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ABSTRACT

Resultsarepresentedrom a casestudyin which coincident35 and94 GHz radardocatedat Chilbolton,England wereused
to measurecrystalsizein cirrus. In the presencef larger crystalsthe 94 GHz radarscatterssufiiciently beyond the Rayleigh
regime thatthe differencein reflectvity factormeasuredy the two canbedirectly relatedto size. This enablesnoreaccurate
estimationof ice watercontentthanwould be possibleusinga singleradar The small crystalsat the top of the cloud scatter
in the Rayleighregime at both wavelengths which provides a valuablemethodof calibration,but also meansthat sizing is
not possiblein this part of the cloud. Ice water contentand medianvolume diameterwere derived and comparedwith the
analyse®f the UK MeteorologicalOffice Unified Model. The smallestmeasurablenedianvolumediameterin this casestudy
wasaround200xm, althoughit is believed thatwith bothradarssensitve dovn to —35dBZ, it shouldbe possibleto measure
mediandiameterof 100 m. Scatteringcalculationshave beencarriedoutto determinethe sensitvity of thesemeasurements
to crystaldensity crystalaspectatio andthe shapeof the sizedistribution. Densityis foundto be the mostsignificantsource
of uncertaintypossiblyintroducingerrorsof 20%into retrieved diameter

1. Introduction

Cirrus clouds representan important but challeng-
ing problemin the understandingf the climate system
(Stephensgtal. 1990). Measurementsf ice watercontent
(IWC), effectiveradius(re) andopticaldeptharerequired
to determinetheir effect on the earths radiationbudget
andto validate climate models. Currently suchmodels
tendto carrycloudwatercontentasa prognosticvariable
andrelatethis to radiative propertiesby meansof an ef-
fective radiuswhichis usuallyfixed;for example the UK
MeteorologicalOffice (UKMO) Unified Model prescribes
avalueof 30um (Martin etal. 1994). Thereis a needto
testtheskill of modelsto diagnosdWC, andto determine
whetherafixedvalueofr. is adequateA globalclimatol-
ogy of cirrus would be particularly useful, althoughthis
could only be obtainedfrom a satellite-bornegadaror li-
dar

It is generally acceptedthat cirrus clouds causea
net warming of the climate system, but exact calcu-
lation of their radiatve propertiesis very difficult be-
causeof the multitude of crystal habitsthat are present.
This introducesuncertaintyinto the interpretationof re-
motely sensedneasurementgndto simplify mattersit
is commonto assumefor the purposesf solar, infrared
and millimeter-wave radiative transfercalculations,that
ice crystalscanbe adequatelyepresentedby spheresor
spheroids. Aspectratio and crystal densityremainfree
parameterandmustbe prescribedn remoteretrieval al-
gorithmsif they cannotbe measuredlirectly.
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It wasshavn by Brown et al. (1995)usingmeasure-
mentsof crystal size spectraby aircraft that radar re-
flectivity factor (Z) from a 94GHz radar can be used
to estimatelWC to an accuray of +100% and —50%
(3dB), but thatif additionalinformationregardingcrys-
tal sizeis presentthenthis error can be reducedto less
than+40% and —30% (1.4dB). Severaltechniqueshave
beenproposedo retrieve vertically-resoledestimateof
crystal size. Matrosos et al. (1994) useda vertically-
pointing Doppler radarto measurecrystal fall velocity,
from which size was estimatedusing an empirical rela-
tionship. Intrieri et al. (1993) demonstratedhe use of
combinedradarandinfrared-lidarmeasurement® infer
size. However lidars are subjectto significantattenua-
tion in moderatelythick cirrus, and furthermorea large
fraction of mid-latitudecirrus occursin conjunctionwith
liquid-phasecloudsat lower levelswhich cancompletely
extinguishthe signalfrom a ground-basethstrument.

Two radarsat differentwavelengthshave the capabil-
ity to estimatehydrometeosize,becauseasdiametelin-
creasesthe shorterwavelengthscatterdn the Mie rather
thanthe Rayleighregime andits reflectvity falls below
thatatthelongerwavelength.This principlewasfirst pro-
posedby Atlas andLudlam (1961)asa meansof hail de-
tectionusing, for instance a Rayleigh-scattering-band
radartogethemwith anX-bandradarthatMie-scatteronly
in the presenceof large hail. Suchschemesave always
hadto contendwith differencesn reflectiity dueto atten-
uationby rain atthe shorterwavelength(Tuttle andRine-
hart1983),andit wasfoundthatevenwith well matched
beamsf very similar beamwidth differencesn the side-
lobelevel wereableto causdargereflectvity differences
in thevicinity of stronglyreflective coreswherea signifi-
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cantfraction of the signalis returnedfrom the side-lobes
(Rinehartand Tuttle 1982). However, it was the ambi-
guity causeddy thevery differentscatteringoropertiesof
wetanddry hail thatmadethis techniqueunworkable.

In this paperwe use 35 and 94 GHz radars,and at
thesefrequenciesiual-wavelengthobsenationsof cirrus
suffer noneof theseproblems;attenuatiorby ice is gen-
erally smallenoughto be neglected attenuatiorby atmo-
sphericgasess a minor correctionandreflectvity gradi-
entscomparablén magnitudeto thoseat the edgeof the
coresof corvective stormsare never obsered. Attenu-
ation by supercoolediquid waterin mixed-phaselouds
couldin theorycausethetechniqueto produceerroneous
results. However the cirrus obsened in this casestudy
hadatemperaturgangingbetween—50 and—20°C, and
previous obsenationsof liquid watercloudsat tempera-
turesbelov —10°C have all shovn themto have water
contentsof lessthan 0.1 gm~ (e.g. Hermanand Curry
1984; Sasserl991; Heymsfieldet al. 1991). At —20°C
this corresponddo a differential attenuationof only 0.4
dBkm1, sothis effectis typically muchsmallerthandif-
ferencesn reflectvity dueto Mie scattering.

Thedual-wavelengthratio, definedsimply as

DWR = 10log,, (%) dB, 1)
94

is directly relatedto some measureof averagecrystal
size, where Z3s and Zy, are the reflectvity factors(in

mm® m~3) measuredht 35 and 94 GHz respectiely. The
useof dual-wavelengthradarfor sizingin cirruswasfirst
proposedby Matrosos (1993) who carried out scatter
ing calculationsfor a first-order gammadistribution of
solid-icespheroidswith avariety of differentwavelength
combinationsand aspectratios. In eachcaseDWR was
calculatedas a function of Dy, the mediandiameterof
the volume-weightedsize distribution. Recently Selel-
sky et al. (1999) usedthree colocatedradarsat 2.8, 33
and 95 GHz to estimatecrystalsizein precipitatingand
non-precipitatingce clouds. Size wasderived from the
measurementsising a neural network trained with the
resultsof theoreticalscatteringcalculationsalso usinga
first-ordergammadistribution of crystals. Here we fol-

low theapproactof Hoganandlllingw orth(1999)anduse
real size spectrameasuredy the UKMO C-130aircraft
during the EuropeanCloud RadiationExperiment(EU-
CREX) to determinethe bestrelationshipbetweerDWR
and Dy. At large crystalsizesthis is found to differ ap-
preciablyfrom thosecalculatedusing idealizedanalytic
expressiongor the sizedistribution.

Thereis anintrinsic lower limit to the sizethatcanbe
measuredy this method which is reachedvhentheran-
dom errorin DWR at low signal-to-noiseratio is of the
sameorderasthe magnitudeof DWR dueto Mie scatter
ing. Theuseof higherfrequenciesuchas140or 215GHz
would enablesmallersizesto be measuredfor the sim-

ple reasonthat DWR would be considerablylargerfor a
given Dy; Hoganand lllingw orth (1999)investigatedhe
potentialof a spacebornéual-wavelengthradarto make
globalmeasurementsf crystalsizein cirrus,andshoved
thatthemostpromisingfrequeng combinationvas79 (or
94)and215GHz, beingin generaimoreaccuratehanthe
combinationof 35 and94GHz. However, attenuatiorby
liquid waterandwatervaporin the lower tropospheras
suchthattheuseof frequenciesnuchhigherthan94GHz
to monitorcirruscloudsis unfortunatelynot feasiblefrom
theground.

Thenext sectiondescribescatteringcalculationghat
have beencarriedoutto determineDWR asa function of
Dy, andto investigatehe sensitvity to variationsin crys-
tal density crystalhabit,andtheshapeof thesizedistribu-
tion. In Section3 resultsarepresentedrom a casestudy
in whichthick cirruswasobsenedatverticalincidenceby
the 35 and94GHz radarsat Chilbolton, England.Micro-
physicalparameterarederivedandcomparedvith those
diagnosedy the Mesoscalé/ersionof the UKMO Uni-
fied Model. In additionwe investigatethe evolution of
microphysicalpropertiesin cloud parcelsby tracingthe
variationof IWC and D, alongindividual fallstreaks.

2. Scattering calculations

In this sectionwe examinetheoreticallythe assump-
tions that are necessaryo make quantitatve deductions
from dual-wavelengthradar measurements.Scattering
calculationshave been carried out using the T-matrix
methodwhich is applicablefor homogeneouspheroids
(Waterman1969). Calculationsusing more advanced
methodsto comparerealistic shapessuchas hexagonal
columnsand plates(Schneiderand Stephensl 995) and
dendriticsnonflakes(O’Brien andGoedeck 1988),with
equivalentspheroidshow thatthe errorsassociatedvith
thespheroidabpproximatiorarein generalessthan15%
(0.6dB), provided maximumdimension,aspectatio and
totalice massaremaintained.

In the first instancewe follow the experimentalfind-
ings of Kosare and Mazin (1989) and assumethe size
spectraof ice crystals are well approximatedby the
gammadistribution:

n(D) = NoD* exp(—[3.67+ 4] D/Do),  (2)

where u is the shapeparameterand D is equivolumet-
ric diameter The validity of this assumptions examined
laterby comparingwith realsizespectrameasuredby air-
craft.

We needto relate DWR to D, andto the parameter
R¢, definedsimply asreflectvity factorat frequeng f
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dividedby IWC:

Z
Rt (Do) = ﬁ

/Dw KO o,
0 0.93

Dimax
/ pD** exp(—=3.67+ uD/Dy)dD
0

(3)
where y¢(D) is the Mie/Rayleigh backscatterratio.
Henceanestimateof R;5 from DWR canbeusedio obtain
IWC simply from IWC = Z35/Rss. Notethat(2) is not
normalized but thatthe numberconcentratiorparameter
No hasbeencancelledfrom (3). However the densityof
theice-airlattice p remainsn (3) andmustbe prescribed
asa function of D. The dielectric parameterlK |> has
beencalculatedasa functionof densityusingthe expres-
sionsof Maxwell-Garnet(1904)andLiebe et al. (1989),
andis almostidenticalat 35 and94GHz. It shouldalso
be notedthatboth |K |2 andy; (D) arevirtually indepen-
dentof temperature.The value 0.93is presentin (3) to
malereflectvity factorrelativeto liquid wateratcentime-
terwavelengths.

The ice crystal distributions given by (2) have been
discretizednto 500sizesrangingfrom 10 xm to Dyax =
5mmin 10 xmintervals. In thefollowing sensitvity stud-
ies, Dy and Rss areplottedasfunctionsof DWR for vari-
ousvaluesof u, p andaspectatio.

exp(—3.67+ uD/Dg)y¢(D)dD

T

6

a. Sensitivityto density

An importantconsideratiorfor cirrusretrievalsis the
densityof the crystals. Brown and Francis(1995) exam-
ineddatafrom aircraftflights throughcirrus,andby com-
paringlWC estimategrom the Total WaterProbeandthe
2D probes,were able to derive an empirical expression
relatingcrystalmassto the meanof the maximumcrystal
dimensionsn the directionsparallelandperpendiculato
2D photodiodearray If oneassumeshatthe crystalsin
thisstudyweresphericale.g.Brown etal. 1995),thenfor
adiametegreaterthanaroundl00.m, ice crystaldensity
is givenby

p =0.07D"* gem™ (4)
whereD is in millimeters. Below 100xm the densityof
solidice is adopted.However, Fig. 4 of Brown andFran-
cis (1995) indicatesthat even with this densityfunction,
the IWCs derived using the two instrumentsdiffer with
an RMS differenceof around+40%. Although muchof
this disagreementnay be attributableto instrumentaler-
ror, the possibility remainsthat densitymay vary consid-
erablyfrom cloudto cloud. The effect of a 40%errorin
densityis explored by consideringthe densityfunctions
p = 0.05D7% andp = 0.1D~*! gcm~2 in additionto
thatgivenby (4).

The top row of Fig. 1 shawvs the variationof D, and
Rss with DWR for thesethreedensitiesassumingan ex-
ponentialsizedistribution (x = 0). BecauseDWR is in-
dependenbf densityfor a singlecrystal,under or over
estimatingthe density of all crystalsin the distribution
by the samefactorhasno effecton the sizederived from
DWR. Thereis a direct effect on the derived IWC how-
ever (indicatedby thevalueof Rss). Reflectvity factoris
approximatelyproportionalo p?, sofor agivenmeasured
Z andDWR, theinferredIWC is approximatelyinversely
proportionalto p. Notethatsinglewavelengthestimates
of IWC are susceptibleo randomvariationsin density
from cloudto cloudin exactly the sameway, andthe er
rors quotedby Brown et al. (1995) for the accurag of
suchmeasurement®ok no accounif this.

It would seemunlikely thatthelargestcrystals which
may be growing by aggreyation, shouldcontinueto de-
creasen densityatthe samerate. It is concevablethatif
the crystalsin the Brown and Francis(1995) studywere
distinctly non-sphericathen (4) could be significantlyin
error. In factFranciset al. (1998)derived a relationship
betweencrystal massand the cross-sectionahreamea-
suredby the 2D probesusing essentiallythe samedata
asBrown andFrancis. However we found thatwhenthe
sphericalassumptionis appliedto this relationship,the
densityhasthe form

p =0.175D7%¢ gem™3, (5)
which s significantlylargerthan(4) for crystalswith di-
ameterf 300 m andabove. Thedifferencestemsfrom
thefactthatmostof thecrystalsin thedatasetvererather
irregular  Consequentlythe ‘equivalent-areadiameter’
that D representin (5) is systematicallysmallerthanthe
meanof the maximumdimensionghat was usedin (4),
and hencethe derived densityis correspondinglyarger.
The questionof which of the two definitionsof diame-
ter is closerto that which determineghe extent of Mie
scatteringfor a millimeter-wave radarstill remainsto be
answered.

The bottomrow of Fig. 1 shaws the effect of density
functions(4) and (5) on sizeandIWC retrievals. It can
beseenthatderivedIWC differsby morethana factorof
two, while size changeshy no morethan 20%. Clearly
more work is requiredto resole this issue,possiblyin-
volving reinterpretatiorof 2D probedata,butin thispaper
we shallusethe densitygivenby (4).

b. Sensitivityto crystalhabit

Until now we have assumedhat crystalscanbe ap-
proximatedasspheresbut in reality they occurin amul-
titudeof differentshapesndtendto fall with theirlongest
axisparallelto theground(seeLiou 1986,andreferences
therein). This could prove to be a problemfor vertically-
pointing dual-wavelengthradar becausehe extentof the
deviation of Zg, from the Rayleighapproximationis not
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FIG. 2: DWR asa function of Dg and R3g at vertical incidence(top
row) andatanelevation of 45° (bottomrow), for oblatecrystalsof four
differentaspectatios. Theradiationis vertically polarizedatbothwave-
lengthsandthedistribution is exponential.

somuchafunctionof Do, asof thedimensiorof thecrys-
talsin thedirectionparallelto thedirectionof propagation
of theincidentradiation.At verticalincidencethis dimen-
sionis in factthe shortestaxis of the crystal,sothe effect
of assuminghatnon-sphericatrystalsaresphericalis to
underestimat®,. Thisis illustratedin thetop row of Fig.

2, whereit canbe seenthatoblatecrystalswith aspecta-
tios of 1, 0.75,0.5and0.25 producea large rangeof Dg
andRgs; for examplethe presencef crystalswith anaxial
ratio of 0.5resultsin Dy beingunderestimatetly afactor
of two andIWC overestimatedby a similar amount.Cal-
culationsfor prolatecrystals(not shovn) producesimilar
results.

A straightforward solutionto this problemis to dwell
at an elevation of 45°, so that the dimensionon which
DWR dependss muchcloserto the equivalentspherical
diameter The bottomrow of Fig. 2 shavs thatfor obser
vationsat an elevation of 45° (usingvertically-polarized
radiationat bothwavelengths) horizontallyalignedcrys-
tals behare very muchlike spheresand the fact that as-
pectratiois unknownis farlessimportant.lt is foundthat
down to aspectatiosof around0.4thespreadn retrieved
parameterss lessthan 5%, but the error reache25%
for aspectatiosof 0.25. Thisis likely to alsobethe case
bothfor cantingcrystalsthatare on averagehorizontally
aligned,andfor randomlyorientedcrystals. It is impor-
tanthoweverthatDWR is calculatedisingthesamepolar
ization at both frequencies.n this studythe radarswere
vertically-pointing,but in future the strateyy of dwelling
at45° maybeadopted.

c. Sensitivityto distribution shape

To testthe sensitvity of retrieved parametergo the
shapeof the distribution, three valuesfor the shapepa-
rameteru (—1, 0, 2) wereconsideredThecorresponding
plotsin Fig. 3 suggesthat derived quantitiesshouldbe
fairly insensitve to the typical rangeof x thatonewould
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expectin cirrus,varyingby perhapsl0%.

However, we have also calculatedDWR, Dy and Rss
for morethantenthousandeal crystalsize spectramea-
suredin mid-latitudecirrus by the UKMO C-130aircraft
during the EUCREX campaign(seeHogan and llling-
worth 1999for moredetails),andFig. 3 shawvs best-fitre-
lationshipsderivedfrom them. It canbeseernthatanalytic
distributionstendto underestimatéhenumberconcentra-
tionsof large (millimeter-sized)crystalswhich areimpor-
tantfor determiningheradarparameterg andDWR, but
which contribute minimally to Dy. This is probablybe-
causehereis oftensomedegreeof bimodalityin realsize
distributions. We thereforeusetheempiricalrelationships
derivedfrom the EUCREX datain thethe casestudythat
follows. Up to aDWR of 3dB and D, of 700 zm thereis
notagreatdealof differencebetweerthetwo approaches.

It shouldbe notedthattherearea numberof ways of
defining Dy that canresultin ratherdifferentvaluesbe-
ing derivedfrom agivenaircraft-measuredizespectrum.
Hoganand lllingworth (1999) calculatedD, simply as
the mediandiameterof the volume-weightedsize distri-
bution, but in this paperwe usethe ‘method of moments’
(e.g.KozuandNakamural991)in which the parameters
No, Do and i in (2) aredeterminedsuchthatthreecho-
senmomentf thedistributionareconsered. Someavhat
differentvaluesof Dy canbederiveddependingonwhich
momentsone choosego consere, but herewe consere
the zeroth,first andthird moments.Usingthis definition,
it is foundthat25%of the EUCREX datahave a valuefor
D, of lessthan200um, andthe sameproportionhave a
valueof morethan600m.

It has beensuggestede.g. Arnott et al. 1994) that
there exist high concentrationof crystalssmallerthan
50 um that are not representedn analytic, monomodal
approximationdor the sizedistribution. Crystalssmaller
than25 um arealsonot detectedy standardairborne2D
imaging probes,suchasthosethat were mountedon the
C-130aircraftduringEUCREX. If presentthesecrystals
could dominatethe radiative propertiesof cirrus clouds
while beingeffectively undetectedy radar thereforein-

validatingthe useof radarsto infer radiative properties.
However somerecentstudieshave measurediown to 5—

10um using replicators(Mitchell et al. 1996), balloon-
bornevideosondegKinne et al. 1997), and a video ice

particlesamplerMcFarquharandHeymsfield1997),and
all suggesthatsmall crystalsmake a minor contribution

to IWC andoptical depth. This impliesthatit is reason-
ableto usethe EUCREXdatain this studydespitethefact
thatcrystalssmallerthan25 ¢ m werenot detected.

d. Calibration

Naturally arny gainsin the accurayg of IWC derived
from dual-ratherthansingle-wavelengthradararelost if
the radarsare not accuratelycalibrated,both relative to
eachotherandin an absolutesense.The approachhere
hasbeento calibratethe 35GHzradarby comparisorwith
the3 GHzradarat Chilboltonin light, Rayleigh-scattering
rain. This radarin turn hasbeencalibratedin heavry rain
to betterthan0.5dB from the consisteng of differential
reflectvity anddifferentialphasemeasurement&oddard
etal. 1994). The94GHzradaris thencalibratedonacase
study basisby matchingwith the reflectiity at 35GHz
in the Rayleigh-scatteringirrus cloud tops. The small
correctionfor attenuatiorby atmospherigasesis made
usingthe line-by-line modelfor millimeterwave propa-
gationof Liebe (1985) coupledwith the thermodynamic
variablediagnosedy the UKMO Unified Model. Atten-
uationby theice crystalsthemselesis negligible atthese
frequencies.

3. 22 June 1996 Case Study

On 22 Junel996,vertically-pointingradarreflectiity
measurementseremadethrougha thick cirrus cloud by
the two cloud radarsat Chilbolton. The cloud wasasso-
ciatedwith a strongjet streamthatpealedat40 ms™ at
9km over the site. Both radarsare of the corventional
pulsedtype and have pulselengthsof 45 and 75 m at
35 and 94 GHz respectiely (althoughboth were sam-
pled every 75m). The beamwidthof the 35GHz radaris
0.4 andthat of the 94GHz radaris 0.5, andthey were
locatednext to eachotheron the ground. Gaseousat-
tenuationwas correctedfor using the methodologyout-
linedin theprevioussection,andthetwo-way differential
attenuationthroughthe depthof the cloud (5 to 10km)
was found to amountto only 0.1dB, althoughthe total
two-way gaseousattenuationfrom the groundto 10km
at 94GHz was 2dB. Liquid waterin the stratocumulus
layerbeneathwould alsohave attenuatedhe 94 GHz sig-
nal someavhat, but this could not have affectedthe results
becausef the way this radaris calibrated. A vertically-
pointinglidar ceilometemwasalsoin operatioronthis day
but it wasfoundthatthroughoutthe periodthe cirruswas
overheadthelidar signalwascompletelyblocked by the
low-level cloud; cloud basewasmeasureds?2.1km, and
the signalwaslostby 2.3km.
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FI1G. 4: 35GHzreflectvity factorwith UKMO Unified Model relatve humidity contours(%) superimposedpr partof 22 Junel1996.

Figure4 shows atime seriesof relative humidity from
the three-hourlyanalysesaindthe T+1 and T+2 forecasts
of the model, superimposean the 35GHz reflectvity
factor Model parametersver Chilboltonwerecalculated
simply by interpolatinglinearly betweerthe four nearest
modelgridpointsat eachmodellevel. Relatve humidity
is takento bewith respecto ice whenthe temperaturés
below 0°C. Theraw radardatawererecordedas10 sec-
ondaveragewith arange-gatspacingof 75m, butin this
figurehave beenaveragedver 8 minutesand150meters,
enablinga 9.9dB increasen sensitvity. Thereis broad
agreemenbetweerthelocationof the cloud asindicated
by theradar andthe mosthumidareasof themodel. The
sharpobsenedcirrus cloud basecanbe explainedby the
very dry layer beneattthe cloud, althoughthe modelap-
pearsto have positionedbotharounda kilometertoo low.
Note that both insectsand ground-clutterare apparenin
theradardatabelonv 1km.

Figure 5 shavs dual-wavelength measurementso-
getherwith derived IWC and Dq for a shorterperiod of
the day, calculatedusing the relationshipsderived from

the EUCREX datasetand the densityfunction given by
(4). The datahave beenaveragedover 2 minutesand
150m. Also shawvn is IWC asdiagnoseddy the model,
with modeldatapointsndicatedby blackdots,andacom-
parisonbetweertheice waterpath(IWP) measuretby the
modelandtheradars.

Sizemeasurementarenot possiblein theupperparts
of thecloudwhereDWR is only slightly greateithanOdB.
To determinehow low DWR cangetbeforesizingis im-
possible,we needto know the errorsin reflectvity and
hencein DWR. It canbe shavn that for a radarwith
a noise-equialentreflectiity (for a singlepulse)N, the
standarcerrorof areflectivity measuremeraveragedver
M, independenpulsess givenby

4.343
AN ~—

VM
At arangeof 1km, N = —34dBZ at35GHzandN =
—23dBZ at 94GHz. The pulse repetition frequencies
were 3125 and 5000Hz at 35 and 94GHz respectiely,
althoughonly everyfifth pulseat 94GHz andevery tenth

(1+ 10041(N[dBZ]7Z[dBZ])) dB (6)
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pulseat35GHzwereusedin thereal-timeaveraging.The
dataof Fig. 5 arepresentedh Fig. 6 asascatterplobf Zzs
againstDWR, with lines of constaniWC superimposed.
The error barsrepresenthe accurag achiezableassum-
ing all pulsesareindependentalthoughthe scatterof the
dataat low reflectvity (where DWR shouldbe closeto
0dB) appearso besomavhatmorethanthatindicatedby
thelengthof the errorbars.However, exactcalculationof
M, requiresthe spectralwidth, a parametethat was not
measuredluringthis casestudy

We follow the suggestiorof Matrosor (1993)andcal-
ibrateDWR by matchingZss andZy,4 atcloudtop, but it is
clearthatthe scatterof the dataat low reflectiity is such
thatthis cannotbedoneto a high degreeof accurag. The
problemstemsfrom the fact that the 94 GHz radarwas
around10dB lesssensitve thanthe 35GHz whenthese
datawere taken, thus introducinglarge errorsin DWR
when measuringcloseto its sensitvity limit. This was
dueto a technicalproblemthat hassincebeenrectified.
We have imposedthe conditionthatfor anobsenationto
beused DWR mustbelargerthantwice thestandarderror
in DWR. Thisthresholdatanaltitudeof 7 kmisillustrated
by the dashedine in Fig. 6 andall pointsbelow this are
rejectedfor the purpose®f sizeandIWC measurement.

Thecloud-freelayerin the modelat around8 km was
not obsered in the radardata, andis dueto the work-
ingsof thelarge-scaleloudandprecipitationschemesn
whichIWC is calculatedeverytimestepsimply asthetotal
watercontent(a prognosticvariable)minusthe saturation
vapordensity with anallowancefor humidity fluctuations
overthegridbox (UKMO, personatommunication)The
timestepfor the Mesoscalé/ersionof themodelis 5 min-
utes.An excessof ice is precipitatedout instantaneously
sothatice watercannotpersistin regionswheretherela-
tive humidity is below a certaincritical value,evenif it is
falling from asaturatedayerabove. In thiscasehemodel
relative humidity fell to around85%. In fact between9
and9.5 km the horizontally-areraged35 GHz reflectvity
exhibited anincreasewith heightof about2dB in anoth-
erwisemonotonicallydecreasingrofile, indicatingthata
little evaporationwasoccuring. Theseobsenationsillus-
tratea shortcomingn the modelthatmayhave animpact
onradiative properties.

For radiative calculationshe modelprescribesan ef-
fective radiusof 30 um, but unfortunatelythe calculation
of this parameterfrom radarderived Dy is particularly
sensitve to the assumectrystal density and our confi-
dencein densityis not sufficient to attemptary compar
isonwith the modelvalue. Radasretrieved valuesof Dg
arehowevermorethananorderof magnitudegreatethan
thisvalue.

We next examinedtheprofile of radarandmicrophysi-
cal propertiesalongindividualfallstreaks Figure7 shows
partof the35GHzreflectivity dataatthehighestavailable
resolutionof 75 metersand10 secondstogethemith the

trajectoriesof threefallstreaks. Thesewere derived by
first finding thetimesof themaximain Z3s ateachrange-
gate. A point nearcloud top was selectedandthenthe
nearestmaximum at the next height down was chosen.
This processvasrepeatedhroughthe depthof thecloud,
andfinally afifth-orderpolynomialwasfitted throughthe
selectecpoints.In Fig. 8 thecorrespondinglotsof DWR
againstZzs, and Dy againstWC have beenplotted.It can
be seenthatin the evaporatingregion at cloud basethe
crystalstendto belargerfor a givenIWC comparedvith
thosein the bulk of the cloud. This is consistentvith the
ideathatthe smallestcrystalsevaporatdfirst.

4. Conclusions

The potential of dual-wavelengthradar for remote
measurementf crystalsize,andhenceof ice watercon-
tent, hasbeendemonstratedScatteringcalculationssug-
gestthat variationsin densityfrom cloud to cloud may
somavhat bias the results, althoughthis would also be
true of single-wavelengthestimatesof IWC. A discrep-
ang/ betweerthe crystaldensitiesmplied by Brown and
Francis(1995)and Franciset al. (1998) hasbeenfound,
andit is not obviouswhich is the mostappropriatego use
for radar Thereis alsothe problemthat both were cal-
culatedto maximizetheagreemenbetweertwo indepen-
dentmeasurementsf IWC, so are not necessarilyalid
for millimeter-sized crystalsthat can contribute signifi-
cantly to Z but very little to IWC. It is very important
thattheissueof densityis resohed,becausef theimpli-
cationsfor this remotesensingtiechniqueandothers,and
alsoin orderthatthe dual-wavelengthmethodcanbe ex-
tendedto makingestimateof effective radius. Evidence
hasbeenpresentedo suggesthatoperatingthe radarsat
anelevationof 45° shouldgreatlyreducethe errorsintro-
ducedby approximatingall crystalsas spheresthereby
eliminating the needfor a priori knowledge of the pre-
dominantcrystalhabitin thecloud.

Dual-wevelengthobsenationsof a real cirrus cloud
have measuremnedianvolumediameter®f upto 0.8mm,
andadistinctdifferencen the crystalsizeatthebaseand
top of the cloudfor a given IWC wasobsened. It is ev-
ident that for useful, quantitatve radarmeasurements
cirrus clouds, the instrumentsthemseles must be both
well calibratedand very sensitve. In this study DWR
wasobsenedto approactDdB for reflectivity factorsbe-
low around—20dBZ. Even with considerableveraging
the94GHz radarhada minimumdetectableeflectvity of
only around—25dBZ at cirrus altitudes,so randomscat-
terof thedataatthesdow signal-to-noiseatiosmadepre-
cisematchingof thetwo radarsn the Rayleigh-scattering
cloudtop difficult. It alsomeantthatmediandiametersf
lessthanaround200xm couldnotbe measuredalthough
in future with both radarssensitve down to —35dBZ it
shouldbe possibleto measureliametersof 100m.

In thisverylimited comparisortheUKMO modelwas
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Fi1G. 7: High resolution35GHz reflectizity factorwith objectiely-derved fallstreaksoverlayed.

found to perform reasonablywell in locating the cirrus
cloud,althoughthe natureof thelarge-scaleloudscheme
in the modelis suchthatthereis a direct dependencef
IWC on relative humidity. This meantthatlayersof cir-
rus were formedin coincidencewith saturatecand sub-
saturatedayerswhenin reality the crystalsfell anappre-
ciabledistancethroughthe sub-saturatedir, with only a
slightly detectabledecreaseén reflectivity dueto evapo-
ration. Cloud radarclearly hasa role to play in model
validation,althoughfor anobjective assessmermtf model
performancet leasta month-longdatasebf radarobser
vationswould be required. Before this can happenit is

essentiathat the dual-wavelengthtechniqueis itself val-
idated,by comparingretrieved sizeandIWC with simul-
taneousn situ measurementsy aircraft.

The useof 94GHz asthe shorterwavelengthis nec-
essanyfor ground-basedbsenationsto keepgaseoust-
tenuationdown to an acceptabldevel, but sincemedian
volume diameterrarely exceedsl mm, the magnitudeof
thedual-wevelengthratiois generallylessthan4 dB. Fur-
thermorethemeancrystalsizein asignificantfractionof
cirrus cloudsis too low for the techniqueto work. From
spacehawever higherfrequenciedoecomeviable, which
hasanumberof advantagesthemostpertinentfor adual-
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wavelengthsystembeinglarger(andhencemoremeasur

able)valuesof DWR, whichin turnenablesnoreaccurate
sizemeasuremeranda lower minimum measurablsize

(Hoganandlllingw orth 1999).
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