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SUMMARY

Resultsare presentedfrom a casestudy in which the macrophysicaland microphysicalcharacteristics
of a warm-frontal mixed-phasecloud were investigatedusing simultaneousaircraft and polarimetric radar
measurements.A region of embeddedconvectionwaslocatedandsampledatvariousstagesof its ascentthrough
thecloudfrom � 5

�
C to � 11

�
C, andevidenceis presentedthat it wastriggeredby Kelvin-Helmholtzinstability

nearthemeltinglayer. High concentrationsof smallcrystalswereobservedin andabovenarrow convectiveturrets,
around1 km across,that containedsupercooledliquid waterdropletswith an effective diameterof 24 � m and
riming ice particles.Theareasurroundingthe turretswasfound to containpristinecolumns,andwasstrikingly
visible to the radaras a broadplumeof high differential reflectivity ZDR (around3 dB), contrastingwith the
0–0.5dB rangeusually found in ice clouds.The columnsobserved in situ had axial ratios of around5:1, in
closeagreementwith thevaluespredictedtheoreticallyfrom ZDR assuminghorizontalalignmentof thecrystals.
We arguethat the high concentrationsof small ice crystals(up to 103 l � 1) observed in this caseweresplinters
producedvia the Hallett-Mossopmechanismin the riming process,andthesethengrew rapidly by deposition
in thewater-saturatedenvironmentinto pristinecolumns.Later in theascentthepicturewascomplicatedby the
presenceof a fallstreakcontaininglarge, low-ZDR aggregateswhich appearedto rapidly accretethecolumns.A
numberof plumesof high ZDR wereobserved by theradaron thesameday, eachof which persistedfor at least
half an hour. In the vicinity of cloud top ( � 15

�
C), the regionsof high ZDR tendedto spreadout horizontally,

andattainvaluesashigh as7 dB. At thesetemperaturesplatesanddendritesareknown to grow, so theseZDR
observationsarein goodagreementwith our theoreticalfinding thatcolumnsalonecannotproducevaluesof ZDR
greaterthan4 dB, nomatterhow extremetheir axial ratios,whereasplanarcrystalscanattainvaluesup to 10dB.
Embeddedconvectioncouldclearlybeimportantin determiningthedistributionof iceandliquid waterin frontal
clouds,whichaffectsbothcloudglaciationandtheradiationbudget,andis importantfor aircrafticing.
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1. INTRODUCTION

Frontsareresponsiblefor thebulk of theprecipitationthatfalls in themid-latitudes,
andmostcurrentforecastmodels(which typically have horizontalresolutionsbetween
15 km and60 km) assumethat this ‘large-scale’precipitationis formedby a uniform
distribution of ice particleswithin the modelgrid box which grow by depositionand
aggregation as they fall, finally melting to producerain. It is known from aircraft
measurementsthat ice particle concentrationsin stratiform clouds are often far in
excessof typical ice nucleusconcentrationsat cloud top (Hobbs1974; Heymsfield
1977; Hobbsand Rangno1985; Bower et al. 1996), implying that somekind of ice
multiplicationmustbe takingplace.Ice splinterproductionduringriming (Hallett and
Mossop1974),known to occurin glaciatingcumulus,hasbeensuggestedasa means
by which high concentrationsof ice crystalsmay be generatedin stratiform clouds
(Bower et al. 1996; Mason1998). However, this mechanismwould only be able to
act in very localisedregions of ‘embeddedconvection’ wherethe vertical velocities
are sufficient to sustainthe supercooledliquid waternecessaryfor riming, andgrow
dropletslarger thanaround25 � m in diameter(MossopandHallett 1974).If present,
theseregionscouldclearlybeimportantin determiningthedistributionof iceandliquid
waterwithin thecloud,andthereforeaffect bothits radiativepropertiesandtheamount
�
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of precipitationproduced.Although measurementsof localisedupdraughtscontaining
supercooledwater are not uncommonin stratiform clouds,it is very difficult to get
an idea of the three-dimensionalnatureand evolution of embeddedconvection from
one-dimensionalaircraft penetrationsalone.Consequently, parameterisationsin many
operationalmodelssimplyassumethaticeandliquid waterareuniformly mixedwithin
eachgridbox, and that the ice/liquid-water ratio variesas a function of temperature
alone (Smith 1990; Sundqvist1993; Moss and Johnson1994). Obviously this is a
grossoversimplification,both in view of the fact that thecoexistenceof ice andliquid
waterparticlesis fundamentallyunstablewith theice tendingto grow at theexpenseof
the liquid water, andbecausethe samerelationshipis usuallyappliedto mixed-phase
clouds of entirely different types, such as supercooledstratocumulus,altocumulus,
frontal nimbostratusanddeepconvection.More recently, parameterisationshave been
developedwith separatevariablesfor ice and liquid water that make use of model
parameterssuchasvertical velocity to achieve a morephysicallybasedrepresentation
of mixed-phaseclouds(Tremblayet al. 1996;Wilson andBallard1999).In view of the
apparentsensitivity of meanmodelcloudamountandtheassociatedradiationbudgetto
thespecificationof mixed-phaseclouds(GregoryandMorris 1996;Fowler andRandall
1996), theseapproachesare clearly in much needof evaluation by high-resolution
observations.

In this paper, simultaneousremoteand in situ measurementsby the Chilbolton 3-
GHz polarisation-diversity radar and the UK Met Office C-130 aircraft are usedto
studytheevolutionof narrow convectiveplumeswithin awarm-frontalcloud.Particular
attentionis paid to the radardifferential reflectivity (ZDR) parameter, andfor the first
time it is demonstratedthat high valuesof ZDR (in excessof 3 dB) in stratiform ice
cloudstendto be associatedwith the presenceof supercooledliquid water. Assuming
that free-falling particlesarealignedpreferentiallyin thehorizontal,ZDR is essentially
a measureof hydrometeoraxial ratio, althoughin the caseof ice particlesit is also
approximatelyproportional to the density of the ice-air mixture. Clearly the liquid
waterdropletsaretoo small to contribute significantlyto the radarsignal themselves,
so the implication is that ice crystals in the presenceof liquid water are able to
grow rapidly by vapourdepositionin the supersaturatedenvironmentto form highly
asphericalpristine columns,platesor dendrites.Usually ice cloudshave low values
of ZDR (0–0.5dB), indicating the presenceof particleseither without extremeaxial
ratios(suchasbullet rosettes),or of low densityandthereforelow dielectricconstant
(suchasaggregates).Indeed,Korolev et al. (2000) recentlyfound from an extensive
studyof aircraft microphysicalmeasurementsin stratiformice cloudsthat 84% of ice
particleslarger than125 � m wereirregular, andtherelatively uncommoncolumnsand
dendritestendedto occurin cellswith acharacteristicscaleof hundredsof metresto tens
of kilometresembeddedwithin much larger zonesof irregularly shapedparticles.To
producelargepristinecrystalswith high ZDR requiresdepositionalgrowth to dominate
over aggregation.This canoccurnearcloudtop whereaggregationhasnot hadtime to
act;henceZDR in theuppermost500m of ice cloudsis typically larger thanthat in the
bulk of thecloud,althoughis usuallystill only around1 dB atcloudtop.Whencloudtop
temperatureis around � 15� C, however, it is not uncommonto seemuchhighervalues
of ZDR in thisregion.Thisphenomenonwasfirst commenteduponby Hall etal. (1984),
whoobservedvaluesof 4 dB atcloudtop thatdecreasedsteadilyto 0.3dB, 1 km below,
andattributedthemto highly asymmetricpristineice crystalsthatslowly aggregatedas
they fell throughthecloud.Sauvageotet al. (1986)foundthat in stratiformice clouds,
ZDR wasmorelikely to be greaterthan2 dB at � 12� C thanat any othertemperature
above themelting layer. Hoganet al. (1999)presentedobservationsof a warm-frontal
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ice cloudwith ZDR valuesup to 6 dB dueto thepresenceof pristinesectorplates,and
from simultaneousairbornelidar measurementsshowed themto be associatedwith a
thin layerof liquid wateratcloudtop,wherethetemperaturewas � 15� C. Thissuggests
thatby maintaininghighsupersaturations,thepresenceof supercooledliquid cancause
crystalsnear cloud top to grow much more rapidly into pristine forms than would
otherwisebethecase.

The high-ZDR featuresassociatedwith embeddedconvectionthat aredescribedin
this study occur in the middle of the cloud, so it would seemthat a sourceof large
numbersof smallcrystals,which initially at leastaretoo smallto aggregate,is required
to explain the phenomenon.We presentevidenceto show that thesesmall crystals
are most likely to be splintersthrown off large riming snowflakesor graupel(which
are themselvesdistinctly visible to the radar)via the Hallett-Mossopmechanismfor
secondaryiceproduction(HallettandMossop1974).Observationsof similarembedded
high-ZDR features,togetherwith colocatedin situ measurementsof ice crystalshape,
have beenpublishedby Liu andHerzegh (1986)andBaderet al. (1987),but werenot
accompaniedby measurementsof liquid wateror thesuggestionthateitherliquid water
or ice multiplicationplayeda part in their formation.Notealsothathigh valuesof ZDR
have beenobservedat temperaturesdown to � 10� C in stronglyconvective storms,but
thesewereshown to be causedby small numbersof very large supercooledraindrops
carriedaloft in strongupdraughts(Illingworth et al. 1987),andcouldnot bepresentin
therelatively quiescentstratiformcloudsconsideredin thispaper.

In section2 we describethe ground-basedandairbornemeasurementtechniques
usedin thepaper, andoutlinehow differentialreflectivity is relatedto crystalshapeand
alignment.Theradarandaircraftobservationsaredescribedin section3 andinterpreted
in section4.

2. DESCRIPTION OF MEASURED PARAMETERS

(a) Radarreflectivityfactoranddifferential reflectivity
The fundamentalparametermeasuredby radaris reflectivity factor (Z), andfor a

unit volumecontaininghomogeneoussphericalparticlesit is givenby

Z 	
i



K i

 2

0 � 93
D6

i � (1)

whereD is diameterand


K

 2 is the ‘dielectric factor’ of theparticle,which for liquid

water is 0.93andfor solid ice is 0.17.Becauseof the presenceof the sixth power of
diameter, Z tendsto bedominatedby the contribution of the larger particles,which in
mixed-phasecloudsareinvariablytheice particles.However, theeffective bulk density
of mostice particles(particularlyaggregates)is significantlylessthanthatof solid ice,
andoneshouldinvokeDebye’s theory(Battan1973)in which



K


is proportionalto the

bulk densityof theice-airmixture.Accordingto therelationshipof Brown andFrancis
(1995),thebulk densityof irregulariceparticlesis approximatelyinverselyproportional
to their maximumdimension.Thus,in ice,Z is oftenapproximatelyproportionalto the
fourthpowerof particlediameterratherthanthesixth.

If theparticlesarenon-sphericalandarealignedsuchthat they extendmorein the
horizontaldimensionthanthevertical,thenthereflectivity factormeasuredathorizontal
polarisation,ZH, will begreaterthanthatat vertical,ZV . Hencedifferentialreflectivity
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Figure1. ZDR of spheroidalice particlesasa functionof axial ratio anddensity. Theparticlesarehorizontally
alignedbut have randomazimuthalorientation.

(ZDR), expressedin conventionallogarithmicunitsas

ZDR 	 10log10
ZH

ZV
dB � (2)

is a measureof hydrometeorshapeand alignmentin the radarpulsevolume (Seliga
andBringi 1976).It is commonlyusedin rain to improve rain-rateestimatesbecause
of theuniquerelationshipbetweenraindropshapeandsize,but in ice its interpretation
is much more ambiguoussinceice particlesoccur in a multitude of different habits
which aregenerallynot relatedto size.Furthermore,theZDR of ice particles(in dB) is
approximatelyproportionalto their effective density. This is particularlyimportantfor
aggregateswhich, asfar asthe radaris concerned,consistlargely of air andthustend
to haveaZDR closeto 0 dB. Theeffectivedensityof pristinecrystals,however, is much
closerto thatof solid ice, so largevaluesof ZDR arepossible.Clearlyany tumblingor
cantingwould reduceZDR, but it is well establishedthatfree-falling ice crystalstendto
lie with their longestaxisin thehorizontal(Choetal. 1981;PruppacherandKlett 1997;
Liou 1986).

The ZDR of horizontally orientedplatesand columnshas beencalculatedas a
function of axial ratio and densityand is shown in Fig. 1. Details of the calculation
may be found in the appendix.We have approximatedplatesasoblatespheroidsand
columnsasprolatespheroids,which is reasonablebecauseit is the induceddipole that
is importantin the Rayleigh-scatteringregime; the highermultipolesthat areneeded
to describethe precisecrystal shapedo not radiateefficiently. Curvesareplotted for
solid ice and for threedifferent homogeneousice-air mixtures,using the formula of
Meneghini andLiao (1996)to calculatetheeffectivedielectricconstantfrom theice-air
ratio. An interestingfinding is that,no matterhow extremethe axial ratio, the ZDR of
non-meltingplatescannotexceed10dB andtheZDR of columnscannotexceed4 dB. A
practicalproblemto bearin mindis thatlarge,low-densityaggregates,evenif presentin
relatively low concentrations,coulddominatethereflectivity, therebymaskingtheeffect
of thesmallerpristinecrystalsonZDR (Baderet al. 1987).Wediscussthelikely impact
of thiseffectwhenanalysingourdata.Also shown in Fig. 1 is theZDR of meltingplates
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andcolumns,calculatedassumingthat,with acoatingof liquid water, theparticleshave
thesamedielectricconstantasliquid water.

In this paperwe use the 3-GHz Chilbolton AdvancedMeteorologicalRadar in
SouthernEngland.Thelargeantenna(25 m diameter)affordsbothhigh sensitivity and
a very narrow beam(0.28� ). Illingworth et al. (1987) showed that the narrow beam
enablesit to avoid the problemof high ZDR beingerroneouslygeneratedby sidelobe
effects(Herzegh andConway 1986).In additionto its polarisationcapability, we also
make useof its ability to measurethe radial componentof the wind when cloud or
precipitationis detected.The capabilitiesof the instrumentweredescribedin full by
Goddardet al. (1994).

(b) Aircraft in situ measurements
TheUK Met Office HerculesC-130is well equippedto measurethemicrophysical

propertiesof mixed-phaseclouds.Bulk liquid watercontent(LWC) is provided by a
Johnson-Williams hot-wire probe,which togetherwith the Nevzorov total condensed
waterprobeallowsicewatercontent(IWC) to bemeasured(Korolev etal. 1998).Three
ParticleMeasuringSystem(PMS)instrumentsareavailableto measurethefull particle
sizedistribution.The2D cloudandprecipitationprobes(hereafter‘2D-C’ and‘2D-P’)
nominallymeasurehydrometeorsin thediameterranges25–800� m and200–6400� m
respectively, andarebasedon the instrumentdescribedby Knollenberg (1970).They
operateby illuminating a lineararrayof 32 photodiodesandasparticlespassthrough
thesystemthey occludethebeamandatwo-dimensionalimageis compiledfrom which
shapeandsizecanbedetermined.Althoughtheminimumsizemeasurableby the2D-C
probeis nominally25 � m, thework of BaumgardnerandKorolev (1997)indicatesthat,
duethe low responsetime of optical arrayprobeelectronics,the smallestparticlethat
couldbesizedataircraftspeedsof 100m s
 1 (thetypicalspeedof theC-130)wouldbe
closerto 50 � m.Theiranalysisconsideredonly spheresandit is unclearhow theresults
woulddiffer for non-sphericaliceparticles.ThePMSForwardScatteringSpectrometer
Probe(FSSP)countsparticlesin thediameterrange2–47 � m, althoughbecauseover-
countingof smallparticlesmayoccurwhenlargeice crystalsarepresent(Gardinerand
Hallett 1985),weonly useconcentrationsmeasuredby this instrumentqualitatively.

3. OBSERVATIONS

(a) Synopsis
Thecasestudytookplaceon30March1999aspartof theUK NaturalEnvironment

ResearchCouncil ‘Clouds,WaterVapourandClimate’ thematicprogramme.Theflight
strategy wasfor theC-130to fly straightandlevel searchrunsataroundthe � 5� C level
alonga radial to the westof Chilbolton until a goodcandidateconvective region was
encountered,typically with a vertical velocity of around0.5 m s
 1 at the sametime
asat least0.1 g m 
 3 of liquid water. Thentheaircraftwould commenceanascending
‘Lagrangian’ figure-of-eightpatterncentredon the region as it advectedtowardsthe
north east,consistingof a seriesof 2-min straightand level runs (around12 km in
length) separatedby climbs of around150 m. During the courseof the flight three
suchregions were locatedand tracked, althoughonly the secondof the ascentswas
particularlysuccessful.

Figure2 shows theMet Office surfaceanalysisat noon,in which we seea waving
front extendingover the southof the UK. Accordingto the operationalradarnetwork
thiswasassociatedwith light stratiformprecipitationof around1 mmhr 
 1 thatpersisted
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Figure2. UK Met Office surfaceanalysisat1200UTC on30 March1999.

Figure3. Infraredsatelliteimagefrom the AdvancedVery High ResolutionRadiometerat 1335UTC, andthe
Larkhill radiosondeascentat 1000UTC, on30 March1999.
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TABLE 1. SUMMARY OF THE AIRCRAFT RUNS IN THE 1214–
1244 UTC LAGRANGIAN ASCENT ON 30 MARCH 1999. RUN 18

WAS ABANDONED DUE TO AIR TRAFFIC RESTRICTIONS.

Run Time (UTC) Altitude (km) Meantemperature(
�
C)

17 1214 2.75 � 5.1
19 1222 2.90 � 6.1
20 1225 3.06 � 7.1
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. During theperiodof theexperimentthecloudwascontinuousup to
around5.5km. Figure3 showsthe1335UTC infraredsatelliteimageandthe1000UTC
radiosondeascentfrom Larkhill, in which we seea layerat � 15� C closeto saturation
with respectto liquid water. Larkhill is located25 km to the westof Chilbolton,very
closeto theflight pathof theaircraft.

(b) The1214–1244UTC Lagrangianascentthroughembeddedconvection
We first discussthe secondof the threeLagrangianaircraft ascents,which was

the mostsuccessfulsincethe aircraft managedto staycentredon the main region of
embeddedconvectionas it rosefrom � 5� C to � 11� C during the 30-min period.The
eightrunsof theascentaresummarisedin Table1, andFig. 4ashowstheflight trackof
theaircraftrelative to Chilboltonfor eachrun.Figures4b–4fshow themeanvaluesof a
numberof differentparametersmeasuredby theaircraftduringeachrun, togetherwith
the20thand80thpercentiles.Each12 km run only partially interceptedtheconvective
core (which as shall be seenlater was less than 2 km wide), so the 80th percentile
providesanestimateof thevaluesassociatedwith theconvectiveregion.All parameters
werefoundto reacha maximumduringrun 22 (3.37km, � 9.4� C) exceptIWC andice
concentrationwhichbothpeakedduringrun23 (3.52km, � 10.0� C).

As the aircraft ascended,the radarperformedboth horizontaland vertical scans
throughits position.For eachrun, thenearestradarscan(in time) hasbeenfound,and
to accountfor any remainingtime differences,hasbeenshiftedhorizontallyusingthe
meanwind measuredby the aircraft (around17 m s
 1 from the 215� direction). In
practicethe nearestsuitablescanin time to eachaircraft run wasnever more thana
few minutesaway, andthescanswerenot movedfurther than3 km. Thenearestradar
pixel to eachpointalongtheaircraftflight trackwasthenlocatedandthecorresponding
valuesof Z andZDR extracted.

Figure 5 shows the vertical radarscansof radial velocity, Z and ZDR for four of
the aircraft runs throughthe region of embeddedconvection.Superimposedon these
are the aircraft measurementsof vertical velocity, IWC and LWC respectively. Note
that theradarazimuthincreasedfrom 245� to 269� during this periodin orderto track
the positionof the aircraft, and sincethe wind wascoming from the 215� direction,
the evolution of featurescannotbe preciselyfollowed from one scanto the next at
all heights.We first considerthe radarvelocity andZ patterns.Theslanted‘f allstreak’
structureis evident in most of the ice region, and is explainedby the vertical shear
of around5 m s
 1 km 
 1 that is evident in the radarvelocity data.This structurewas
advectedby themeanwind from right to left (approximatelywestto east)at a rateof
around1 km min 
 1. Note that the apparentundulationsof cloud top areprobablyan
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Figure4. Panela depictsthe flight track of the aircraft relative to Chilbolton for runs17 to 25 (indicatedat
the startof eachtrack) of the 1214–1244UTC ascent,andpanelsb to f show the meanvaluesof five variables
measuredduringeachrun (solid lines),togetherwith the20thand80thpercentiles(dashedlines).Thevariables
are:supersaturationwith respectto ice, liquid watercontent,ice watercontent,FSSPnumberconcentrationand

thecombined2D-Cand2D-Pconcentrationof particleslargerthan150 � m (whichweassumeto beice).

artifactof thelimited sensitivity of theradar;thedepressionsin cloudtop tendto occur
in thegapsbetweenthetopsof fallstreakswhereZ is too low to bedetected.

The presenceof a pronouncedbright band at 1.8 km indicatesthat the melting
particleswereaggregated,low-densitysnowflakes;if they wereheavily rimed thenas
melting commencedthe 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 °
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1222 UTC: Run 19 at −6.1 °C, radar azimuth 250 °
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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. Verticalradarscansof radialvelocity, Z andZDR for aircraftruns17,19,21and22throughembedded
convection.Superimposedon the scansarethe aircraft measurementsof vertical velocity (� ), IWC andLWC.

Positive radialvelocitiesaretowardstheradar.

alsohave beenmuchsmaller. The Z valuesin the rain rangebetween0 and25 dBZ,
correspondingto surfacerain ratesof between0.02 and 1.5 mm hr 
 1. However, in
the vicinity of the aircraft it is the narrow upright ‘turrets’ of high Z (marked by the
arrows) thataremoststriking. In run 17, two aredistinctly visible at a rangeof 39 and
43km, eachmeasuringapproximately1 km � 1 km. Thenearerof thetwo to Chilbolton
is clearlyassociatedwith a cell of slowly ascendingsupercooledliquid waterthatwas
measuredby the aircraft as it flew just above the turret.Theseturretsareapparentin
the later scansat higher levels in the cloud,andcanalsobe seento distinctly perturb
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Figure6. Cross-sectionsof ZDR, LWC andvertical velocity (� ) during the 1214–1244UTC ascent,compiled
from 6 aircraft runsat temperaturesbetween� 5.1

�
C (run 17) and � 10.0

�
C (run 23). ZDR wasextractedfrom

vertical scansin all runsexcept20, wheretheonly suitablescanwashorizontalat anelevation of 5.5
�
. Thusin

thiscasetheheightat whichZDR wassampledis not constantwith range.

thehorizontalvelocity pattern(Figs.5g and5j). Theaircraftseemsto havestayedwell
centredon themfrom onerun to thenext, whereit measuredpeakverticalvelocitiesof
1–2m s
 1, LWCsof 0.1–0.15g m 
 3 andIWCs of 0.1–0.2g m 
 3.

We next considerthe ZDR imagesin Fig. 5. The dominantfeatureof the first two
scans(in whichtheaircraftwasat � 5.1� C and � 6.1� C respectively) is theslantedplume
of highZDR (up to 4 dB), around5 km across,extendingfrom a little abovethemelting
layer all the way to cloud top. In the next sectionwe will show that this is dueto the
presenceof pristinecrystalsgrowing by depositionin thesupersaturatedenvironment.
The two convective turrets identified in the Z imagesare visible hereas regions of
ZDR 	 0 dB, which appearto be rising into the high-ZDR plume.This indicatesthat
the particlesresponsiblefor the high-Z turrets were quasi-spherical,and given the
availability of supercooledwaterdropletsin theascendingair it seemslikely that they
wereriming snowflakesor maybeevensmallgraupelpellets.Figure6 summarisesthe
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comparisonof radarZDR with aircraftLWC andverticalvelocityfor runs17to 23(after
which the aircraft andradardatawerenot well enoughmatchedin spacefor a valid
comparison).Thehigh-ZDR plumeappearsto decayasit is advectedto theeastbetween
runs17 and21,andby run 22 hasvirtually disappeared(seealsoFig. 5l), althoughthis
is partiallydueto it moving out of theplaneof theverticalscans.Theascendingregion
of supercooledliquid water tendsto stay to the westernside (i.e. at a greaterrange
from Chilbolton) of the high-ZDR region andbroadensomewhat. By run 23 the ZDR
appearsto be increasingagain,andfrom Figs.5i and5l it would seemto be the lower
edgeof adevelopinglayerof elevatedZDR nearcloudtop,directlyabovetheembedded
convection.We caninterpretthis asbeingdueto unaggregatedice particlesnearcloud
top thatundergo rapidgrowth by depositionwhenliquid waterascendsinto theregion
from below andspreadsout horizontally. Sincethe temperatureis below � 9� C here,
pristineplatesanddendriteswill form. The radiosondeascentin Fig. 3 indicatesthe
presenceof near liquid water saturationat the � 15� C cloud top, and in principle a
thin layerof liquid watercouldpersistherein muchthesamemannerasaltocumulus,
maintainedby cellular overturningdriven by radiative cooling to space.The aircraft
ascentin this casewas abandonedafter run 25 so the region was unfortunatelynot
sampledabove 3.81km. Hoganet al. (1999)alsoobservedhigh-ZDR radarsignalsat
the � 15� C top of a frontal cloud,andusingdatafrom an airbornelidar showed them
to beassociatedwith a thin but horizontallyextensive liquid waterlayer. In section3e,
observationsof largervaluesof ZDR at cloudtop arepresented.

An interestingfeatureof Fig. 5l is theincreasedZDR (to around5 dB) at themelting
layerto eachsideof theembeddedconvection.In stratiformprecipitationZDR is always
observedto rise to 1–2dB in themelting layeraslow-densitysnowflakeswith modest
axial ratios acquirea coating of liquid water and their effective dielectric constant
increases,beforethey melt completelyinto sphereswith a ZDR closeto 0 dB. If instead
themelting particleswerepristinecrystalswith large axial ratiosthenwhenthey start
to melt they would have a significantlyhigherZDR. Accordingto Fig. 1, a ZDR of 5 dB
in the melting layer couldbe causedby horizontallyalignedmeltingcolumnswith an
axial ratioof 2, or plateswith anaxial ratioof 0.6.

(c) Detailedin situ measurementsfromrun 19
We now examineandcomparethe aircraft andradardatafrom runs19 and22 in

moredetail.During run 19 thecharacteristicsof boththeembeddedconvectionandthe
high-ZDR region surroundingit weresampled.Figure7 shows the variablesmeasured
simultaneouslyby the radarandthe aircraft during this run andFig. 8 shows samples
of imagesfrom the2D-Cand2D-Pprobesmeasuredat evenlyspacedintervalsthrough
therun.

At thisaltitudetheaircraftwasjustskimmingthetopof thehigh-Z turret34km from
Chilbolton(Fig.5e),sowasideallypositionedto sampleany smallcrystalsproducedby
the riming particlesbeneath.In Fig. 7 we seethata numberof thevariablesexhibited
a ‘spike’ around1-km wide, immediatelyabove the embeddedconvection;hereLWC
reached0.19g m 
 3 (its highestvalueat temperaturesbelow 0� C for theentireflight),
IWC wasaround0.1g m 
 3, theverticalvelocity was1 m s
 1 andthedropleteffective
diametermeasuredby the FSSPwas 24 � m. Therewasalso an abundanceof small
ice particles;the combinednumberconcentrationmeasuredby the 2D-C and 2D-P
probes(i.e. all particleslargerthanaround50 � m in diameter)reached2500l 
 1, more
thantwo ordersof magnitudelarger thanthevaluesa mere5 km closerto Chilbolton.
Someof theseparticlesmayhavebeenliquid waterdroplets,but eventheconcentration
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plottedin Fig. 7.
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of particleslarger than 150 � m was around40 l 
 1, which is still aroundfive orders
of ordersof magnitudelarger than the typical concentrationsof ice nuclei at � 6� C,
andapproachingthreeordersof magnitudehigher thanthe likely valuesat cloud top
(Fletcher1962).Thereforesomeform of icemultiplicationmusthavebeenresponsible.
TheHallett-Mossopmechanismwould seemto be themostlikely candidateseeingas
thepeakin concentrationcoincidedwith thepresenceof dropletswith adiameterlarger
than25 � m, andoccurreddirectly above a region believed to containriming particles
in the � 3 to � 8� C temperaturerange.Otherpossiblemechanisms,suchasbreak-up
on evaporation(OraltayandHallett 1989;Baconet al. 1998)or fracturedueto ice-ice
collision (Vardiman1978;GriggsandChoularton1986),would be unableto produce
theobservedhorizontalnarrownessof thepeakin concentration.

Calculationshave beenperformedof the growth of particleswithin the water-
saturatedupdraughtregion usingtheone-dimensionalmodelof CardwellandChoular-
ton (2000).This modelincludesa full descriptionof secondaryice particleproduction
by the Hallett-Mossopprocess.Theseshow that in the water-saturatedenvironment
splinterswill reacha sizedetectableby the2D-C probeafterabout1 minuteof growth.
Hencewith anupdraughtof 1 m s
 1 thesewill havebeenemittedabout60m below the
observation level for run 19, closeto the region wherethe rateof productionsplinters
duringtheriming processwouldbeexpectedto beamaximumof 200splinterspermil-
ligramof accretedwater. Particleslargerthan150 � m werealsoobservedat thelevel of
theaircraftin muchlowerconcentrationsandthesewouldbeexpectedtobeabout6mins
old andhave anorigin in the temperaturerangeof � 3� C to � 4� C. In this temperature
rangethe rateof productionof splintersis much lessthan the peakvaluebut is still
significant(decliningrapidly to zeroat � 3� C). Hencethe observedenhancednumber
concentrationsof iceparticlesin theupdraughtregionarequantitatively consistentwith
theoperationof theHallett-Mossopprocessjust below run19.

We next look at the causeof the broaderhigh-ZDR region that occurredto either
sideof theconvectiveturretsin Fig. 5f. The2D-Pimagesin Fig. 8 show thepresenceof
snowflakesup to 2 mm in size,exceptbetweenaround27 and35 km from Chilbolton
wheretypical sizeswereonly a few hundredmicrons.This absenceof larger particles
explainsthe10 dB reductionin Z that is apparentin Figs.5eand7a.The2D-C images
indicatethe presenceof numerous500 � m columnsin this area,with axial ratiosof
around5:1.It is well known thatcolumnsgrow in thetemperaturerange� 3� C to � 9� C,
so thesecrystalsmusthave grown in the middle of the cloud ratherthanfalling from
cloud top. The apparentlyrandomalignmentof the columnsin the imagesis due to
local accelerationasthe crystalsweredrawn into the probe(Gayetet al. 1993).From
Fig.1 weseethatadistributionof horizontallyalignedsolidcolumnswith axialratiosof
5:1andrandomazimuthalorientationshouldproduceaZDR of 3 dB,whichis indeedthe
valuethatwasmeasured.Thehorizontalextentof thehigh-ZDR coincidescloselywith
that of a broadregion of supercooledliquid waterdroplets(with an LWC of around
0.05g m 
 3, a numberconcentrationof around1 � 5 � 104 l 
 1 andaneffective diameter
of 14–19� m) ascendingataround0.4m s
 1.

The ice concentrationsin thehigh-ZDR region (around10 l 
 1) werecomparableto
the‘ambient’concentrationsmeasuredthroughouttheexperiment,andto concentrations
commonlyreportedin theliterature.Despitebeingtwo ordersof magnitudelower than
the103 l 
 1 measuredin theembeddedconvection,this valueis still itself two ordersof
magnitudelargerthanthe0.1l 
 1 thatwouldbeexpectedfrom primarynucleationalone.
If Hallett-Mossopicemultiplicationassociatedwith embeddedconvectionwaseffective
in, say, 1% of a long-livedcloud,thenmixing with thesurroundingscouldexplain the
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elevatedconcentrationsin therestof thecloudata level two ordersof magnitudebelow
the valuesin the convective turretsthemselves.Equally, it is quite possiblethat one
or more of the other ice multiplication mechanismscould be operatingcontinuously
throughouttheentirecloud(albeitat a muchslower ratethanHallett-Mossop),thereby
raisingtheambientice concentrationabovethecloud-topicenucleusconcentration.

(d) Detailedin situ measurementsfromrun 22
FromtheZ imagesof Fig. 5 it is clearthatduringrun 19 theembeddedconvection

wasrising into a gapbetweentwo fallstreaks,but by run 22 it hadpenetratedoneof
them. Figure 9 shows the radarand aircraft variablesmeasuredduring run 22, and
Fig. 10 shows a sampleof thecorrespondingcrystalimages.In run 19 theaircraftwas
skimming the tops of the high-Z/low-ZDR turretswhich we suggestedcould contain
riming particles,but in run 22 the aircraft actuallypenetratedthe top of a turret at a
temperatureof � 9.4� C. As in run 19, a ‘spike’ wasobserved in many of the aircraft
parametersat thesamelocationasthe turret indicatedby the radarreflectivity (28 km
from Chilbolton);hereIWC peakedat 0.22g m 
 3, verticalvelocitywas1.9m s
 1 and
the concentrationof particleslarger than150 � m reached50 l 
 1. The corresponding
median volume diametermeasuredby the combined2D-C and 2D-P probeswas
250 � m,andin the2D-Cimages27.5km from Chilboltonit appearsthattheseparticles
werequasi-sphericalice pelletswhich hadprobablygrown by riming. The processof
riming would soonleadto graupeltoo large to becarriedup in themodestupdraughts
thatwereobserved,so‘sorting’ by sizeis likely to haveoccurred,with thelargegraupel
andriming snowflakestendingto occurlowerdown in thehigh-Z region.Unfortunately
the aircraft did not penetratethe baseof the embeddedconvectionto verify this. It is
interestingthat the highestconcentrationof particlesmeasuredby the combined2D-
C and 2D-P probesoccurred3 km downstream,25 km from Chilbolton, where the
concentrationwas1000l 
 1 (somewhatlessthanthemaximumvaluein run19).Herethe
medianvolumediameterwasonly 50 � m. Theseobservationsareconsistentwith the
Hallett-Mossophypothesis;at � 9.4� C riming in the convective corewould no longer
releasesplinters,but splintersproducedseveral hundredmetresbelow would still be
carriedaloft in theweakerupdraughtsof thesurroundingair. Sincethehorizontalwind is
shearedwith height,a separationcouldhaveoccurredoncetheHallett-Mossopbecame
inactive,with thesplintersin theweakerupdraughtsdrifting downstreamrelative to the
convectivecorewhichproducedthem.Thehighconcentrationsof smallquasi-spherical
ice particlesin theconvective coreindicatesthat they may themselveshave originated
assplinters.The supercooledliquid at this altitudewasno longerconcentratedin the
convective core,but spreadover a 7 km region downwind of it, with watercontentsof
0.05–0.1g m 
 3.

ZDR wasmuch lower during run 22 at the altitudeof the aircraft than in run 19,
dueto the fact that the embeddedconvectionwasby this time penetratinga fallstreak
containinglarge, low-densityirregular ice particles.Baderet al. (1987)suggestedthat
this limited the applicability of ZDR for detectingpristinecrystalswith extremeaxial
ratios,becausetheir intrinsic ZDR couldsoeasilybemaskedby thepresenceof larger
aggregatesat muchlower concentrations.Maskingdoesnot appearto be occurringin
thiscase,becausethethe2D-Cimagesof Fig. 10indicatethepresenceof largeirregular
particles,but no columnsareevident.Thuswe concludethatany columnscarriedup in
thebroad0.4m s
 1 updraughtobservedin run 19 wererapidly aggregatedon entering
the fallstreak.Similarly, any newly formed splinterscarried aloft into the fallstreak
wouldbeunlikely to grow by depositionto any significantsizebeforebeingaggregated.
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Figure9. Variablesmeasuredby the radar(panela) andthe aircraft (panelsb-d) at 1232 UTC during run 22.
FSSPeffective diameterhasonly beenplottedwheretheFSSPnumberconcentrationexceeded2000l � 1.
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correspondingto thebulk datashown in Fig. 9.
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(e) Thelongevity andspatialdistributionof high-ZDR plumes
A numberof high-ZDR plumeswereobservedby theradarduringtheflight, although

only theonedescribedin thelastsectionwasadequatelysampledby theaircraft.Earlier
in theflight aplumewassampledby only theradarasit wasadvectedin from thesouth
westover a 30-min period.ThehighestZDR measuredduring this periodwas7 dB at
cloud top, which accordingto Fig. 1 musthave beencausedby platesor dendrites.At
1135 UTC and1157 UTC ‘volumescans’wereperformed,consistingof 6 horizontal
scansat elevationsbetween0.5� and5.5� . From theseit was possibleto reconstruct
the three-dimensionalZDR field; the2 dB isosurfaceof ZDR is shown in Fig. 11 at the
two times,togetherwith a vertical scantaken shortly beforethe secondvolumescan.
At 1135 UTC we seea layer of ZDR � 2 dB at cloud top (4 km), with an east-west
extentof 10 km anda north-southextentof at least35 km. Beneaththe layera plume
around5 km acrossextendedin a slantwisefashiondown to themeltinglayer. Twenty-
oneminuteslater theplumehadbeenadvectedaround25 km to thenortheastandhad
broadenedsomewhat.Unfortunatelythehorizontalscansat thelatertimedid notextend
highenoughto characterisethefull extentof thelayer, althoughtheverticalscanshows
it to still extendaround10 km in theeast-westdirection.It would seemlikely that the
high-ZDR region at cloud top wasassociatedwith supercooledliquid watercollecting
there,andit is interestingthat the horizontalextent of this layer is comparableto the
typicalhorizontalscalesreportedby HoganandIllingworth (1999)for thin supercooled
liquid water cloudsdetectedin threeyearsof ground-basedlidar data.Possiblythe
high-ZDR plumescould have beenfed by embeddedconvective events,but noneof
the scansexhibited the samehigh-Z turrets(attributable to riming ice particles)that
weredescribedin the previous section;it is possiblethat they werepresentbut were
missedby thescansequencebecauseof their small size.In the right panelof Fig. 11,
asin Fig. 5l, valuesof ZDR up to 5 dB arepresentat the baseof theplumewherethe
pristinecrystalsweremelting.Thefact thatthis featurewaspresentthroughoutthe30-
min periodsuggeststhat thehigh-ZDR plumewasalreadyquitemature,andtheriming
eventwhich producedthenecessarysplintersmayhave occurredwell beforetheradar
beganscanningthroughit.

( f ) Theroleof Kelvin-Helmholtzwaves
An interestingfeatureof the velocity imagesof Fig. 5 (particularlypanelsd and

g) is the presenceof a train of low-amplitude(50–100m) Kelvin-Helmholtzwaves
with a wavelengthof around2 km at an altitudeof 1 km. Thesewereobservedmany
timesduringtheperiodthattheradarwasscanningin this casestudy(0800–1400UTC)
andweresampledin situ at 1030UTC whentheaircraftperformeda run at analtitude
of 1.53 km, closeto the melting level. The resultsaredepictedin Fig. 12. The radar
radial velocity (panelb) shows waves similar in wavelengthand amplitudeto those
observedin Fig. 5, associatedwith strongfluctuationsin bothaircraftLWC andvertical
velocity, with peakvaluesof around0.25g m 
 3 and� 1.5m s
 1 respectively.Horizontal
scansindicatedthat the waveswereorientedapproximatelynorth-south,so this east-
westtransectshouldprovideanaccurateindicationof theirwavelength.Thewind shear
in Fig. 12c (derived from the radial velocity) is concentratedin two layersat 1.5 and
2 km, wherethe magnitudereached20 m s
 1 km 
 1. ChapmanandBrowning (1997)
reportedradarobservationsof Kelvin-Helmholtzbillows in a warm-frontalzonewith
an amplitudeof 500 m, and,by assumingtwo-dimensionalflow limited to the plane
of the vertical radarscan,estimatedthem to be associatedwith updraughtsof up to



468 R. J. HOGAN etal.

0 20 40 60 80 100 120
0

1

2

3

4

5

Relative humidity RH (%)

H
ei

gh
t (

km
)

b

RH (with respect
    to liquid water)
RH (with respect
    to ice)         

0 2 4 6
0

1

2

3

4

5

Richardson number Ri
H

ei
gh

t (
km

)

d

Dry    
Moist  
Ri=0.25

−1 0 1 2 3
0

1

2

3

4

5

Static Stability N2 (10−4 s−2)

H
ei

gh
t (

km
)

a

Dry  
Moist

0 5 10 15 20
0

1

2

3

4

5

RMS wind shear 60−80 km from Chilbolton (m s−1 km−1)

H
ei

gh
t (

km
)

c

Figure13. Larkhill radiosondedataat 1000UTC andradarobservationsat 1040UTC: (a) radiosondedry and
moist staticstability, (b) radiosonderelative humidity, (c) rmsshearof the radarradial velocity between60 and
80 km from Chilbolton,and(d) dry andmoistRichardsonNumberderivedfrom thestaticstability andrmswind

shear.

3 m s
 1. They showedthatthesplit shearstructurewastheresultof theactionof Kelvin-
Helmholtzwavesonaninitial singlelayerof highwind shear.

AlthoughZDR wasnotespeciallyhighduringthis time,clearlyverticalvelocitiesof
thismagnitudecouldhavebeenresponsiblefor triggeringtheembeddedconvectionthat
wasobservedlater in theflight, andappearedto have originatedfrom nearthemelting
layer. Kelvin-Helmholtz instability is known to occur when the RichardsonNumber
(Ri), definedastheratioof thestaticstability N2 to thesquareof theverticalwind shear,
is lessthan 1

4. We now estimatethemagnitudeof Ri usingthetemperatureprofile from
the 1000UTC radiosondeascentshown in Fig. 3, togetherwith the radarobservations
of wind shear. Whenair is unsaturatedthestaticstability is givenby

N2 	 g

T

dT

dz
��� d � (3)

whereT is temperature,z is height,g is the gravitational accelerationand � d is the
dry adiabaticlapserate.Whentheair is saturated,however, it is of theform (Lalasand
Einaudi1974):

N2 	 g

T

dT

dz
��� m 1 � Lqs

RT
� g

1 � q�
dq�
dz � (4)

where� m is thesaturatedadiabaticlapserate,L is thelatentheatof evaporation,R is the
idealgasconstantfor dry air, qs is thesaturationmixing ratio andq� is thetotal water
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mixing ratio. Sincethe vertical distribution of liquid waterdependson the history of
themotionof individualair parcels,which is generallyunknown,wefollow Durranand
Klemp(1982)andmaketheapproximation� q����� z ��� qs��� z. Figure13ashowsthedry
andmoiststaticstabilitiesderivedfrom the1000UTC radiosondeascent,andFig. 13b
depictsthe correspondingrelative humidity profile. The air appearsto be potentially
unstablebut unsaturatedbelow thewarm-frontalsurfaceat1 km, andcloseto saturation
andstablefrom 1 to 2 km. At 1000UTC thecloudfield accordingto theradarwasmuch
moreintermittent(particularlybetween2 and4 km) thanat 1040UTC whenthe data
in Fig. 12 were taken. In the intervening time, large-scalefrontal ascentpresumably
broughtthe layer between1 and2 km to saturation.The Kelvin-Helmholtzwaves in
Fig. 12b aremostpronouncedat a rangeof 70 km from Chilbolton, so this is where
we calculateRi. Figure13c shows the rms shearof the zonalwind measuredby the
radarbetween60 and80 km from Chilbolton, with the correspondingdry andmoist
RichardsonNumbersin Fig. 13d.Between1.9and2.1km themoistRi was0.2sohere
we would expectKelvin-Helmholtzbillows to developwhentheair reachedsaturation.
Thebillows will thenhavegeneratedthestrongfluctuationsin liquid watercontentand
vertical velocity that wereobserved by the aircraft in Fig. 12d,althoughice particles
falling into the layer from above couldclearlyhave sweptout someof the liquid water
assoonasit formed.ChapmanandBrowning (1999)showedin a similar warm-frontal
casehow the saturationof a widespreadlayer undergoing frontal ascentpermittedthe
rapiddevelopmentof Kelvin-Helmholtzinstability astheeffectiveRichardsonNumber
suddenlydroppedbelow 1

4.
Between2.1and2.5km theair waspotentiallyunstableto moistconvection,soeven

if theair wasnot saturatedhere,saturatedparcelsat thecrestsof theKelvin-Helmholtz
waves in the layer beneathcould have found themselves lifted into an environment
in which free convection was possible,and then continuedto ascendin the form of
the convective turretsthat wereobserved in Fig. 5. It is even possiblethat the north-
southorientationof the high-ZDR layerat cloud top in Fig. 11 reflectsthe north-south
orientationof theKelvin-Helmholtzwavecrestsmuchlower in thecloud.

4. DISCUSSION AND CONCLUSIONS

Previousstudieshave foundsignificantlyhigherice crystalconcentrationsin strat-
iform cloudsthan can be explainedby primary nucleationalone,and have cited the
Hallett-Mossopmechanismfor secondaryiceproduction,known to beimportantin con-
vective clouds,asa plausiblecandidateto explain thediscrepancy (HobbsandRangno
1985,Boweretal. 1996).Thisprocessoccursonly in riming conditionsbetween� 3 and
� 8� C, andsoin stratiformcloudsis likely to actonly in very localised‘embeddedcon-
vective’ regions.In this paperwe have presentedthefirst detailedsimultaneousremote
andin situmeasurementsof sucharegion.Wenow summarisetheseresultsanddiscuss
the meritsof the ZDR parameterfor mappingout regionscontainingpristinecrystals.
Theschematicdiagramin Fig. 14 is anattemptto encapsulateour interpretationof the
observationsin termsof themicrophysicalprocessesthatwereoccurring.

The embeddedconvection itself was identified by the radaras individual turrets
(around1 km across)of high Z andlow ZDR, indicatingthepresenceof largeor high-
densityparticles,roughlysphericalin shape.Theseturretswerefoundby theaircraftto
beassociatedwith similarly narrow updraughtsof 1–2m s
 1 containing0.1–0.2g m 
 3

of liquid water(including25 � m droplets)andconcentrationsof small ice crystalsup
to 2 ordersof magnitudelarger thanthe ‘ambient’ valuesonly 5 km away. At � 6.1� C
thepeakin ice concentrationmeasuredby theaircraftwasimmediatelyabovea high-Z
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Figure14. Schematicshowing thedevelopmentof theembeddedconvection.Theshadedareasindicateregions
of highZDR dueto thepresenceof crystalswith extremeaxial ratios.

turret (Fig. 7) but by � 9.4� C appearedto have spreadasmuchas3 km downstream
(Fig. 9). This lendssupportto thecontentionthatthesecrystalsweresplintersproduced
from riming ice particlesin theconvectivecorevia theHallett-Mossopmechanism;no
otherice multiplicationmechanismwould be likely to generatesucha narrow spike in
iceconcentrationimmediatelyabovearegionwhereriming wasoccuring.Also, thefact
that theHallett-Mossopmechanismdoesnot operateeffectively at temperaturesbelow
� 8� C couldexplain theapparentseparationof thehighestice concentrationsfrom the
convective coreby the � 9.4� C run.Theremainingdifferencebetweentheambientice
concentrationsand the expectedcloud-topice nucleusconcentrationcould be simply
due to mixing from a numberof Hallett-Mossopplumesinto the surroundingcloud,
althoughthe possibility of additionalslow but widespreadice multiplication by some
othermechanism(suchasbreak-uponevaporationor collision) cannotberuledout.

Unfortunatelytheconvectivecoreitselfwasnotwell sampledby theaircraftuntil the
laterruns,andeventhentheaircraftwasonly afew hundredmetresbelow thetopof the
convectionasindicatedby theZ field. During thispenetration,near-sphericalicepellets
around250 � m in diameterwereobservedatconcentrationsupto approximately50 l 
 1

(seeFigs.9cand10).They wereprobablygraupelin veryearlystagesof riming, andat
this sizewould have hada terminalvelocity of only around0.4m s
 1 (Mitchell 1996),
allowing themto becarriedupby theupdraught.Theirhighconcentrationsuggeststhat
they themselvesdid not originatefrom primarynucleationalone.Presumablya sorting
by sizewouldoccurwith thelargergraupel(onwhichweassumemostof thesplintering
to have takenplace)falling backthroughthecloud.

Oneof the mostinterestingaspectsof the early radarscanswasthe presenceof a
slantedregionof elevatedZDR, around5 km across,whichextendedfrom theimmediate
vicinity of the convective turretsup to cloud top. From the radar imagesin Fig. 5
alone this featurehas the superficialappearanceof a ‘f allstreak’ of somekind, and
it is not clear that it is even relatedto the high-Z turrets; their proximity could be
coincidental.Furthermore,the intensity of the ZDR plume appearsto diminish and
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becomedisassociatedwith theembeddedconvectionin thelaterscans(Figs.5i and5l).
However, thein situevidenceindicatesthatthehigh-ZDR region is intimatelyassociated
with thenearbyembeddedconvection,andthatit is nota fallstreakin thenormalsense.
Aircraft samplingnearthebaseof thehigh ZDR ( � 6.1� C) showedit to containpristine
columnsgrowing in a modestupdraughtof around0.4 m s
 1 with LWC at around
0.05g m 
 3. The presenceof pristinecolumnsin the middle of a cloud that otherwise
consistsof aggregatesrequiresa sourceof reasonableconcentrationsof small ‘seed’
crystalswhich can thengrow by deposition.Theseparticularcolumnscannotsimply
have fallen from nearcloud top in the mannerof a fallstreaksinceat temperatures
below � 9� C (400 m higher up in the cloud) the predominantdepositionalgrowth
modeis planar. Also, crystalsnucleatednearcloudtop falling throughawater-saturated
updraughtwould be muchlarger thanthe columnsobservedby the time they reached
the � 6.1� C level.Thusthemostlikely scenariois thatsplintersproducedby theHallett-
Mossopmechanismwereejectedfrom thetopof theascendingconvectiveturrets(since
their terminalvelocity wasso muchlessthangraupel)andcarrieddownstreamof the
convectionby the shearof the horizontalwind. In the moremodestvertical velocities
surroundingtheconvection,theliquid watercontentwastoo low for significantriming
to occur, yet the air was still supersaturatedwith respectto ice so in the absenceof
larger aggregatesthe splinterswereable to grow by depositioninto the columnsthat
wereobserved.The radarscansin Figs.5c and5f indicatethathigh ZDR extendedall
theway to theapparentcloudtopat5 km; presumablythiswasfedby awater-saturated
updraughtthathadexistedfor sometime,with depositionalgrowth of platesor dendrites
atupperlevels.

Sowhy wastheembeddedconvectionnolongersurroundedby ahigh-ZDR regionin
thelaterradarimages?It mustin parthavebeendueto thefactthatthehigh-ZDR feature
movedout of theplaneof theradarscansastheradarattemptedto staycentredon the
aircraftwhile it wastrackingtheembeddedconvection.By this time theconvectionwas
penetratinga fallstreakcontaininglarge,low-densityaggregates,andit is noticeablein
the first two runs of Fig. 5 how areasof high-ZDR lie exclusively in low reflectivity
regions.Thereis alsoa distinct anticorrelationof Z andZDR evident in Figs. 7a and
9a. Baderet al. (1987)suggestedthat a widespreadproblemfor the interpretationof
differentialreflectivity signatureswasthat the presenceof a few large aggregateswas
sufficient to ‘mask’ the intrinsic high-ZDR of any pristine crystalspresent.However,
thereis simply no evidenceof columnsin the crystal imagesobservedby the aircraft
in run 22 (Fig. 10), or indeedin any of the runsafter 19. This is despitethe presence
of similarconcentrationsof smalliceparticlesandhighsupersaturationswith respectto
ice. So it seemsreasonableto supposethat the pristinecolumnsweresimply accreted
by the aggregates.This would suggestthat ZDR is in fact a reasonableproxy for the
presenceof pristinecrystals,andthefactthathighvaluesof ZDR werefoundexclusively
in low-Z regionsmerelyreflectsthe fact that pristinecrystalstendnot to coexist with
aggregates.Hencetheslantedappearanceof thehigh-ZDR featurewouldseemto bedue
not to it beingsomekind of fallstreak,but to theconfinementof thepristinecrystalsin
a gapbetweenregionsof largeraggregates,which arethemselvesfalling in a slantwise
mannerin theshearedenvironment.Presumablytheslantedhigh-ZDR plumetrackedin
section3eover a 30-minperiodwassimilarly confinedin a gapbetweenfallstreaksof
aggregates.

Further aircraft and radar experimentsare currently in progressto explore the
prevalenceof embeddedconvectionandHallett-Mossopsplinteringwithin warmfronts.
The ability of the radar to detectthe presenceof pristine crystals,which appearsto
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bea tell-talesignatureof thephenomenon(particularlywhenthey occurin themiddle
of the cloud), shouldenablethe aircraft more easily to locatepotentially interesting
areas.From a large numberof horizontalscansin this study we estimatethat at the
altitudesat which the Hallett-Mossopmechanismcanact,around5% of the cloud by
areahada ZDR exceeding2 dB, althoughdetailedanalysisof a singlehigh-ZDR plume
suggeststhat perhapsin only a tenthof this areawerevertical velocitiessufficient for
riming andsplinterproduction.Thecontinuedtransportof liquid waterto cloudtopalso
warrantsfurther investigation,particularlyin light of observationsof widespreadhigh-
ZDR andstronglidar echosnearcloud top (Hoganet al. 1999;HoganandIllingworth
1999),which suggestthat liquid watermay collect thereandpersistfor long periods.
Modelling work is currentlyin progressto examinehow periodicembeddedconvective
eventsaffect thedistribution of ice waterwithin stratiformclouds,andultimately their
effect on frontal rainfall anddevelopment(CardwellandChoularton2000).

APPENDIX

Here we show how the ZDR measuredby a Rayleigh-scatteringradar(for which
the scatterersare much smaller than the wavelength)at low elevations is relatedto
ice particle axial ratio. For the problem to be tractableanalytically it is necessary
to approximatecolumnsas internally homogeneousprolate spheroidsand platesas
homogeneousoblatespheroids.The resultsare plotted in Fig. 1, and are valid for a
distribution of ice particleseachwith the sameaxial ratio and density, althoughthe
particlesneednotbethesamesize.It is assumedthattheparticleslie with their longest
axis in thehorizontal.We definethedimensionsof anellipsoidalparticlein eachof its
threeprincipalaxesto bea, b andc, andfor oblateparticlesspecifythata � b 	 c while
for prolateparticleswe specifythata � b 	 c.

Differentialreflectivity is expressedin termsof themeanbackscattercross-section
at horizontal(H) andvertical(V) polarisation:

ZDR 	 10log10

 !
H !
V

dB� (A.1)

wherethe meanis taken over the variousazimuthalorientationsof the particle.We
now considerthedeterminationof backscattercross-sectionsseparatelyfor oblateand
prolateparticles.

(a) Oblateiceparticles
For oblateparticlesthe calculationis straightforward becausethe shortera-axis

pointsvertically. Thusfor bothhorizontallyandverticallypolarisedincidentbeams,the
incidentelectricfield vectoris parallelto oneof thethreeprincipalaxesof theparticle,
and the inducedelectric dipole momentwill also be along this axis. The approach
that follows wasalsotakenby SeligaandBringi (1976)to calculatetheZDR of oblate
raindrops,andis basedonanextensionto Rayleightheorydevelopedby Gans(1912).

Thedipolemomentsinducedin theparticlesfor horizontallyandverticallypolarised
beamsare

pH 	 4"$# 0EH0 % b & pV 	 4"'# 0EV0 % a � (A.2)

whereEH0 andEV0 arethecomplex electricfield intensitiesincidenton theparticleat
thetwo polarisations,% a and % b arethepolarisabilitiesof theparticlealongits a andb
axesrespectively, and # 0 is thepermittivity of freespace.Thebackscattercross-section



EMBEDDED CONVECTION IN MIXED-PHASE CLOUD 473

athorizontalpolarisationis then

!
H 	 4" k2



pH



4"'# 0


EH0



2

	 4" k4 
 % b

 2 � (A.3)

andsimilarly for vertical polarisation,wherek is the wavenumber. The polarisability
alongthea axisis givenby

% a 	
V ()#*� 1+

1 �,(-#.� 1+ La
� (A.4)

andsimilarly for the b andc axes,whereV is the volumeof the particleand # is the
relativepermitivity. La, Lb andLc are‘geometricalfactors’,andfor anoblatespheroid
are

La 	
1

e2
1 � a� b

e
sin
 1 e & Lb 	 Lc 	

1 � La

2 � (A.5)

wherethe eccentricitye is definedby e2 	 1 ��( a� b+ 2. Thusif all the particlesin the
distribution have thesameaxial ratiowe maycombine(A.1) to (A.5) to obtain

ZDR 	 10log10



% b

 2



% a

 2 	 20log10

1 � 
 #.� 1


La

1 � 
 #.� 1


[1 � La] � 2 � (A.6)

In the limit of extremelyoblateparticles,La / 1 and thusZDR / 20log10

 # 
 . This

representsthemaximumpossibleZDR thatcanbeattainedby ice plates.For solid ice,
 # 
 	 3 � 15 (Liebeet al. 1989),andthecorrespondingmaximumpossibleZDR is 10dB.

(b) Prolateiceparticles
Thecalculationfor prolateparticlesis a little morecomplicatedbecausethelonger

a axis of the particle lies in the horizontaland hasa randomazimuthalorientation.
At vertically polarisationthis is not a problem;the incidentelectricfield vectoris still
parallelto oneof thetwo otherprincipalaxesof theparticle(b or c) so is independent
of azimuthalorientationandwecanusethesameapproachasfor oblatespheroids.Van
deHulst (1957)gavethegeometricalfactorsof prolatespheroidsas:

La 	
1 � e2

e2
� 1 � 1

2e
ln

1 � e

1 � e
& Lb 	 Lc 	

1 � La

2 � (A.7)

wherethis time theeccentricityis definedby e2 	 1 ��( b� a+ 2. Thebackscattercoeffi-
cientfor verticalpolarisationis simply

!
V 	 4" k4 
 % b


 2 � (A.8)

At horizontalpolarisation,theincidentelectricfield vectoris notnecessarilyparallel
to oneof the principal axesof the particle,so in generalthe inducedelectric dipole
momentis notparallelto it either, althoughit will lie in thehorizontalplane.Let 0 bethe
anglebetweenthea axisof theparticleandthedirectionof propagationof theincident
radiation.If the induceddipole momentthenmakesan angle 1 with the directionof
propagationof theincidentradiation,wemayrewrite (A.3) as

!
H 	 4" k2



pH


sin 1

4"$# 0


EH0



2

� (A.9)
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This expressesthe well-known ‘dumb-bell’ shapedRayleighscatteringpattern.Since

pH


sin 1 is simply thecomponentof pH parallelto the incidentelectricfield EH0, we

neednot calculate1 from 0 explicitly. We canconsiderthe induceddipole to be the
vectorsumof dipolesinducedindependentlyalongthea andb axes(bothof which lie
in thehorizontalplane).Consideringonly thecomponentsparallelto EH0, wehave



pH


sin 12	 4"'# 0



EH0


 ( % a sin2 03� % b cos2 04+5� (A.10)

Note that both the initial inductionof the dipole,andthe subsequentevaluationof its
componentparallel to EH0, producea dependenceon 0 , resultingin the squaredsine
andcosinetermsin (A.10). Substitutioninto (A.9) resultsin

!
H 	 4" k4 


% a

 2 sin4 03� 


% b

 2 cos4 06� 2



% a

)

% b


sin2 0 cos2 0 � (A.11)

At thisstageweneedto calculatetheaveragebackscattercross-sectionfor adistribution
of prolateparticleswith randomazimuthalorientation0 by integratingwith respectto 0
anddividing by 2" :

 !
H 	 4" k4 3

8


% a

 2 � 3

8


% b

 2 � 1

4


% a

7

% b

 � (A.12)

Combiningthis with (A.1), (A.4) and(A.8) weget

ZDR 	 10log10
3

8
X2 � 1

4
X � 3

8 � where X 	 1 � 
 #8� 1


[1 � La] � 2

1 � 
 #8� 1


La

�
(A.13)

Forextremelyprolateparticles,La / 0andZDR / 10log10 3

 # 
 2 � 10


 # 
 � 19 � 32 .
This is the maximumpossibleZDR that canbe obtainedby solid ice columnsand is
around4 dB.
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