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ABSTRACT

Resultsarepresentedfrom acasestudyin whichcoincident35and94GHzradarslocatedatChilbolton,England,wereused
to measurecrystalsizein cirrus. In thepresenceof larger crystalsthe94GHz radarscatterssufficiently beyond theRayleigh
regimethatthedifferencein reflectivity factormeasuredby thetwo canbedirectly relatedto size.This enablesmoreaccurate
estimationof ice watercontentthanwould bepossibleusinga singleradar. The small crystalsat the top of thecloudscatter
in the Rayleighregime at both wavelengths,which providesa valuablemethodof calibration,but alsomeansthat sizing is
not possiblein this part of the cloud. Ice water contentandmedianvolumediameterwerederived andcomparedwith the
analysesof theUK MeteorologicalOffice Unified Model. Thesmallestmeasurablemedianvolumediameterin this casestudy
wasaround200� m, althoughit is believed thatwith bothradarssensitive down to � 35dBZ, it shouldbepossibleto measure
mediandiametersof 100� m. Scatteringcalculationshave beencarriedout to determinethesensitivity of thesemeasurements
to crystaldensity, crystalaspectratio andtheshapeof thesizedistribution. Densityis foundto bethemostsignificantsource
of uncertainty, possiblyintroducingerrorsof 20%into retrieveddiameter.

1. Introduction

Cirrus clouds representan important but challeng-
ing problemin the understandingof the climate system
(Stephensetal.1990).Measurementsof icewatercontent
(IWC), effectiveradius(re) andopticaldeptharerequired
to determinetheir effect on the earth’s radiationbudget
and to validateclimate models. Currently suchmodels
tendto carrycloudwatercontentasa prognosticvariable
andrelatethis to radiative propertiesby meansof an ef-
fectiveradiuswhich is usuallyfixed;for example,theUK
MeteorologicalOffice(UKMO) UnifiedModelprescribes
a valueof 30 � m (Martin et al. 1994). Thereis a needto
testtheskill of modelsto diagnoseIWC, andto determine
whetherafixedvalueof re is adequate.A globalclimatol-
ogy of cirrus would be particularlyuseful,althoughthis
couldonly beobtainedfrom a satellite-borneradaror li-
dar.

It is generally acceptedthat cirrus clouds causea
net warming of the climate system, but exact calcu-
lation of their radiative propertiesis very difficult be-
causeof the multitudeof crystalhabitsthat arepresent.
This introducesuncertaintyinto the interpretationof re-
motely sensedmeasurements,and to simplify mattersit
is commonto assume,for thepurposesof solar, infrared
and millimeter-wave radiative transfercalculations,that
ice crystalscanbe adequatelyrepresentedby spheresor
spheroids. Aspectratio and crystal densityremainfree
parametersandmustbeprescribedin remoteretrieval al-
gorithmsif they cannotbemeasureddirectly.
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It wasshown 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 estimateIWC to an accuracy of +100% and � 50%
(3dB), but that if additionalinformationregardingcrys-
tal size is presentthen this error canbe reducedto less
than+40%and � 30% (1.4dB). Several techniqueshave
beenproposedto retrievevertically-resolvedestimatesof
crystal size. Matrosov et al. (1994) useda vertically-
pointing Doppler radar to measurecrystal fall velocity,
from which size was estimatedusing an empirical rela-
tionship. Intrieri et al. (1993) demonstratedthe useof
combinedradarandinfrared-lidarmeasurementsto infer
size. However lidars are subjectto significantattenua-
tion in moderatelythick cirrus, and furthermorea large
fractionof mid-latitudecirrusoccursin conjunctionwith
liquid-phasecloudsat lower levelswhich cancompletely
extinguishthesignalfrom a ground-basedinstrument.

Two radarsat differentwavelengthshave thecapabil-
ity to estimatehydrometeorsize,because,asdiameterin-
creases,theshorterwavelengthscattersin theMie rather
than the Rayleighregime and its reflectivity falls below
thatat thelongerwavelength.Thisprinciplewasfirst pro-
posedby Atlas andLudlam(1961)asa meansof hail de-
tectionusing, for instance,a Rayleigh-scatteringS-band
radartogetherwith anX-bandradarthatMie-scattersonly
in the presenceof largehail. Suchschemeshave always
hadto contendwith differencesin reflectivity dueto atten-
uationby rain at theshorterwavelength(TuttleandRine-
hart1983),andit wasfoundthatevenwith well matched
beamsof verysimilarbeamwidth,differencesin theside-
lobelevel wereableto causelargereflectivity differences
in thevicinity of stronglyreflectivecoreswherea signifi-
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cantfractionof thesignalis returnedfrom theside-lobes
(Rinehartand Tuttle 1982). However, it was the ambi-
guity causedby thevery differentscatteringpropertiesof
wet anddry hail thatmadethis techniqueunworkable.

In this paperwe use35 and 94 GHz radars,and at
thesefrequenciesdual-wavelengthobservationsof cirrus
suffer noneof theseproblems;attenuationby ice is gen-
erally smallenoughto beneglected,attenuationby atmo-
sphericgasesis a minorcorrection,andreflectivity gradi-
entscomparablein magnitudeto thoseat theedgeof the
coresof convective stormsarenever observed. Attenu-
ationby supercooledliquid waterin mixed-phaseclouds
couldin theorycausethetechniqueto produceerroneous
results. However the cirrus observed in this casestudy
hada temperaturerangingbetween� 50 and � 20� C, and
previous observationsof liquid watercloudsat tempera-
turesbelow � 10� C have all shown them to have water
contentsof lessthan0.1 gm� 3 (e.g. HermanandCurry
1984;Sassen1991;Heymsfieldet al. 1991). At � 20� C
this correspondsto a differentialattenuationof only 0.4
dBkm� 1, sothiseffect is typically muchsmallerthandif-
ferencesin reflectivity dueto Mie scattering.

Thedual-wavelengthratio,definedsimply as

DWR � 10log10

Z35

Z94
dB 	 (1)

is directly related to somemeasureof averagecrystal
size, where Z35 and Z94 are the reflectivity factors(in
mm6 m� 3) measuredat 35 and94GHz respectively. The
useof dual-wavelengthradarfor sizingin cirruswasfirst
proposedby Matrosov (1993) who carried out scatter-
ing calculationsfor a first-order gammadistribution of
solid-icespheroidswith a varietyof differentwavelength
combinationsandaspectratios. In eachcaseDWR was
calculatedas a function of D0, the mediandiameterof
the volume-weightedsizedistribution. Recently, Sekel-
sky et al. (1999) usedthreecolocatedradarsat 2.8, 33
and95 GHz to estimatecrystalsize in precipitatingand
non-precipitatingice clouds. Sizewasderived from the
measurementsusing a neural network trained with the
resultsof theoreticalscatteringcalculationsalsousinga
first-ordergammadistribution of crystals. Herewe fol-
low theapproachof HoganandIllingworth(1999)anduse
real sizespectrameasuredby the UKMO C-130aircraft
during the EuropeanCloud RadiationExperiment(EU-
CREX) to determinethebestrelationshipbetweenDWR
and D0. At large crystalsizesthis is found to differ ap-
preciablyfrom thosecalculatedusing idealizedanalytic
expressionsfor thesizedistribution.

Thereis anintrinsic lower limit to thesizethatcanbe
measuredby this method,which is reachedwhentheran-
dom error in DWR at low signal-to-noiseratio is of the
sameorderasthemagnitudeof DWR dueto Mie scatter-
ing. Theuseof higherfrequenciessuchas140or215GHz
would enablesmallersizesto be measured,for the sim-

ple reasonthat DWR would be considerablylarger for a
given D0; HoganandIllingworth (1999)investigatedthe
potentialof a spacebornedual-wavelengthradarto make
globalmeasurementsof crystalsizein cirrus,andshowed
thatthemostpromisingfrequency combinationwas79(or
94)and215GHz,beingin generalmoreaccuratethanthe
combinationof 35 and94GHz. However, attenuationby
liquid waterandwatervaporin the lower troposphereis
suchthattheuseof frequenciesmuchhigherthan94GHz
to monitorcirruscloudsis unfortunatelynot feasiblefrom
theground.

Thenext sectiondescribesscatteringcalculationsthat
have beencarriedout to determineDWR asa functionof
D0, andto investigatethesensitivity to variationsin crys-
tal density, crystalhabit,andtheshapeof thesizedistribu-
tion. In Section3 resultsarepresentedfrom a casestudy
in whichthick cirruswasobservedatverticalincidenceby
the35 and94GHz radarsat Chilbolton,England.Micro-
physicalparametersarederivedandcomparedwith those
diagnosedby the MesoscaleVersionof the UKMO Uni-
fied Model. In addition we investigatethe evolution of
microphysicalpropertiesin cloud parcelsby tracing the
variationof IWC andD0 alongindividual fallstreaks.

2. Scattering calculations

In this sectionwe examinetheoreticallythe assump-
tions that arenecessaryto make quantitative deductions
from dual-wavelengthradar measurements.Scattering
calculationshave been carried out using the T-matrix
methodwhich is applicablefor homogeneousspheroids
(Waterman1969). Calculationsusing more advanced
methodsto comparerealisticshapes,suchashexagonal
columnsand plates(Schneiderand Stephens1995) and
dendriticsnowflakes(O’Brien andGoedecke1988),with
equivalentspheroidsshow that theerrorsassociatedwith
thespheroidalapproximationarein generallessthan15%
(0.6dB), providedmaximumdimension,aspectratio and
total icemassaremaintained.

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

n 
 D ��� N0D  exp 
 � [3 � 67 ��� ] D � D0 � 	 (2)

where � is the shapeparameterand D is equivolumet-
ric diameter. Thevalidity of this assumptionis examined
laterby comparingwith realsizespectrameasuredby air-
craft.

We needto relateDWR to D0 and to the parameter
Rf , definedsimply as reflectivity factorat frequency f
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dividedby IWC:

Rf 
 D0���
Z f

IWC

�

Dmax

0

�
K 
���� � 2
0 � 93

D6�  exp 
�� 3 � 67 ��� D � D0 ��� f 
 D � dD

�
6

Dmax

0
� D3�  exp
�� 3 � 67 ��� D � D0 � dD

(3)
where � f 
 D � is the Mie/Rayleigh backscatterratio.
Henceanestimateof R35 from DWR canbeusedto obtain
IWC simply from IWC � Z35� R35. Note that (2) is not
normalized,but that thenumberconcentrationparameter
N0 hasbeencancelledfrom (3). However the densityof
theice-airlattice � remainsin (3) andmustbeprescribed
as a function of D. The dielectric parameter

�
K
� 2 has

beencalculatedasa functionof densityusingtheexpres-
sionsof Maxwell-Garnet(1904)andLiebe et al. (1989),
andis almostidenticalat 35 and94GHz. It shouldalso
benotedthatboth

�
K
� 2 and � f 
 D � arevirtually indepen-

dentof temperature.The value0.93 is presentin (3) to
makereflectivity factorrelativeto liquid wateratcentime-
terwavelengths.

The ice crystal distributions given by (2) have been
discretizedinto 500sizesrangingfrom 10 � m to Dmax �
5mmin 10 � mintervals.In thefollowingsensitivity stud-
ies, D0 andR35 areplottedasfunctionsof DWR for vari-
ousvaluesof � , � andaspectratio.

a. Sensitivityto density

An importantconsiderationfor cirrus retrievals is the
densityof thecrystals.Brown andFrancis(1995)exam-
ineddatafrom aircraftflights throughcirrus,andby com-
paringIWC estimatesfrom theTotalWaterProbeandthe
2D probes,were able to derive an empirical expression
relatingcrystalmassto themeanof themaximumcrystal
dimensionsin thedirectionsparallelandperpendicularto
2D photodiodearray. If oneassumesthat the crystalsin
thisstudywerespherical(e.g.Brown etal.1995),thenfor
adiametergreaterthanaround100� m, icecrystaldensity
is givenby

��� 0 � 07D � 1� 1 gcm� 3 (4)

whereD is in millimeters. Below 100� m thedensityof
solid ice is adopted.However, Fig. 4 of Brown andFran-
cis (1995) indicatesthat even with this densityfunction,
the IWCs derived using the two instrumentsdiffer with
anRMS differenceof around� 40%. Althoughmuchof
this disagreementmaybe attributableto instrumentaler-
ror, thepossibility remainsthatdensitymayvary consid-
erablyfrom cloud to cloud. Theeffect of a 40%error in
densityis exploredby consideringthe densityfunctions
��� 0 � 05D � 1� 1, and ��� 0 � 1D � 1� 1 gcm� 3 in additionto
thatgivenby (4).

The top row of Fig. 1 shows the variationof D0 and
R35 with DWR for thesethreedensities,assuminganex-
ponentialsizedistribution (� � 0). BecauseDWR is in-
dependentof densityfor a singlecrystal,under- or over-
estimatingthe densityof all crystalsin the distribution
by thesamefactorhasno effecton thesizederivedfrom
DWR. Thereis a direct effect on the derived IWC how-
ever (indicatedby thevalueof R35). Reflectivity factoris
approximatelyproportionalto � 2, sofor agivenmeasured
Z andDWR, theinferredIWC is approximatelyinversely
proportionalto � . Note thatsinglewavelengthestimates
of IWC are susceptibleto randomvariationsin density
from cloud to cloud in exactly the sameway, andtheer-
rors quotedby Brown et al. (1995) for the accuracy of
suchmeasurementstookno accountof this.

It would seemunlikely thatthelargestcrystals,which
may be growing by aggregation,shouldcontinueto de-
creasein densityat thesamerate.It is conceivablethatif
the crystalsin the Brown andFrancis(1995)studywere
distinctly non-sphericalthen(4) couldbesignificantlyin
error. In fact Franciset al. (1998)deriveda relationship
betweencrystal massand the cross-sectionalareamea-
suredby the 2D probesusing essentiallythe samedata
asBrown andFrancis.However we found thatwhenthe
sphericalassumptionis appliedto this relationship,the
densityhastheform

�!� 0 � 175D � 0� 66 gcm� 3 	 (5)

which is significantlylarger than(4) for crystalswith di-
ametersof 300� m andabove. Thedifferencestemsfrom
thefactthatmostof thecrystalsin thedatasetwererather
irregular. Consequentlythe ‘equivalent-areadiameter’
that D representsin (5) is systematicallysmallerthanthe
meanof the maximumdimensionsthat wasusedin (4),
andhencethe derived densityis correspondinglylarger.
The questionof which of the two definitionsof diame-
ter is closerto that which determinesthe extent of Mie
scatteringfor a millimeter-wave radarstill remainsto be
answered.

The bottomrow of Fig. 1 shows the effect of density
functions(4) and(5) on sizeandIWC retrievals. It can
beseenthatderivedIWC differsby morethana factorof
two, while sizechangesby no more than20%. Clearly
morework is requiredto resolve this issue,possiblyin-
volving reinterpretationof 2D probedata,but in thispaper
we shallusethedensitygivenby (4).

b. Sensitivityto crystalhabit

Until now we have assumedthat crystalscanbe ap-
proximatedasspheres,but in reality they occurin a mul-
titudeof differentshapesandtendto fall with their longest
axisparallelto theground(seeLiou 1986,andreferences
therein).This couldprove to bea problemfor vertically-
pointingdual-wavelengthradar, becausetheextentof the
deviation of Z94 from the Rayleighapproximationis not
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FIG. 1: The sensitivity of dual-wavelengthretrieved quantitiesto density, for an exponentialdistribution of ice crystals. The densityfunctions
describedin thetext areplottedin (a) and(d), with DWR asa functionof D0 andR35 to their right.
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FIG. 2: DWR asa function of D0 and R35 at vertical incidence(top
row) andat anelevationof 45" (bottomrow), for oblatecrystalsof four
differentaspectratios.Theradiationis verticallypolarizedatbothwave-
lengthsandthedistribution is exponential.

somuchafunctionof D0, asof thedimensionof thecrys-
talsin thedirectionparallelto thedirectionof propagation
of theincidentradiation.At verticalincidencethisdimen-
sionis in facttheshortestaxisof thecrystal,sotheeffect
of assumingthatnon-sphericalcrystalsaresphericalis to
underestimateD0. This is illustratedin thetoprow of Fig.

2, whereit canbeseenthatoblatecrystalswith aspectra-
tios of 1, 0.75,0.5 and0.25producea large rangeof D0

andR35; for examplethepresenceof crystalswith anaxial
ratioof 0.5resultsin D0 beingunderestimatedby a factor
of two andIWC overestimatedby a similar amount.Cal-
culationsfor prolatecrystals(not shown) producesimilar
results.

A straightforwardsolutionto this problemis to dwell
at an elevation of 45� , so that the dimensionon which
DWR dependsis muchcloserto theequivalentspherical
diameter. Thebottomrow of Fig. 2 shows that for obser-
vationsat an elevation of 45� (usingvertically-polarized
radiationat bothwavelengths),horizontallyalignedcrys-
tals behave very much like spheresand the fact that as-
pectratio is unknown is far lessimportant.It is foundthat
down to aspectratiosof around0.4thespreadin retrieved
parametersis lessthan � 5%, but the error reaches25%
for aspectratiosof 0.25.This is likely to alsobethecase
both for cantingcrystalsthatareon averagehorizontally
aligned,andfor randomlyorientedcrystals. It is impor-
tanthoweverthatDWRis calculatedusingthesamepolar-
izationat both frequencies.In this studythe radarswere
vertically-pointing,but in future the strategy of dwelling
at 45� maybeadopted.

c. Sensitivityto distribution shape

To test the sensitivity of retrieved parametersto the
shapeof the distribution, threevaluesfor the shapepa-
rameter� ( � 1, 0, 2) wereconsidered.Thecorresponding
plots in Fig. 3 suggestthat derived quantitiesshouldbe
fairly insensitive to thetypical rangeof � thatonewould
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FIG. 3: DWR asafunctionof D0 andR35 for gammadistributionswith
threevaluesof theshapeparameter� , andasderivedempirically from
realsizespectrameasuredduringEUCREX.

expectin cirrus,varyingby perhaps10%.
However, we have alsocalculatedDWR, D0 and R35

for morethantenthousandrealcrystalsizespectramea-
suredin mid-latitudecirrusby theUKMO C-130aircraft
during the EUCREX campaign(seeHogan and Illing-
worth1999for moredetails),andFig. 3 showsbest-fitre-
lationshipsderivedfrom them.It canbeseenthatanalytic
distributionstendto underestimatethenumberconcentra-
tionsof large(millimeter-sized)crystalswhichareimpor-
tantfor determiningtheradarparametersZ andDWR, but
which contribute minimally to D0. This is probablybe-
causethereis oftensomedegreeof bimodalityin realsize
distributions.Wethereforeusetheempiricalrelationships
derivedfrom theEUCREXdatain thethecasestudythat
follows. Up to a DWR of 3dB andD0 of 700� m thereis
notagreatdealof differencebetweenthetwo approaches.

It shouldbenotedthat therearea numberof waysof
defining D0 that canresult in ratherdifferentvaluesbe-
ing derivedfrom agivenaircraft-measuredsizespectrum.
Hoganand Illingworth (1999) calculatedD0 simply as
the mediandiameterof the volume-weightedsizedistri-
bution,but in this paperwe usethe‘methodof moments’
(e.g.KozuandNakamura1991)in which theparameters
N0, D0 and � in (2) aredeterminedsuchthat threecho-
senmomentsof thedistributionareconserved.Somewhat
differentvaluesof D0 canbederiveddependingonwhich
momentsonechoosesto conserve, but herewe conserve
thezeroth,first andthird moments.Usingthis definition,
it is foundthat25%of theEUCREXdatahaveavaluefor
D0 of lessthan200� m, andthe sameproportionhave a
valueof morethan600 � m.

It has beensuggested(e.g. Arnott et al. 1994) that
there exist high concentrationsof crystalssmaller than
50 � m that are not representedin analytic, monomodal
approximationsfor thesizedistribution. Crystalssmaller
than25 � m arealsonot detectedby standardairborne2D
imagingprobes,suchasthosethat weremountedon the
C-130aircraftduringEUCREX.If present,thesecrystals
could dominatethe radiative propertiesof cirrus clouds
while beingeffectively undetectedby radar, thereforein-

validating the useof radarsto infer radiative properties.
However somerecentstudieshave measureddown to 5–
10 � m using replicators(Mitchell et al. 1996), balloon-
bornevideosondes(Kinne et al. 1997), and a video ice
particlesampler(McFarquharandHeymsfield1997),and
all suggestthatsmall crystalsmake a minor contribution
to IWC andoptical depth. This implies that it is reason-
ableto usetheEUCREXdatain thisstudydespitethefact
thatcrystalssmallerthan25 � m werenot detected.

d. Calibration

Naturally any gainsin the accuracy of IWC derived
from dual- ratherthansingle-wavelengthradararelost if
the radarsare not accuratelycalibrated,both relative to
eachotherandin an absolutesense.The approachhere
hasbeento calibratethe35GHzradarbycomparisonwith
the3GHzradaratChilboltonin light, Rayleigh-scattering
rain. This radarin turn hasbeencalibratedin heavy rain
to betterthan0.5dB from the consistency of differential
reflectivity anddifferentialphasemeasurements(Goddard
etal. 1994).The94GHzradaris thencalibratedonacase
study basisby matchingwith the reflectivity at 35GHz
in the Rayleigh-scatteringcirrus cloud tops. The small
correctionfor attenuationby atmosphericgasesis made
using the line-by-line model for millimeter-wave propa-
gationof Liebe (1985)coupledwith the thermodynamic
variablesdiagnosedby theUKMO UnifiedModel. Atten-
uationby theicecrystalsthemselvesis negligible at these
frequencies.

3. 22 June 1996 Case Study

On22June1996,vertically-pointingradarreflectivity
measurementsweremadethrougha thick cirruscloudby
the two cloud radarsat Chilbolton. The cloudwasasso-
ciatedwith a strongjet streamthatpeakedat 40 ms� 1 at
9km over the site. Both radarsare of the conventional
pulsedtype and have pulse lengthsof 45 and 75 m at
35 and 94 GHz respectively (althoughboth were sam-
pledevery 75m). Thebeamwidthof the35GHz radaris
0.4� andthat of the 94GHz radaris 0.5� , andthey were
locatednext to eachother on the ground. Gaseousat-
tenuationwas correctedfor using the methodologyout-
lined in theprevioussection,andthetwo-waydifferential
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 water in the stratocumulus
layerbeneathwould alsohaveattenuatedthe94GHz sig-
nal somewhat,but this couldnot have affectedtheresults
becauseof the way this radaris calibrated.A vertically-
pointinglidar ceilometerwasalsoin operationonthisday
but it wasfoundthatthroughouttheperiodthecirruswas
overhead,the lidar signalwascompletelyblockedby the
low-level cloud;cloudbasewasmeasuredas2.1km, and
thesignalwaslostby 2.3km.
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FIG. 4: 35GHzreflectivity factorwith UKMO Unified Model relative humiditycontours(%) superimposed,for partof 22June1996.

Figure4 showsa timeseriesof relativehumidity from
the three-hourlyanalysesandtheT+1 andT+2 forecasts
of the model, superimposedon the 35GHz reflectivity
factor. ModelparametersoverChilboltonwerecalculated
simply by interpolatinglinearly betweenthe four nearest
modelgridpointsat eachmodellevel. Relative humidity
is takento bewith respectto ice whenthetemperatureis
below 0� C. Theraw radardatawererecordedas10 sec-
ondaverageswith arange-gatespacingof 75m,but in this
figurehavebeenaveragedover8 minutesand150meters,
enablinga 9.9dB increasein sensitivity. Thereis broad
agreementbetweenthe locationof thecloudasindicated
by theradar, andthemosthumidareasof themodel.The
sharpobservedcirruscloudbasecanbeexplainedby the
very dry layerbeneaththecloud,althoughthemodelap-
pearsto havepositionedbotharounda kilometertoo low.
Note thatboth insectsandground-clutterareapparentin
theradardatabelow 1km.

Figure 5 shows dual-wavelength measurementsto-
getherwith derived IWC and D0 for a shorterperiodof
the day, calculatedusing the relationshipsderived from

the EUCREX datasetand the densityfunction given by
(4). The datahave beenaveragedover 2 minutesand
150m. Also shown is IWC asdiagnosedby the model,
with modeldatapointsindicatedby blackdots,andacom-
parisonbetweentheicewaterpath(IWP) measuredby the
modelandtheradars.

Sizemeasurementsarenot possiblein theupperparts
of thecloudwhereDWRis onlyslightlygreaterthan0dB.
To determinehow low DWR cangetbeforesizing is im-
possible,we needto know the errorsin reflectivity and
hencein DWR. It can be shown that for a radarwith
a noise-equivalentreflectivity (for a singlepulse)N, the
standarderrorof areflectivity measurementaveragedover
MI independentpulsesis givenby

#
Z $ 4 � 343%

MI

1 � 100� 1& N[dBZ]� Z[dBZ] ' dB � (6)

At a rangeof 1km, N �(� 34dBZ at 35GHz and N �
� 23dBZ at 94GHz. The pulse repetition frequencies
were 3125 and 5000Hz at 35 and 94GHz respectively,
althoughonly everyfifth pulseat 94GHz andevery tenth
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pulseat35GHzwereusedin thereal-timeaveraging.The
dataof Fig. 5 arepresentedin Fig.6 asascatterplotof Z35

againstDWR, with linesof constantIWC superimposed.
The error barsrepresentthe accuracy achievableassum-
ing all pulsesareindependent,althoughthescatterof the
dataat low reflectivity (whereDWR shouldbe closeto
0dB) appearsto besomewhatmorethanthatindicatedby
thelengthof theerrorbars.However, exactcalculationof
MI requiresthe spectralwidth, a parameterthat wasnot
measuredduringthis casestudy.

Wefollow thesuggestionof Matrosov (1993)andcal-
ibrateDWR by matchingZ35 andZ94 atcloudtop,but it is
clearthat thescatterof thedataat low reflectivity is such
thatthiscannotbedoneto ahighdegreeof accuracy. The
problemstemsfrom the fact that the 94GHz radarwas
around10dB lesssensitive thanthe 35GHz whenthese
datawere taken, thus introducing large errors in DWR
when measuringcloseto its sensitivity limit. This was
dueto a technicalproblemthat hassincebeenrectified.
We have imposedtheconditionthat for anobservationto
beused,DWR mustbelargerthantwicethestandarderror
in DWR. Thisthresholdatanaltitudeof 7km is illustrated
by the dashedline in Fig. 6 andall pointsbelow this are
rejectedfor thepurposesof sizeandIWC measurement.

Thecloud-freelayerin themodelat around8km was
not observed in the radardata,and is due to the work-
ingsof thelarge-scalecloudandprecipitationschemes,in
whichIWC is calculatedeverytimestepsimplyasthetotal
watercontent(aprognosticvariable)minusthesaturation
vapordensity, with anallowancefor humidityfluctuations
over thegridbox(UKMO, personalcommunication).The
timestepfor theMesoscaleVersionof themodelis 5 min-
utes.An excessof ice is precipitatedout instantaneously,
sothat ice watercannotpersistin regionswheretherela-
tivehumidity is below a certaincritical value,evenif it is
falling from asaturatedlayerabove. In thiscasethemodel
relative humidity fell to around85%. In fact between9
and9.5 km thehorizontally-averaged35GHz reflectivity
exhibitedanincreasewith heightof about2dB in anoth-
erwisemonotonicallydecreasingprofile, indicatingthata
little evaporationwasoccuring.Theseobservationsillus-
tratea shortcomingin themodelthatmayhaveanimpact
on radiativeproperties.

For radiative calculationsthe modelprescribesanef-
fective radiusof 30 � m, but unfortunatelythecalculation
of this parameterfrom radar-derived D0 is particularly
sensitive to the assumedcrystal density, and our confi-
dencein densityis not sufficient to attemptany compar-
ison with the modelvalue. Radar-retrievedvaluesof D0

arehowevermorethananorderof magnitudegreaterthan
this value.

Wenext examinedtheprofileof radarandmicrophysi-
calpropertiesalongindividualfallstreaks.Figure7 shows
partof the35GHzreflectivity dataat thehighestavailable
resolutionof 75 metersand10 seconds,togetherwith the

trajectoriesof threefallstreaks. Thesewere derived by
first finding thetimesof themaximain Z35 ateachrange-
gate. A point nearcloud top wasselected,andthenthe
nearestmaximumat the next height down was chosen.
Thisprocesswasrepeatedthroughthedepthof thecloud,
andfinally afifth-orderpolynomialwasfitted throughthe
selectedpoints.In Fig. 8 thecorrespondingplotsof DWR
againstZ35, andD0 againstIWC havebeenplotted.It can
be seenthat in the evaporatingregion at cloud basethe
crystalstendto belargerfor a givenIWC comparedwith
thosein thebulk of thecloud. This is consistentwith the
ideathatthesmallestcrystalsevaporatefirst.

4. Conclusions

The potential of dual-wavelength radar for remote
measurementof crystalsize,andhenceof ice watercon-
tent,hasbeendemonstrated.Scatteringcalculationssug-
gestthat variationsin densityfrom cloud to cloud may
somewhat bias the results,althoughthis would also be
true of single-wavelengthestimatesof IWC. A discrep-
ancy betweenthecrystaldensitiesimplied by Brown and
Francis(1995)andFranciset al. (1998)hasbeenfound,
andit is not obviouswhich is themostappropriateto use
for radar. Thereis also the problemthat both werecal-
culatedto maximizetheagreementbetweentwo indepen-
dentmeasurementsof IWC, so arenot necessarilyvalid
for millimeter-sizedcrystalsthat can contribute signifi-
cantly to Z but very little to IWC. It is very important
thattheissueof densityis resolved,becauseof theimpli-
cationsfor this remotesensingtechniqueandothers,and
alsoin orderthat thedual-wavelengthmethodcanbeex-
tendedto makingestimatesof effective radius.Evidence
hasbeenpresentedto suggestthatoperatingtheradarsat
anelevationof 45� shouldgreatlyreducetheerrorsintro-
ducedby approximatingall crystalsas spheres,thereby
eliminating the needfor a priori knowledgeof the pre-
dominantcrystalhabit in thecloud.

Dual–wavelengthobservationsof a real cirrus cloud
havemeasuredmedianvolumediametersof upto 0.8mm,
andadistinctdifferencein thecrystalsizeat thebaseand
top of the cloud for a givenIWC wasobserved. It is ev-
ident that for useful,quantitative radarmeasurementsin
cirrus clouds, the instrumentsthemselves must be both
well calibratedand very sensitive. In this study DWR
wasobservedto approach0dB for reflectivity factorsbe-
low around � 20dBZ. Even with considerableaveraging
the94GHzradarhadaminimumdetectablereflectivity of
only around � 25dBZ at cirrusaltitudes,sorandomscat-
terof thedataattheselow signal-to-noiseratiosmadepre-
cisematchingof thetwo radarsin theRayleigh-scattering
cloudtopdifficult. It alsomeantthatmediandiametersof
lessthanaround200� m couldnotbemeasured,although
in future with both radarssensitive down to � 35dBZ it
shouldbepossibleto measurediametersof 100� m.

In thisverylimited comparisontheUKMO modelwas
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FIG. 7: High resolution35GHzreflectivity factorwith objectively-derived fallstreaksoverlayed.

found to perform reasonablywell in locating the cirrus
cloud,althoughthenatureof thelarge-scalecloudscheme
in the model is suchthat thereis a direct dependenceof
IWC on relative humidity. This meantthat layersof cir-
rus were formed in coincidencewith saturatedandsub-
saturatedlayerswhenin reality thecrystalsfell anappre-
ciabledistancethroughthesub-saturatedair, with only a
slightly detectabledecreasein reflectivity due to evapo-
ration. Cloud radarclearly hasa role to play in model
validation,althoughfor anobjectiveassessmentof model
performanceat leasta month-longdatasetof radarobser-
vationswould be required. Before this canhappenit is

essentialthat thedual-wavelengthtechniqueis itself val-
idated,by comparingretrievedsizeandIWC with simul-
taneousin situ measurementsby aircraft.

The useof 94GHz asthe shorterwavelengthis nec-
essaryfor ground-basedobservationsto keepgaseousat-
tenuationdown to an acceptablelevel, but sincemedian
volumediameterrarely exceeds1mm, the magnitudeof
thedual-wavelengthratio is generallylessthan4dB. Fur-
thermore,themeancrystalsizein asignificantfractionof
cirruscloudsis too low for the techniqueto work. From
spacehowever higherfrequenciesbecomeviable, which
hasanumberof advantages,themostpertinentfor adual-
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wavelengthsystembeinglarger(andhencemoremeasur-
able)valuesof DWR,whichin turnenablesmoreaccurate
sizemeasurementanda lower minimummeasurablesize
(HoganandIllingworth1999).
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