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Abstract

The three-dimensionaladarsimulationmodel (RSM) developedat the Univer-
sity of Bonnin cooperatiorwith the GermanWeatherService(Haaseand Crewell,
2000) hasbeenimplementedat the Finnish Meteorologicallnstitute (FMI). Using
predictedhydrometeorsind statevariablesfrom the High ResolutionLimited Area
Model (Hirlam), the RSMis ableto simulateradarreflectvity measurementsf ary
weatherradarsituatedwithin the modeldomain. The RSMis expectedto be useful
for (a) the validation,andhenceimprovementof mesoscalenodels,(b) monitoring
modelforecastsn realtime by comparingsimulatedadarimagego realonesand(c)
estimatingsomeof theerrorsrelatedto theretrieval of thesurfacerainratefrom radar
reflectvity measurementdn thefuturethe RSM mightbe usedin the context of the
variationalassimilationof radarreflectiity obserations.In thisreportwe presenthe
RSM model,its installationandits useasan independenpostprocessinglevice to
theHirlam system.In additionwe presenbriefly two casestudiesjn whichwe com-
paresimulatedandreal measurementir a C-bandradarin southernFinland. The
purposeis not to drav generalconclusionsaboutthe RSM itself, nor indeedabout
the Hirlam system put to give examplesof how thetechniquemight be usedin more

extensve studies.

Correspondenctn: G. Haase Meteorologicallnstitute,University of Bonn, Auf demHigel 20,
D-53121Bonn,Germary, email: ghaase@uni-bonn.de



1 Intr oduction

Precipitationis one of the fundamentaprocessesvithin the hydrologicalcycle. However, asa
parametehighly variablein spaceandtime, an accuratdorecastof the surfacerain rate by nu-
mericalweatherprediction(NWP) modelsis extremelydifficult. A reliableforecastis desirable
for several applicationdike evaporationstudies,soil and agriculturestudies,flood and erosion
forecastingandclimatologicalstatistics.Weatheradarnetworks arenovadaysoperatedy sev-
eralnationalweatherservicesandprovide measurementsf theradarreflectvity onregionalscale
andhigh time resolution(seefor exampleCollier (1995)andCrum et al. (1998)). Relatingthe
measuredeflectiities of the radarsamplingvolumeto the surfacerain ratecanleadto substan-
tial errorsof the orderof 200% (Austin, 1987), especiallyat distancedarger than 100 km. In
orderto reducethis error, raingaugenetworks areoftenusedto adjusttherain rateretrieved from
radarmeasurementgCollier, 1986). Due to the stochastimatureof precipitation,its unknavn
vertical structure andthe uncertairspatialrepresentatenesshis approactcanstill leadto major
uncertainties Neverthelesghe methodhasbeenusedfor along time dueto the absencef ary
alternatves.

State-of-the-arinesoscalaveatherforecastmodelshave now reacheda horizontalresolution
(< 10 km) which resolesmostprecipitationtypes,suchascorvective andorographicrain, and
which hasroughly the samespatialscaleas weatherradarproducts. For thesetypesof models
thetreatmenbf cloudsandprecipitation(convectionschemeshasto be evaluatedandoptimized.
Efforts have alreadybeenmadeto improve mesoscalanodel forecastsby assimilatingrainfall
fieldsobtainedrom acombinatiorof radarandraingauganeasuremenidonesandMacpherson,
1997). This issueprovesto be difficult dueto the strongnon-linearcouplingwith atmospheric
dynamicsandis still subjectof research.

Radardataarewell suitedfor the validationof high resolutionmesoscalenodelprecipitation
prediction,becausenly radarsrovide hightemporalandspatialresolutionover thewholemodel
domain.To assesthemodels accurag with radarmeasurementse try a newv approachlnstead
of corverting the radarreflectiities to rain ratesand comparingthesewith modelledprecipita-
tion fields, the measurementsf a radarare simulatedasthe beampropagateshroughthe three-
dimensionamodelspace.The advantageof the RSM techniqueareasfollows: a) a correction
of thevertical profile of reflectiity is not necessaryb) the propagatiorcharacteristiof theradar
beamdependingntheatmospheristateis takeninto accountandc) thethreedifferenthydrom-

eteortypesallow realisticreflectiity simulationswhichis essentiafor brightbandstudies.



Standardadarproductslike PPI (PlanPositionIndicator)and RHI (RangeHeight Indicator)
canbesimulatedrom theforecastanddirectly comparedvith theradarmeasuremeniThemajor
motivation for the study presentedereis to createa validationtool for quick comparisonf
simulatedradarreflectvities with obserationsof the FMI radars.

Thepaperis organizedasfollows. Section2 givesa detaileddescriptiorof theradarsimulation
model(RSM). Simulationresultsof two casestudiesor July 15,2000andDecembef.3,2000are
presentedh section3 andcomparedvith the measurementsf the C-bandradarin Vantaa(FMI).

Sectiond comprisesonclusionsaandanoutlook.

2 Radar Simulation Model

Most meteorologicatadarsarepulsedradarsthatis, electromagnetigvavesat fixed frequencies
aretransmittedrom adirectionalantennanto theatmospher@ arapidsuccessionf shortpulses.
Fig. 1 symbolicallydiagramsa directionalradarantennaemitting a pulseshapedeamof elec-
tromagneticenegy over the curved earthsuriaceandilluminating a portion of a meteorological
target. The returnedsignalfrom the transmittedpulseencounteringa weathertarget, called an
echo,hasan amplitude,a phaseanda polarization(Joe,1996). The amplitudeis usedtogether
with hardwarecharacteristicef theradarto determinea parametecalledthereflectancdactorZ
(hereaftereferredto asreflectiity). Thereflectvity is usedto estimatetheintensityof precipita-
tion throughthe so calledZ/R relation,which makesassumptionaboutthe drop-sizedistribution
(DSD) andtheterminalvelocity of the hydrometeors.

The simulationof radarreflectvities usingthree-dimensiondNWP model datainvolves two
stepg(Fig. 2):

e simulationof the radarbeampropagationncludingthe effectsof the earths curvatureand

atmosphericefraction

e determinatiorof radarreflectvity andattenuation.
2.1 Geometryof theradarbeam

The RSM considerghe curvatureof the radarbeamrelative to the earths surface. Atmospheric
refraction,dependingntheverticalstructureof temperaturehumidity, andpressurés commonly
parameterizety an effective earthradiusrg.ss = 4/3 rg (Doviak and Zrni¢, 1993)with rg

the true radiusof the earth. Due to the high spatialand temporalvariability of humidity and



temperaturen the lower tropospherewe calculatethe local refractionindex at eachgrid point
andthenuseSnell’s law for calculatingthe radarbeamcurvature. The resultsareillustratedin
Fig. 3 for two differentmodelruns,onefor acornvective summercaseg(July4,1994,12 UTC) and
onefor astratiformwinter case(January26, 1995,12 UTC). For two elevation anglestypical for
precipitationscangy = 0.5° andy = 1.0°), the altitudeabore meansealevel (asl) of theradar
ray asa function of distancefrom the radarhasbeencalculatedfor azimuthscans(PPI) with a
spacingof 1.0° in azimuthbetweerthe singleradarrays.

A high variability, especiallyfor the lower anglein the summercase,canbe obsered. At
a distanceof 100 km from the radarthe heightof the beamcanvary betweenl.3 and 1.7 km.
Differenceshetweenthe parameterizatiomndthe simulationare only significantfor the lower
elevation angle. Herethe parameterizatiomlways overestimateshe heightfor the summercase
while in thewinter casethereis, atleastfor the moredistantrangesa systematiainderestimation
of height. Obviously, the useof the parameterizatioeanleadto substantiakrrorsin the height
estimatiornof severalhundredmeterswhich canbecrucial,e.g.for thepositionof thebrightband.

A roughestimateof the atmospheriaefractioncan be obtainedfrom a methodproposedoy
Fabryetal. (1997). They usedthe changesn travel time of radarwavesbetweerknown ground

targets(clutter)anda Dopplerradarto derive thefield of the nearsurfacerefractionindex.
2.2 Electromagnetiinteractions

The RSMincludesthe mostimportantatmospheriénteractionsof anelectromagnetigvave with
hydrometeorse.g. backscatteringndattenuationFig. 4). Thethree-dimensiondields of rain
andsnav aswell ascloud condensatgredictedby Hirlam are usedfor calculatingthe volume
backscatteringind extinction crosssectionsof hydrometeorsgp.cr, and ke, respectiely, ac-
cordingto Mie (1908). The applicationof the Mie formulationinsteadof the commonlyused
Rayleighapproximationgives more accurateresultsespeciallyfor high frequenciesand larger
particlesaccordingto Ulaby etal. (1981).

The DSDsfor rain, snav, andcloud condensatare definedwithin the RSM, becauseurrent
parameterizationsf precipitationandcloudsin Hirlam do notincludeexplicit assumptionabout
these. For rain andsnawv we take exponentiallydistributed DSDs. Sincethereis no distinction
betweenliquid and solid cloud condensatén Hirlam, we separatéoth typesby a temperature
threshold. Several cloud studiesin differentregionsindicatethat at a cloud top temperaturef
—18°C almost90%of theobseredcloudscontainice (RogersandYau,1989).Suchatemperature

maybeacceptedsanapproximatedjuideto thelikelihoodof ice, but it shouldbeunderstoodhat



ice formationdependshot only on temperaturebut on cloud type, cloud age,andgeographical
location. In the RSM a cumulus(cirrostratus)PSD is assumedor cloud water (ice). All DSDs
usedin theRSMarelisted in Tah 1.

Thetotal extinction crosssectionk.,; is the sumof the extinction crosssectionsof the single
hydrometeotypesplustheextinction dueto theabsorptiorby theatmospherigasese.g. molec-
ular oxygen,watervapour andnitrogen. The lattertermis calculatedusingthe millimeter-wave
propagatiormodelfrom Liebeetal. (1993). Although several detailedparameterization@Jlaby
etal. (1981)andDoviak andZrni€ (1993))exist, mostoperationameasurement@assumea fixed
value;for example0.016dB/kmis currentlyusedfor the C-bandFinnishradarnetwork. Theerror
in the parameterizatioof the gasattenuatiorcanapproachl dB at 200 km distancecomparedo
thefixedvaluefor ahomogeneouatmospherénot shavn).

For anarbitraryradar therecevedpower P, [W] dueto backscatterinfrom volume-distriluted

incoherenscattererss givenby
R
P, = Crad =7 Vp Kback €xp | —2 / Keet AR | | QD
R4 0

whereC,..q4 [Mm?] istheradarconstantR [m] therangeto thescatteringzolume,andV,, [m?] the
pulsevolumeatarangeR. A relationshipbetweerthereceved pover andtheradarreflectivity Z
[mm®/m?], givenby Z = 1 SV, df, whered; is thediameterof theith particlein aunitvolumew
containingh, particles canbederivedassumingonly liquid particles!, pureRayleighscattering,
andno attenuatiorby atmospherigasesandhydrometeors

P
Pr = Crad R4 V;?]-O 10 |I(|2 (2)

where|K|? = 0.93 is the dimensionlessefractionconstanfor waterand\ is the wavelength
[cm]. Inserting(1) in (2) andsolvingfor Z yieldsanequatiorfor the simulatedreflectivity Z;,,

21 R
Lsim = 1010 |K|2 Kpack €XP ( 2/0 Kext dR,) . (3)

Thisis equivalentto the quantityshavn onthe commonradarimagesandwhichwill besimu-
latedby the RSM alonga singleradarbeam. Radarreflectiity is often expressedn logarithmic
termswith dBZ = 10 log19(Z).

For snawv we calculateanequivalentradiusaccordingo Ulaby etal. (1981).



3 CaseStudies

We appliedthe RSMto Hirlam outputin two casesandcomparedheresultswith radarmeasure-
ments. Oneof the casesvasa small, but intensesummertimecyclone moving rapidly north-
westwardfrom Ukraineto Swederbetweenluly 14 andJuly 16, 2000,giving heary shaversand
thunderstormsver southerrinlandon July 15, 2000(Fig. 5).

The othercasewas an occludingwinter-time frontal systemrelatedto a wide-spreadslowly-
moving low over the Norwegian Sea. Abundantrain fell over southernand easternFinlandon
Decembetd 3 andDecembed 4, 2000,whenthe occludingfront sweptover this areafrom WSW
to ENE (Fig. 6).

3.1 Radametwork of FMI

FMI operateseren5.6 GHz Dopplerradarsgdistributedasshavn in Fig. 7. Every 15minuteseach
radarscanghrougha setof full circlesat specifiedelevationangles.The horizontalresolutionis
1.0° in azimuthand500m in range.The Dopplereffectis usedto suppresgchosrom stationary
objectsin the signalprocessing.

In our studythe RSM wassetup to simulatethe radarat Vantaaocated83 m abore sealevel
atlatitude60.272 N andlongitude24.872 E. We consideffour scansatelevationanglesof 0.6°,
1.3°, 2.3°, and3.3°. Simplebox-areragingwasusedto transformthe radarreflectvities with a

resolutionof 0.5dBZ to therotatedat-lon grid of the modelfields.
3.2 RSMsetup

The RSM is mainly written in Fort r an90 languagewith someFortran77 extensions. It
containseightmoduleswith severalsubroutines.

Themodularstructureensureghat particularcomponentganbe replacedr addedn thecase
of furtherdevelopment.The RSM sourcecodeis organizedby ther sm f 90 routine. Thename
of theexecutabldile isr sm x which canbegeneratedisingthe UNIX nake utility.

AppendixA givesanovervien aboutthe RSM default configurationwhich canbe changedy
editingthefile par anmet er . i ncf.

All NWP modeldata(in Sl units)usedasinputfor theRSMin thisstudyarelistedin Tah 2. The

three-dimensiondleldsof pressureandgeopotentiahrecomputedoy internalHirlam routines.



3.3 Hirlam setup

We usedHirlam version5.0.0to generaténput for the RSM. Hirlam wasrun on 31 levelson the
areashavn in Fig. 7, with a horizontalresolutionof 0.1° (11.1km). Operationabnalysedrom
the FinnishENO suite— usingHirlam 4.6.20on a coinciding0.2° (22.2km) grid — were usedto
provide initial andboundaryconditions.

The input for the RSM includesvertical distributions of precipitationfluxes. Our versionof
RSM usesfour three-dimensiondields containingthe grid-scaleand corvective fluxesof liquid
andsolid precipitation,respectrely. Thesefluxesarecomputedn the STRACO moist physics,
but arenot availableasoutputin the referencesystem.We choseto storeaveragefluxesover 12
minutes(12 timesteps)n orderto smoothout ary unphysicalhigh-frequeng oscillations. The
implied changego thereferencecodearedescribedn AppendixB. They have no impacton the
forecast.

3.4 Results

The importanceaccountingfor the geometryandelectromagnetiinteractionsof the radarmea-
surements clearly seenin Fig. 8, shawing resultsfrom the summercasewith heary corvection
(15 July, 2000). Both panelsof the figure shaw distributionsof radarreflectiity asfunctionsof
altitudeandrange. However, the left handpanelshavs a simulatedmeasuremertty the Vantaa
radarsituatedin the lower left corner while the right handpanelshavs reflectvities depending
only on thelocal rain intensity aswould be obsered by anideal measuringlevice. Theimpor
tanceof the measuremerjeometryat low elevation anglesandbeamattenuatiorat long ranges
arebothvery obvious.

Fig. 9 shavs simulatedandmeasuredcandrom the Vantaaradar on July 15,2000at15UTC.
The echosarerelatedto corvectionin associatiorwith a small cyclonemoving rapidly from the
SE to the NW, seenin the schematicanalysisat 12 UTC (Fig. 5). The surface pressurewvas
well predictedin the Hirlam forecastinitiated on July 15, 2000at 0 UTC. Thereis no reasono
expectobsered andsimulatedechosto coincide. Rathera forecastmustbe consideredjood, if
it reproduceshe statisticsof the obsered distributions, andlarger scalefeatures suchasthose
relatedto the contrasthetweeriandandsea.ln the presentase Hirlam doesrealisticallydisplay
a minimum over the Gulf of Finland. However, the areacoveredby echosexceedinga given
thresholdseemdo be overestimatedt all elevationangles.

The sameoverpredictingis more systematicallydisplayedin Fig. 10. However, we foundthis



featureto be sensitie to theresolutionof Hirlam. Resultsfrom arunat0.2 (22.2km) resolution
actuallyagreednuchbetterwith the obserationsin this aspec{not shavn). However, the object
hereis to demonstratdiow the RSM can be usedto decideaboutmodel performancenot on

evaluatingor optimizingary particularmodel configuration.
Fig. 11 shavstime sequencesf reflectvitiesonDecembed 3, 2000.0nthisdaytheoccluding

frontal systemshaowvn in Fig. 6 passedver Finlandgiving abundantrainfall. The forecastfrom
0 UTC reproducedheobseredsurfacepressureatherwell, but themovementof therainfall area
wasa bit aheaddf scheduleWe suggesexaminingtime seriesfrom awholenetwork of radarsfor
evaluatingamodelforecasin realtime. Suchcompositédmageshasbeensimulatecby Meetschen
etal. (2000)for thedutchradarnetwork.

4 Conclusionsand outlook

We have describedhe implementatiorand use of the RSM as an independenpostprocessing
device of the Hirlam NWP system.On the exampleof two casestudieswe have shavn how we
think thatthe RSM couldbe appliedto modelvalidationandrealtime forecastverification.

We found no fundamentaltifficulties in applyingthe RSM to Hirlam, even at a resolutionas
coarseas0.2 (22.2km). In our summercase,for example,Hirlam tendedto overestimatehe
areacoveredby corvective precipitation.This wasimmediatelyseerby comparingsimulatedand
obseredechoesbut would have beenhardto detectusingraingaugeslone.

The RSM shouldbe especiallysuitedfor evaluatingcorvectionparameterizatioschemesbe-
causeradarmeasurementare the only sourceof abundantdataon the vertical distribution of
precipitation. This latter is closely relatedto the profiles of heatingand moisteningof the at-
mospherdyy cornvection,which onetriesto parameterizeFrom a forecastes point of view, the
vertical distribution of echosis alsoimportant,becausef its relationto the heightanddepthof
theclouds.

In the future the RSM may find importantemplg/mentin the context of dataassimilation.
Measuredadarreflectiities areone potentialsourceof the very small scaleinformationneeded
to initialize mesoscalenodels. Making useof this informationin a variationalframevork will

requireanoperatoiike the RSM, relatingthe modelstateto the obsenrations.

Adknowledgments.The RSM implementatiorat FMI hasbeenjointly fundedby COST 717 within the
framework of a short-termscientificmissionandby FMI itself.
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Appendix A RSM configuration

Parameter Default Description

scan ppi selectiorbetweertwo scanstratgies
(ppilrhi)

mode fmi simulationmodus(currently only fmi
is available)

inputfile_rad prefix of theradarobsenationfile

inputfile_hir prefix of theHirlam forecasfile

outputfilersm prefix of the RSM simulationfile

junk directorynamefor junk

dateini yyyymmdd dateof Hirlam initialization

time.ini hh hourof Hirlam initialization

hha,hhe hh start& endof RSM simulation[hrs]

ie 194 Hirlam gridpoints(gp) in zonaldir.

je 140 Hirlam gp in meridionaldirection

ke 31 Hirlam gpin verticaldirection

hir_splon 0 rotatediongitude[deg] of thesouthpole

hir_splat -30 rotatedlatitude[deg] of the southpole

west 2 rotatedlongitude[deg] of thelower
left corner

south -3 rotatedlatitude[deg] of the lower left
corner

dlon 0.1 longitudeinterval [deg]

dlat 0.1 latitudeinterval [deg]

dx 11111 horizontalgrid spacingm]

refsimth -32 reflectivity thresholddBZ] of theRSM
simulations

radmax 250000 maximumobs.rangeof eachradar[m]

el_ppi_tot 4 numberof azimuthscanswith different
elevationangles

el_ppi.ini elevationanglegdeg] of the
el_ppi_tot azimuthscans

azstartini 0 first azimuthangle[ 10~ *deg] to be
simulatedwith RSM

azstopini 3599 lastazimuthangle[10 ' deg] to be
simulatedwith RSM

azrhi_ini 0 azimuthangle[deg] of theelevation
scan

elstartini 0 first elevationangle[deg] to be

simulatedwith RSM

10



Parameter Default Description

elstopini 90 lastelevationangle[deg] to be
simulatedwith RSM

Izr false.  calculatgno) Z/R relation

Iskill false.  calculate(no)skillscores

ierad 360 numberof radargpin zonaldir. (not
in useat FMI)

jerad 360 numberof radargpin meridionaldir.

(notin useat FMI)

nsite 7 numberof radarsites

iloc 1 index of theradarto be simulatedwith
RSM

refradth -32 reflectivity thresholddBZ] of the
radarobsenations

cloc namesf theradarlocations

freq transmitfreqgencie§GHz]

xstart longitudeqdeg] of theradarantennas

ystart latitudes[deg] of theradarantennas

zstart radarantennaeightsasl[m]

AppendixB Madifications to Hirlam 5.0.0

Ontopof surfacepressuresuriacegeopotential(screen-leel) temperature(screen-leel) specific
humidity and cloud condensatethe RSM usesthree-dimensionadlistributions of precipitation
fluxes(Tah 2). It makesa distinctionbetweerlarge scaleandcorvective fluxesof bothrain and

snaw, sofour additionalfieldsareneededAll thesefluxesarecomputedn the STRACO scheme,
andthusonly minor modificationsare neededo storethem. Our choicewasto simply replace
the alreadyexisting total precipitationflux by its four componentsThe routinesaffectedby this

changeare PREVAP, CONDS, ACONDS, PHYS, and PHTASK in thelibrary phys. Outsidethis

library, thefluxesarestoredin the genericarray SACDG of the diagnostigpackage This involves

adjustmentso theroutinesgr dy/ GEM NI aswell aspr po/ POSTPP.

The only non-trivial modificationconcernsthe accumulatiortime usedfor the precipitation
fluxes.A radarcompletests scanpatternin amatterof minutes soin principleit would belogical
to compargheradarmeasuremertb instantaneousodelfields. In practiceit may be preferable
to integratethemodelfluxesover severaltime stepssoasto filter outary spurioushighfrequenyg
oscillationsthatmay occur We choseto integrateover 12 timestepsequvalentto 12 minutesin

our setup. Technically this wasachiezed by periodicallyresettingthe accumulategbrecipitation

11



fluxesin theroutinegr dy/ GEM NI .

Storing all the fields neededby the RSM modelis clearly the most straightforward way to
handletheinterfaceto Hirlam, but it is nottheonly way. Thetotal precipitationflux atmodellevels
is alreadyavailablein thereferencesystemandthe partitioninginto thefour componentgsouldbe
madeinsidethe RSM. In STRACO thedistinctionbetweerrain andsnav is madediagnostically
andthe sameschemecould be appliedin the RSM aswell. The partitioninginto corvective and

stratiformprecipitationcouldbe achiezed usingthe relevantfields of precipitationat the surface.
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Tables

Table 1. Hydrometeotypesconsideredn theRSM.

Hydrometeotype

Reference

DSD

Cloudwater(cu)
Cloudice (cs)

ChylekandRamasvamy[1982]
Ulaby etal. [1981]

mod.gamma

mod.gamma

Raindrops MarshallandPalmer[1948] exponential

Snaow crystals GunnandMarshall[1958] exponential

Hail Douglas[1964] exponential

Table 2. NWP modeldatausedasinputfor theRSM.

NWP variable Level-type
Temperature full modellevels
Screen-lgeltemperature 2m height
Specifichumidity full modellevels
Screen-lgel specifichumidity 2mheight
Specificcloudcondensate full modellevels
Surfacepressure surface
Surfacegeopotential surface

Large scaleprecipitation
Corvective precipitation
Largescalesnav

Corvective snowv

half modellevels
half modellevels
half modellevels
half modellevels




Figure Captions

Fig. 1. Propagatiorof electromagnetiavavesthroughthe atmospheréor a pulseweatheradar Note: h,

is the heightof theantennaover the earths surface, R is the range,h/2 is thelengthof the pulseand H is

the heightof the pulseabove the earths surface. The figureis drawvn with aradiusof 4/3 timestheradius
of the earthto accountfor the refractioneffectsof the atmosphereln this representatiorthe radarbeam
travelsin straightlines (Joe,1996).

Fig. 2. Simulationof radarreflectvities usingthree-dimensiond\WP modeldata(basicstructureof the
RSM).

Fig. 3. Altitude of theradarbeamfor a corvective summercase(July 4, 1994)anda stratiformwinter case
(January26,1995). Two PPIscansawith 1.0° resolutionsimulatedby the RSM areshovn. The scanshave
anelevationangleof 0.5° (darkgray)and1.0° (light gray), respectiely. The long dashedine marksthe
parameterizatioby aneffective earthradius.

Fig. 4. Simulationof radarreflectvities andattenuatiorin the RSM usingthree-dimensiondiWP model
data.

Fig. 5. Synopticalsituationanalyzedon July 15,2000at 12 UTC.

Fig. 6. Synopticalsituationanalyzedbn Decembed3,2000at12 UTC.

Fig. 7. Locationandorographym] of the Hirlam domainasusedin this study Themeasurememadiusof
eachradaris indicatedby a 250km circle.

Fig. 8. Radarreflectiities asfunction of altitudeandrangeon July 15,2000at 15 UTC, for Vantaaradar
situatedin the lower left corner(scanningnorthward): valuessimulatedwith the RSM (left) and values
derivedfrom the Hirlam local precipitationintensitiesapplyingthe operationalZ/R relationZ = 316 R,

aswould be obsenedby anidealmeasuringlevice (right). The solid line (right) marksregionswith snav

rateslargerthan0 mm/h.

Fig. 9. Comparisorof radarreflectvitieson July 15,2000at 15 UTC simulatedwvith theRSM (upperpanel)
andvaluesmeasuredy theradarlocatedin Vantaalower panel)for PPIscanswith four differentelevation
angleg(0.6°,1.3°, 2.3°, 3.3°).



Fig. 10. Histogramof the simulated(dark gray) and obsened reflectvities (light gray) within a 250 km
circle aroundtheradarlocatedin Vantaaon July 15,2000at 15 UTC. TheelevationanglewasO0.6°.

Fig. 11. Comparisorof radarreflectvities on Decembefl3,2000at 12, 14,16 and18 UTC simulatedwith
the RSM (upperpanel)andvaluesmeasuredy the radarlocatedin Vantaa(lower panel)for a PPl scan

with anelevationangleof 0.6°.
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Fig. 1. Propagatiorof electromagnetiavavesthroughthe atmospheréor a pulseweatheradar Note: h,
is the heightof theantennaover the earths surface, R is therange,h/2 is the lengthof the pulseand H is
the heightof the pulseabove the earths surface. The figureis dravn with aradiusof 4/3 timestheradius
of the earthto accountfor the refractioneffectsof the atmosphereln this representatiorthe radarbeam

travelsin straightlines (Joe,1996).
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Fig. 2. Simulationof radarreflectvities usingthree-dimensiondlWP modeldata(basicstructureof the

RSM).
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Fig. 3. Altitude of theradarbeamfor a convective summercase(July 4, 1994)anda stratiformwinter case
(January26,1995). Two PPIscanswith 1.0° resolutionsimulatedby the RSM areshowvn. The scanshave
an elevationangleof 0.5° (darkgray)and1.(° (light gray), respectiely. The long dashedine marksthe
parameterizatioby aneffective earthradius.
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Fig. 4. Simulationof radarreflectvities andattenuatiorin the RSM usingthree-dimensionalWP model
data.



Fig. 5. Synopticalsituationanalyzecn July 15,2000at 12 UTC.

Fig. 6. Synopticalsituationanalyzedbn Decembed3,2000at12 UTC.



Fig. 7. Locationandorography[m] of theHirlam domainasusedin this study Themeasuremerradiusof
eachradaris indicatedby a 250km circle.
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Fig. 8. Radarreflectvities asfunction of altitudeandrangeon July 15,2000at 15 UTC, for Vantaaradar
situatedin the lower left corner(scanningnorthward): valuessimulatedwith the RSM (left) and values
derivedfrom the Hirlam local precipitationintensitiesapplyingthe operationalZ/R relation ,

aswould be obseredby anidealmeasuringlevice (right). Thesolid line (right) marksregionswith snow
rateslargerthan0 mm/h.
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Fig. 9. Comparisorof radarreflectvitieson July 15,2000at 15 UTC simulatedwvith theRSM (upperpanel)
andvaluesmeasuredy theradarocatedin Vantaalower panel)for PPIscanswith four differentelevation

angleg , , , ).
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Fig. 10. Histogramof the simulated(dark gray) and obsened reflectiities (light gray) within a 250 km
circle aroundtheradarlocatedin Vantaaon July 15,2000at 15 UTC. TheelevationanglewasO0.6 .
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Fig. 11. Comparisorof radarreflectvities on Decembefd 3,2000at 12, 14,16 and18 UTC simulatedwith
the RSM (upperpanel)andvaluesmeasuredy the radarlocatedin Vantaa(lower panel)for a PPl scan

with anelevationangleof 0.6 .



