’ by sizeis likely to have occurredwith thelargegraupel
andriming snownflakestendingto occurlower down in the high-Z region. Unfortunately
the aircraft did not penetratehe baseof the embeddedonvectionto verify this. It is
interestingthat the highestconcentratiorof particlesmeasuredy the combined2D-
C and 2D-P probesoccurred3 km downstream,25 km from Chilbolton, wherethe
concentratiomvas1000l~1 (somavhatlessthanthemaximumvaluein run19).Herethe
medianvolumediameterwasonly 50 xm. Theseobsenationsare consistenwith the
Hallett-Mossophypothesisat —9.4°C riming in the corvective corewould no longer
releasesplinters,but splintersproducedseveral hundredmetresbelonv would still be
carriedaloftin thewealerupdraughtef thesurroundingair. Sincethehorizontalwind is
shearedvith height,a separatiorcould have occurredoncethe Hallett-Mossopecame
inactive, with the splintersin the wealer updraughtglrifting downstreanrelative to the
corvective corewhich producedhem.Thehigh concentrationsf smallquasi-spherical
ice particlesin the corvective coreindicatesthatthey maythemseleshave originated
assplinters.The supercoolediquid at this altitude was no longer concentratedn the
convective core,but spreadover a 7 km region downwind of it, with watercontentsof
0.05-0.1g m~3.

Zpr was muchlower during run 22 at the altitude of the aircraftthanin run 19,
dueto the factthatthe embeddedonvectionwasby this time penetratinga fallstreak
containinglarge, low-densityirregularice particles.Baderet al. (1987)suggestedhat
this limited the applicability of Zpr for detectingpristine crystalswith extremeaxial
ratios, becauseheir intrinsic Zpr could so easily be masled by the presencef larger
aggreyatesat muchlower concentrationsMasking doesnot appearto be occurringin
this case pecaus¢hethe 2D-Cimagesof Fig. 10indicatethe presencef largeirregular
particles but no columnsareevident. Thuswe concludethatary columnscarriedupin
the broad0.4 m s~1 updraughbbsenedin run 19 wererapidly aggreyatedon entering
the fallstreak. Similarly, any newly formed splinterscarried aloft into the fallstreak
would beunlikely to grow by depositiorto ary significantsizebeforebeingaggreyated.
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Figure9. Variablesmeasuredy the radar(panela) andthe aircraft (panelsb-d) at 1232 utc during run 22.
FSSPeffective diameterhasonly beenplottedwherethe FSSPnumberconcentratiorexceeded000I 2.
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(e) Thelongevity andspatialdistribution of high-Zpr plumes

A numberof high-Zpr plumeswereobsenedby theradarduringtheflight, although
only theonedescribedn thelastsectionwasadequatelsampledy theaircraft.Earlier
in theflight a plumewassampledoy only theradarasit wasadwectedin from the south
westover a 30-min period. The highestZpr measurediuring this periodwas7 dB at
cloudtop, which accordingto Fig. 1 musthave beencausedy platesor dendrites At
1135uTc and1157 uTc ‘volumescans'were performed,consistingof 6 horizontal
scansat elevationsbetween0.5° and5.5°. From theseit was possibleto reconstruct
the three-dimensionalpr field; the 2 dB isosuraiceof Zpr is shovn in Fig. 11 atthe
two times, togetherwith a vertical scantaken shortly beforethe secondvolume scan.
At 1135uTC we seea layer of Zpr > 2 dB at cloud top (4 km), with an east-west
extentof 10 km anda north-southextent of at least35 km. Beneaththe layera plume
around5 km acrossxtendedn a slantwisefashiondown to the melting layer. Twenty-
oneminuteslaterthe plumehadbeenadvectedaround25 km to the north eastandhad
broadenedomevhat.Unfortunatelythehorizontalscansatthelatertime did not extend
high enoughto characteris¢hefull extentof thelayer, althoughthe verticalscanshowvs
it to still extendaround10 km in the east-westirection.It would seemlikely thatthe
high-Zpr region at cloud top was associatedvith supercoolediquid water collecting
there,andit is interestingthat the horizontalextent of this layer is comparableo the
typical horizontalscaleseportedoy Hoganandlllingworth (1999)for thin supercooled
liquid water cloudsdetectedin threeyearsof ground-basedidar data. Possiblythe
high-Zpr plumescould have beenfed by embeddedcorvective events, but none of
the scansexhibited the samehigh-Z turrets (attributable to riming ice particles)that
were describedn the previous section;it is possiblethat they were presentbut were
missedby the scansequencdecausef their small size.In the right panelof Fig. 11,
asin Fig. 5, valuesof Zpr up to 5 dB are presentat the baseof the plumewherethe
pristinecrystalsweremelting. The factthatthis featurewaspresenthroughouthe 30-
min periodsuggestshatthe high-Zpr plumewasalreadyquite mature,andtheriming
eventwhich producedhe necessargplintersmay have occurredwell beforethe radar
beganscanninghroughit.

(f) Therole of Kelvin-Helmholtavaves

An interestingfeatureof the velocity imagesof Fig. 5 (particularly panelsd and
g) is the presenceof a train of low-amplitude (50-100m) Kelvin-Helmholtz waves
with a wavelengthof around2 km at an altitude of 1 km. Thesewere obsened mary
timesduringthe periodthattheradarwasscanningn this casestudy(0800-1400JTC)
andweresampledn situ at 1030uTc whentheaircraftperformeda run at an altitude
of 1.53km, closeto the melting level. The resultsare depictedin Fig. 12. The radar
radial velocity (panelb) shavs waves similar in wavelengthand amplitudeto those
obseredin Fig. 5, associateavith strongfluctuationsin bothaircraftLWC andvertical
velocity, with peakvaluesof aroundd.25g m—3 and+1.5ms ! respectiely. Horizontal
scansindicatedthat the waves were orientedapproximatelynorth-south so this east-
westtransecshouldprovide anaccuratendicationof theirwavelength.Thewind shear
in Fig. 12c (derived from the radial velocity) is concentratedn two layersat 1.5 and
2 km, wherethe magnitudereached?0 m s~1 km~1. Chapmarand Browning (1997)
reportedradarobsenationsof Kelvin-Helmholtzbillows in a warm-frontalzonewith
an amplitudeof 500 m, and, by assumingwo-dimensionaflow limited to the plane
of the vertical radar scan,estimatedthemto be associatedvith updraughtsof up to
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3msL. They shavedthatthesplit sheasstructurewastheresultof theactionof Kelvin-
Helmholtzwaveson aninitial singlelayerof highwind shear

AlthoughZpr wasnot especiallyhigh duringthistime, clearly vertical velocitiesof
this magnitudecouldhave beenresponsibldor triggeringtheembeddedornvectionthat
wasobsenedlaterin theflight, andappearedo have originatedfrom nearthe melting
layer Kelvin-Helmholtzinstability is known to occur when the RichardsonNumber
(Ri), definedastheratio of the staticstability N2 to thesquareof theverticalwind sheay
is Iessthanl—ll. We now estimatethe magnitudeof Ri usingthetemperaturerofile from
the 1000uTc radiosondeascentshovn in Fig. 3, togetherwith the radarobsenations
of wind shearWhenair is unsaturatethe staticstability is givenby

> g (dT
— > __1—‘
N T(dz d)’ (3)

whereT is temperaturez is height, g is the gravitational acceleratiorand Ty is the
dry adiabatidapserate.Whentheair is saturatedhowever, it is of theform (Lalasand

Einaudi1974):
g (dT Lads g dagu
Ne=2(=——-T 1+ —=2) — ) 4
T(dz m)( +RT) 1+0q, dz’ “)

wherel'y, is thesaturateddiabatidapserate, L is thelatentheatof evaporation R isthe
idealgasconstanfor dry air, gs is the saturatiormixing ratio andq,, is the total water
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mixing ratio. Sincethe vertical distribution of liquid water dependson the history of
themotionof individual air parcelswhichis generallyunknovn, we follow Durranand
Klemp (1982)andmake theapproximatiorpq,, /0z ~ 0qs/dz. Figurel3ashovsthedry
andmoist static stabilitiesderived from the 1000uTc radiosondeascentandFig. 13b
depictsthe correspondingelative humidity profile. The air appeardo be potentially
unstablebut unsaturatetelor thewarm-frontalsurfaceat 1 km, andcloseto saturation
andstablefrom 1to 2 km. At 1000uTc thecloudfield accordingo theradarwasmuch
moreintermittent(particularlybetween2 and4 km) thanat 1040 utc whenthe data
in Fig. 12 weretaken. In the intervening time, large-scalefrontal ascentpresumably
broughtthe layer betweenl and 2 km to saturation.The Kelvin-Helmholtzwavesin
Fig. 12b are mostpronouncedat a rangeof 70 km from Chilbolton, so this is where
we calculateRi. Figure 13c shaws the rms shearof the zonalwind measuredy the
radarbetween60 and 80 km from Chilbolton, with the correspondinglry and moist
RichardsorNumbersin Fig. 13d.Betweenl.9and2.1 km the moistRi was0.2sohere
we would expectKelvin-Helmholtzbillows to developwhenthe air reachedsaturation.
Thebillows will thenhave generatedhe strongfluctuationsin liquid watercontentand
vertical velocity that were obsered by the aircraftin Fig. 12d, althoughice particles
falling into the layerfrom above could clearly have sweptout someof the liquid water
assoonasit formed.ChapmarandBrowning (1999)shovedin a similar warm-frontal
casehow the saturationof a widespreadayer undegoing frontal ascentpermittedthe
rapiddevelopmentof Kelvin-Helmholtzinstability asthe effective RichardsorNumber
suddenlydroppedbelow 3.

Betweer2.1and2.5km theair waspotentiallyunstableéo moistcorvection,soeven
if theair wasnot saturatedhere,saturategarcelsat the crestsof the Kelvin-Helmholtz
wavesin the layer beneathcould have found themseles lifted into an ervironment
in which free corvection was possible,and then continuedto ascendn the form of
the corvective turretsthat were obsenedin Fig. 5. It is even possiblethat the north-
southorientationof the high-Zpr layerat cloudtop in Fig. 11 reflectsthe north-south
orientationof the Kelvin-Helmholtzwave crestamuchlower in the cloud.

4. DISCUSSION AND CONCLUSIONS

Previous studieshave found significantly higherice crystalconcentrationsn strat-
iform cloudsthan can be explainedby primary nucleationalone,and have cited the
Hallett-Mossopmechanisnfor secondaryce productionknown to beimportantin con-
vective clouds,asa plausiblecandidateo explain the discrepang (HobbsandRangno
1985,Boweretal. 1996).This proces®ccursonly in riming conditionsbetween-3 and
—8°C, andsoin stratiformcloudsis likely to actonly in verylocalised'embeddedon-
vective’ regions.In this paperwe have presentedhefirst detailedsimultaneousemote
andin situ measuremenisf sucharegion. We now summariseheseresultsanddiscuss
the merits of the Zpr parametefor mappingout regions containingpristine crystals.
The schematiadiagramin Fig. 14 is anattemptto encapsulateur interpretatiorof the
obsenationsin termsof the microphysicaprocessethatwereoccurring.

The embeddecdtcorvectionitself was identified by the radar as individual turrets
(aroundl km across)f high Z andlow Zpg, indicatingthe presencef large or high-
densityparticles roughly sphericain shapeTheseturretswerefoundby theaircraftto
beassociateavith similarly narrov updraught®f 1-2m s~1 containing0.1-0.2g m—3
of liquid water (including 25 xm droplets)andconcentration®f smallice crystalsup
to 2 ordersof magnitudeargerthanthe ‘ambient’ valuesonly 5 km away. At —6.1°C
the peakin ice concentratioomeasuredy the aircraftwasimmediatelyabove a high-Z
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of high Zpr dueto the presencef crystalswith extremeaxial ratios.

turret (Fig. 7) but by —9.4°C appearedo have spreadas muchas 3 km downstream
(Fig. 9). Thislendssupportto the contentiorthatthesecrystalsweresplintersproduced
from riming ice particlesin the corvective corevia the Hallett-Mossopmechanismno
otherice multiplication mechanisnwould be likely to generatesucha narrov spike in
ice concentratioimmediatelyabove aregion whereriming wasoccuring.Also, thefact
thatthe Hallett-Mossopmechanisndoesnot operateeffectively at temperaturebelov
—8°C could explain the apparenseparatiorof the highestice concentrationgrom the
corvective coreby the —9.4°C run. The remainingdifferencebetweerthe ambientice
concentrationsnd the expectedcloud-topice nucleusconcentratiorcould be simply
due to mixing from a numberof Hallett-Mossopplumesinto the surroundingcloud,
althoughthe possibility of additionalslow but widespreadce multiplication by some
othermechanisn{suchasbreak-upon evaporationor collision) cannotberuled out.

Unfortunatelythecorvective coreitself wasnotwell sampledy theaircraftuntil the
laterruns,andeventhentheaircraftwasonly afew hundredmetresbelow thetop of the
convectionasindicatedby the Z field. During this penetrationpearsphericalce pellets
around250 xm in diametemwereobsenedat concentrationsip to approximatelys01~1
(seeFigs.9cand10). They wereprobablygraupelin very early stage®f riming, andat
this sizewould have hada terminalvelocity of only around0.4m s~ (Mitchell 1996),
allowing themto becarriedup by the updraughtTheir high concentratiorsuggestshat
they themselesdid not originatefrom primary nucleationalone.Presumabla sorting
by sizewould occurwith thelargergraupelonwhichwe assumenostof thesplintering
to have takenplace)falling backthroughthe cloud.

Oneof the mostinterestingaspectf the early radarscanswasthe presencef a
slantedregion of elevatedZpr, arounds km acrosswhich extendedrom theimmediate
vicinity of the corvective turretsup to cloud top. From the radarimagesin Fig. 5
alonethis featurehasthe superficialappearancef a ‘fallstreak’ of somekind, and
it is not clearthat it is even relatedto the high-Z turrets;their proximity could be
coincidental. Furthermore the intensity of the Zpr plume appearsto diminish and
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becomalisassociatedith theembeddedorvectionin thelaterscangFigs.5i and5l).
However, thein situ evidenceindicateshatthe high-Zpg regionis intimatelyassociated
with the nearbyembeddedorvection,andthatit is notafallstreakin thenormalsense.
Aircraft samplingnearthe baseof the high Zpr (—6.1°C) shavedit to containpristine
columnsgrowing in a modestupdraughtof around0.4 m s~1 with LWC at around
0.05g m~3. The presencef pristine columnsin the middle of a cloud that otherwise
consistsof aggreyatesrequiresa sourceof reasonableoncentration®f small ‘seed’
crystalswhich canthengrow by deposition.Theseparticularcolumnscannotsimply
have fallen from nearcloud top in the mannerof a fallstreaksince at temperatures
belov —9°C (400 m higher up in the cloud) the predominantdepositionalgronth
modeis planar Also, crystalsnucleatedhearcloudtop falling througha watersaturated
updraughtwould be muchlarger thanthe columnsobsened by the time they reached
the—6.1°C level. Thusthemostlik ely scenarias thatsplintersproducedy the Hallett-
Mossopmechanismwereejectedrom thetop of theascendingorvective turrets(since
their terminalvelocity was so muchlessthangraupel)and carrieddownstreamof the
corvectionby the shearof the horizontalwind. In the more modestvertical velocities
surroundinghe corvection,theliquid watercontentwastoo low for significantriming
to occur, yet the air was still supersaturatedith respectto ice so in the absenceof
larger aggreyatesthe splinterswere ableto grow by depositioninto the columnsthat
wereobsened. The radarscansin Figs. 5¢ and5f indicatethat high Zpr extendedall
theway to theapparentloudtop at5 km; presumablyhis wasfed by a watersaturated
updraughthathadexistedfor sometime, with depositionagrowth of platesor dendrites
atupperlevels.

Sowhy wastheembeddedonvectionnolongersurroundedby ahigh-Zpg regionin
thelaterradarimages?t mustin parthave beendueto thefactthatthehigh-Zpg feature
moved out of the planeof the radarscansasthe radarattemptedo staycentredon the
aircraftwhile it wastrackingtheembeddeaorvection.By thistime thecorvectionwas
penetratinga fallstreakcontaininglarge, low-densityaggrgates andit is noticeablen
the first two runsof Fig. 5 how areasof high-Zpr lie exclusively in low reflectiity
regions. Thereis alsoa distinct anticorrelationof Z and Zpr evidentin Figs. 7a and
9a. Baderet al. (1987) suggestedhat a widespreadoroblemfor the interpretationof
differentialreflectvity signaturesvasthatthe presenceof a few large aggreyateswas
sufficient to ‘mask’ the intrinsic high-Zpr of ary pristine crystalspresent.However,
thereis simply no evidenceof columnsin the crystalimagesobsened by the aircraft
in run 22 (Fig. 10), or indeedin ary of therunsafter 19. This is despitethe presence
of similar concentrationsf smallice particlesandhigh supersaturationsith respecto
ice. Soit seemgeasonablé¢o supposehatthe pristine columnswere simply accreted
by the aggreyates.This would suggesthat Zpr is in fact a reasonablgroxy for the
presencef pristinecrystals andthefactthathigh valuesof Zpr werefoundexclusively
in low-Z regions merelyreflectsthe fact that pristine crystalstend not to coexist with
aggraeyatesHencethe slantedappearancef the high-Zpg featurewould seemto bedue
notto it beingsomekind of fallstreak,but to the confinemenbf the pristinecrystalsin
agapbetweerregionsof largeraggreyateswhich arethemselesfalling in a slantwise
mannerin the shearecrvironment.Presumablyhe slantechigh-Zpr plumetrackedin
section3e over a 30-min periodwassimilarly confinedin a gapbetweerfallstreaksof
aggreates.

Further aircraft and radar experimentsare currently in progressto explore the
prevalenceof embeddedorvectionandHallett-Mossopsplinteringwithin warmfronts.
The ability of the radarto detectthe presenceof pristine crystals,which appeargo
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be a tell-tale signatureof the phenomenorfparticularlywhenthey occurin the middle
of the cloud), shouldenablethe aircraft more easily to locate potentially interesting
areas.From a large numberof horizontalscansin this study we estimatethat at the
altitudesat which the Hallett-Mossopmechanisntanact, around5% of the cloud by

areahada Zpr exceeding? dB, althoughdetailedanalysisof a singlehigh-Zpr plume
suggestshat perhapdn only a tenthof this areawere vertical velocitiessuficient for

riming andsplinterproduction.The continuedransporof liquid waterto cloudtop also
warrantsfurtherinvestigation particularlyin light of obsenationsof widespreachigh-

Zpr andstronglidar echosnearcloudtop (Hoganet al. 1999;Hoganandlllingworth

1999), which suggesthat liquid water may collect thereand persistfor long periods.
Modellingwork is currentlyin progresgo examinehow periodicembeddedorvectve
eventsaffect the distribution of ice waterwithin stratiformclouds,andultimately their
effect on frontal rainfall anddevelopmentCardwellandChoularton2000).

APPENDIX

Here we shav how the Zpr measuredy a Rayleigh-scatteringadar (for which
the scatterersare much smallerthan the wavelength)at low elevationsis relatedto
ice particle axial ratio. For the problemto be tractableanalytically it is necessary
to approximatecolumnsas internally homogeneougprolate spheroidsand platesas
homogeneousblate spheroids.The resultsare plotted in Fig. 1, and are valid for a
distribution of ice particleseachwith the sameaxial ratio and density althoughthe
particlesneednot bethe samesize.lt is assumedhatthe particleslie with theirlongest
axisin the horizontal.We definethe dimensionf an ellipsoidalparticlein eachof its
threeprincipalaxesto bea, b andc, andfor oblateparticlesspecifythata < b = c while
for prolateparticleswe specifythata > b =c.

Differentialreflectiity is expressedn termsof the meanbackscattecross-section
athorizontal(H) andvertical (V) polarisation:

Zor = 10logyg (Z—:) dB, (A1)

wherethe meanis taken over the variousazimuthalorientationsof the particle. We
now considerthe determinatiorof backscattecross-sectionseparatelyfor oblateand
prolateparticles.

(@) Oblateice particles

For oblate particlesthe calculationis straightforvard becausethe shortera-axis
pointsvertically. Thusfor bothhorizontallyandvertically polarisedncidentbeamsthe
incidentelectricfield vectoris parallelto oneof thethreeprincipal axesof the particle,
and the inducedelectric dipole momentwill also be along this axis. The approach
thatfollows wasalsotaken by SeligaandBringi (1976)to calculatethe Zpr of oblate
raindrops andis basedn anextensionto Rayleightheorydevelopedoy Gans(1912).

Thedipolemomentsnducedn theparticlesfor horizontallyandvertically polarised
beamsare

PH = 471 €0EHo ab; Pv =4 €oEvo aa, (A.2)

whereEpg andEyg arethe comple electricfield intensitiesincidenton the particleat
thetwo polarisationsa, anday arethe polarisabilitiesof the particlealongits a andb
axesrespectiely, andeg is the permittivity of free spaceThe backscattecross-section
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athorizontalpolarisationis then

2
oy = 4r (kzﬁ) = 4z K| ap|?, (A.3)

4r €o|EHol
andsimilarly for vertical polarisation,wherek is the wavenumber The polarisability
alongthea axisis givenby

V(e —1)
= — A4
R T (e — 1)L (A4)

andsimilarly for the b andc axes,whereV is the volumeof the particleande is the
relative permitiity. L, Ly andL. are‘geometricalfactors’,andfor anoblatespheroid

are b
1 a . 1-L
La=—(1+%sm_le); Lh=Lc= 5 =

2 (A.5)

wherethe eccentricitye is definedby e = 1 — (a/b)?2. Thusif all the particlesin the
distribution have the sameaxial ratio we may combine(A.1) to (A.5) to obtain

Zpr = 101 — ) =20l ' A
on = 10003 (1225) 200000 (e iy ) 49

In the limit of extremely oblate particles,Ly — 1 andthusZpr — 20log;q |€|. This
representshe maximumpossibleZpr that canbe attainedby ice plates.For solid ice,
le] = 3.15 (Liebeetal. 1989),andthe correspondingnaximumpossibleZpg is 10 dB.

(b) Prolateice particles

The calculationfor prolateparticlesis a little morecomplicatedbecausehe longer
a axis of the particle lies in the horizontaland hasa randomazimuthalorientation.
At vertically polarisationthis is not a problem;the incidentelectricfield vectoris still
parallelto oneof the two otherprincipal axesof the particle (b or c) sois independent
of azimuthalorientationandwe canusethe sameapproactasfor oblatespheroidsyVan
deHulst (1957)gave the geometricafactorsof prolatespheroidsas:

1—¢? 1 1+e 1—L,
La=—— -1+ —In=—"-); Lp=Lc= A7
a e2 ( +2e 1_e)7 b C 2 s ( )

wherethis time the eccentricityis definedby e? = 1 — (b/a)?. The backscattecoefi-
cientfor vertical polarisationis simply

oy = 4k ap|?. (A.8)

At horizontalpolarisationtheincidentelectricfield vectoris notnecessarilyparallel
to one of the principal axesof the particle,so in generalthe inducedelectric dipole
momentis notparalleltoit either althoughit will lie in thehorizontalplane.Letd bethe
anglebetweerthe a axisof the particleandthedirectionof propagatiorof theincident
radiation.If the induceddipole momentthen makesan angle¢ with the direction of
propagatiorof theincidentradiation,we mayrewrite (A.3) as

) ||oH|sin¢>)2

(A.9)
4z €0|Enol

on = 4n (k
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This expresseghe well-known ‘dumb-bell’ shapedRayleighscatteringpattern.Since
IpH| sing is simply the componendf py parallelto theincidentelectricfield Eng, we
neednot calculateg from 6 explicitly. We can considerthe induceddipole to be the
vectorsumof dipolesinducedindependentlyalongthea andb axes(both of which lie
in the horizontalplane).Consideringonly the componentgarallelto Eng, we have

IPH| SiNg = 47 €9|Enol (aa SIN? 0 + ap oS ). (A.10)

Note thatboth the initial induction of the dipole, andthe subsequen¢valuationof its
componeniparallelto Eng, producea dependencen ¢, resultingin the squaredsine
andcosinetermsin (A.10). Substitutioninto (A.9) resultsin

on = 4drk? (l(xa|2 sin* 0 + |ap|? cog 0 + 2|aa||ap| Sir? 0 cog 9) . (A.11)

At this stagewe needto calculateheaveragebackscattecross-sectioffor adistribution
of prolateparticleswith randomazimuthalorientationd by integratingwith respecto 6
anddividing by 2z :

_ 3 3 1
on = 4wk (§|aa|2 + §|0€b|2 + Z|aa||ab|) : (A.12)

Combiningthis with (A.1), (A.4) and(A.8) we get

1+e—1/[1—La] /2
1+le—1Ly

3 1, 3
ZDR=10Ioglo(§X2+ZX+§), where X =

(A.13)
For extremelyprolateparticles,L, — 0andZpr — 10l0g;q [ (3le|? + 10l¢| + 19) /32].
This is the maximumpossibleZpr that can be obtainedby solid ice columnsandis
around4 dB.
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