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Abstract

The three-dimensionalradarsimulationmodel(RSM) developedat the Univer-

sity of Bonn in cooperationwith the GermanWeatherService(HaaseandCrewell,

2000)hasbeenimplementedat the Finnish MeteorologicalInstitute (FMI). Using

predictedhydrometeorsandstatevariablesfrom the High ResolutionLimited Area

Model (Hirlam), theRSM is ableto simulateradarreflectivity measurementsof any

weatherradarsituatedwithin themodeldomain. TheRSM is expectedto beuseful

for (a) the validation,andhenceimprovementof mesoscalemodels,(b) monitoring

modelforecastsin realtimeby comparingsimulatedradarimagesto realones,and(c)

estimatingsomeof theerrorsrelatedto theretrieval of thesurfacerainratefrom radar

reflectivity measurements.In thefuturetheRSM mightbeusedin thecontext of the

variationalassimilationof radarreflectivity observations.In thisreportwepresentthe

RSM model,its installationandits useasan independentpostprocessingdevice to

theHirlam system.In additionwepresentbriefly two casestudies,in whichwecom-

paresimulatedandreal measurementsfor a C-bandradarin southernFinland. The

purposeis not to draw generalconclusionsaboutthe RSM itself, nor indeedabout

theHirlam system,but to give examplesof how thetechniquemightbeusedin more

extensivestudies.

Correspondenceto: G. Haase,MeteorologicalInstitute,Universityof Bonn,Auf demHügel20,
D-53121Bonn,Germany, email: ghaase@uni-bonn.de
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1 Intr oduction

Precipitationis oneof the fundamentalprocesseswithin the hydrologicalcycle. However, asa

parameterhighly variablein spaceandtime, anaccurateforecastof thesurfacerain rateby nu-

mericalweatherprediction(NWP) modelsis extremelydifficult. A reliableforecastis desirable

for several applicationslike evaporationstudies,soil andagriculturestudies,flood anderosion

forecasting,andclimatologicalstatistics.Weatherradarnetworksarenowadaysoperatedby sev-

eralnationalweatherservicesandprovidemeasurementsof theradarreflectivity onregionalscale

andhigh time resolution(seefor exampleCollier (1995)andCrum et al. (1998)). Relatingthe

measuredreflectivities of theradarsamplingvolumeto thesurfacerain ratecanleadto substan-

tial errorsof the orderof 200%(Austin, 1987),especiallyat distanceslarger than100 km. In

orderto reducethis error, raingaugenetworksareoftenusedto adjusttherain rateretrievedfrom

radarmeasurements(Collier, 1986). Due to the stochasticnatureof precipitation,its unknown

verticalstructure,andtheuncertainspatialrepresentativenessthisapproachcanstill leadto major

uncertainties.Neverthelessthemethodhasbeenusedfor a long time dueto theabsenceof any

alternatives.

State-of-the-artmesoscaleweatherforecastmodelshave now reacheda horizontalresolution

(
�

10 km) which resolvesmostprecipitationtypes,suchasconvective andorographicrain, and

which hasroughly the samespatialscaleasweatherradarproducts.For thesetypesof models

thetreatmentof cloudsandprecipitation(convectionschemes)hasto beevaluatedandoptimized.

Efforts have alreadybeenmadeto improve mesoscalemodel forecastsby assimilatingrainfall

fieldsobtainedfrom acombinationof radarandraingaugemeasurements(JonesandMacpherson,

1997). This issueproves to be difficult dueto the strongnon-linearcouplingwith atmospheric

dynamicsandis still subjectof research.

Radardataarewell suitedfor thevalidationof high resolutionmesoscalemodelprecipitation

prediction,becauseonly radarsprovidehightemporalandspatialresolutionover thewholemodel

domain.To assessthemodel’s accuracy with radarmeasurementswe try anew approach.Instead

of converting the radarreflectivities to rain ratesandcomparingthesewith modelledprecipita-

tion fields, themeasurementsof a radararesimulatedasthebeampropagatesthroughthe three-

dimensionalmodelspace.Theadvantagesof theRSM techniqueareasfollows: a) a correction

of theverticalprofileof reflectivity is notnecessary, b) thepropagationcharacteristicof theradar

beamdependingon theatmosphericstateis takeninto account,andc) thethreedifferenthydrom-

eteortypesallow realisticreflectivity simulations,which is essentialfor brightbandstudies.
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Standardradarproductslike PPI (PlanPositionIndicator)andRHI (RangeHeight Indicator)

canbesimulatedfrom theforecastanddirectlycomparedwith theradarmeasurement.Themajor

motivation for the study presentedhereis to createa validation tool for quick comparisonsof

simulatedradarreflectivitieswith observationsof theFMI radars.

Thepaperis organizedasfollows. Section2 givesadetaileddescriptionof theradarsimulation

model(RSM).Simulationresultsof two casestudiesfor July15,2000andDecember13,2000are

presentedin section3 andcomparedwith themeasurementsof theC-bandradarin Vantaa(FMI).

Section4 comprisesconclusionsandanoutlook.

2 Radar Simulation Model

Most meteorologicalradarsarepulsedradars,that is, electromagneticwavesat fixedfrequencies

aretransmittedfromadirectionalantennainto theatmospherein arapidsuccessionof shortpulses.

Fig. 1 symbolicallydiagramsa directionalradarantennaemittinga pulseshapedbeamof elec-

tromagneticenergy over thecurved earthsurfaceandilluminating a portionof a meteorological

target. The returnedsignal from the transmittedpulseencounteringa weathertarget, calledan

echo,hasanamplitude,a phase,anda polarization(Joe,1996). Theamplitudeis usedtogether

with hardwarecharacteristicsof theradarto determineaparametercalledthereflectancefactor �
(hereafterreferredto asreflectivity). Thereflectivity is usedto estimatetheintensityof precipita-

tion throughthesocalledZ/R relation,which makesassumptionsaboutthedrop-sizedistribution

(DSD)andtheterminalvelocityof thehydrometeors.

The simulationof radarreflectivities usingthree-dimensionalNWP modeldatainvolves two

steps(Fig. 2):� simulationof theradarbeampropagationincludingtheeffectsof theearth’s curvatureand

atmosphericrefraction� determinationof radarreflectivity andattenuation.

2.1 Geometryof theradarbeam

TheRSM considersthecurvatureof the radarbeamrelative to theearth’s surface. Atmospheric

refraction,dependingontheverticalstructureof temperature,humidity, andpressureis commonly

parameterizedby an effective earthradius � � ��� � 	 
 � � � � (Doviak andZrnić, 1993)with � �
the true radiusof the earth. Due to the high spatialand temporalvariability of humidity and

3



temperaturein the lower troposphere,we calculatethe local refractionindex at eachgrid point

andthenuseSnell’s law for calculatingthe radarbeamcurvature. The resultsareillustratedin

Fig. 3 for two differentmodelruns,onefor aconvectivesummercase(July4, 1994,12UTC) and

onefor a stratiformwinter case(January26,1995,12 UTC). For two elevationanglestypical for

precipitationscans( 
 � � ��� � and 
 � � ��� � ), thealtitudeabove meansealevel (asl)of theradar

ray asa function of distancefrom the radarhasbeencalculatedfor azimuthscans(PPI) with a

spacingof � ��� � in azimuthbetweenthesingleradarrays.

A high variability, especiallyfor the lower anglein the summercase,can be observed. At

a distanceof 100 km from the radarthe heightof the beamcanvary between1.3 and1.7 km.

Differencesbetweenthe parameterizationandthe simulationareonly significantfor the lower

elevationangle. Heretheparameterizationalwaysoverestimatestheheightfor thesummercase

while in thewintercasethereis, at leastfor themoredistantranges,asystematicunderestimation

of height. Obviously, theuseof theparameterizationcanleadto substantialerrorsin theheight

estimationof severalhundredmeters,whichcanbecrucial,e.g.for thepositionof thebrightband.

A roughestimateof the atmosphericrefractioncanbe obtainedfrom a methodproposedby

Fabryet al. (1997). They usedthechangesin travel time of radarwavesbetweenknown ground

targets(clutter)andaDopplerradarto derive thefield of thenear-surfacerefractionindex.

2.2 Electromagneticinteractions

TheRSM includesthemostimportantatmosphericinteractionsof anelectromagneticwave with

hydrometeors,e.g. backscatteringandattenuation(Fig. 4). The three-dimensionalfieldsof rain

andsnow aswell ascloud condensatepredictedby Hirlam areusedfor calculatingthe volume

backscatteringand extinction crosssectionsof hydrometeors,� ������� and � �! �" , respectively, ac-

cording to Mie (1908). The applicationof the Mie formulation insteadof the commonlyused

Rayleighapproximationgives moreaccurateresultsespeciallyfor high frequenciesand larger

particlesaccordingto Ulabyetal. (1981).

TheDSDsfor rain, snow, andcloudcondensatearedefinedwithin theRSM, becausecurrent

parameterizationsof precipitationandcloudsin Hirlam donot includeexplicit assumptionsabout

these.For rain andsnow we take exponentiallydistributedDSDs. Sincethereis no distinction

betweenliquid andsolid cloud condensatein Hirlam, we separateboth typesby a temperature

threshold. Several cloud studiesin different regionsindicatethat at a cloud top temperatureof# $ % & Calmost90%of theobservedcloudscontainice(RogersandYau,1989).Suchatemperature

maybeacceptedasanapproximatedguideto thelikelihoodof ice,but it shouldbeunderstoodthat
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ice formationdependsnot only on temperature,but on cloud type,cloud age,andgeographical

location. In theRSM a cumulus(cirrostratus)DSD is assumedfor cloudwater(ice). All DSDs

usedin theRSMarelisted in Tab. 1.

Thetotal extinction crosssection' (!)�* is thesumof theextinction crosssectionsof thesingle

hydrometeortypesplustheextinctiondueto theabsorptionby theatmosphericgases,e.g.molec-

ular oxygen,watervapour, andnitrogen.The latter termis calculatedusingthemillimeter-wave

propagationmodelfrom Liebeet al. (1993). Althoughseveraldetailedparameterizations(Ulaby

et al. (1981)andDoviak andZrnić (1993))exist, mostoperationalmeasurementsassumea fixed

value;for example0.016dB/kmis currentlyusedfor theC-bandFinnishradarnetwork. Theerror

in theparameterizationof thegasattenuationcanapproach1 dB at200km distancecomparedto

thefixedvaluefor ahomogeneousatmosphere(notshown).

For anarbitraryradar, thereceivedpower + , [W] dueto backscatteringfromvolume-distributed

incoherentscatterersis givenby- . / 0 .21�3 45 6 7 8 9 : 1�;�< = > ? @ A B C DE 9 F!G�H I J K�L M (1)

whereN O2P�Q [m R ] is theradarconstant,J [m] therangeto thescatteringvolume,and S T [m U ] the

pulsevolumeatarangeJ . A relationshipbetweenthereceivedpower andtheradarreflectivity V
[mmW /mU ], givenby V X YZ [ \ ]^`_ Y I W^ , whereI ^ is thediameterof the a th particlein aunit volume b
containingc Z particles,canbederivedassumingonly liquid particles1, pureRayleighscattering,

andnoattenuationby atmosphericgasesandhydrometeorsd O X N O2P�Q eJ f S T e g h Y E i jk f lnm l R V M (2)

where lnm l R X g o�p q is thedimensionlessrefractionconstantfor waterand
k

is thewavelength

[cm]. Inserting(1) in (2) andsolvingfor r yieldsanequationfor thesimulatedreflectivity r s�tvu
r s�tvu w x y z2{ | }~ � x�n� �n� � ������� � � � � � � � �{ � �!��� � � �v� � (3)

This is equivalentto thequantityshown onthecommonradarimages,andwhichwill besimu-

latedby theRSM alonga singleradarbeam.Radarreflectivity is oftenexpressedin logarithmic

termswith � � � � � � ���   ¡2¢ £�� ¤ .
1For snow wecalculateanequivalentradiusaccordingto Ulabyet al. (1981).

5



3 CaseStudies

We appliedtheRSMto Hirlam outputin two casesandcomparedtheresultswith radarmeasure-

ments. Oneof the caseswasa small, but intensesummertimecyclonemoving rapidly north-

westwardfrom Ukraineto SwedenbetweenJuly14andJuly 16,2000,giving heavy showersand

thunderstormsover southernFinlandonJuly15,2000(Fig. 5).

The othercasewasan occludingwinter-time frontal systemrelatedto a wide-spreadslowly-

moving low over the Norwegian Sea. Abundantrain fell over southernandeasternFinlandon

December13 andDecember14,2000,whentheoccludingfront sweptover thisareafrom WSW

to ENE(Fig. 6).

3.1 Radarnetwork of FMI

FMI operatesseven5.6GHzDopplerradars,distributedasshown in Fig.7. Every15minuteseach

radarscansthrougha setof full circlesat specifiedelevationangles.Thehorizontalresolutionis¥ ¦�§ ¨
in azimuthand500m in range.TheDopplereffect is usedto suppressechosfrom stationary

objectsin thesignalprocessing.

In our studytheRSM wassetup to simulatetheradarat Vantaa,located83 m above sealevel

at latitude60.271© N andlongitude24.872© E. Weconsiderfour scansatelevationanglesof ª «�¬ ­ ,® «�¯ ­ , ° «�¯ ­ , and ¯ «�¯ ­ . Simplebox-averagingwasusedto transformthe radarreflectivities with a

resolutionof 0.5dBZ to therotatedlat-longrid of themodelfields.

3.2 RSM setup

The RSM is mainly written in Fortran90 languagewith someFortran77 extensions. It

containseightmoduleswith severalsubroutines.

Themodularstructureensuresthatparticularcomponentscanbereplacedor addedin thecase

of furtherdevelopment.TheRSM sourcecodeis organizedby thersm.f90 routine.Thename

of theexecutablefile is rsm.x which canbegeneratedusingtheUNIX make utility.

AppendixA givesanoverview abouttheRSMdefault configuration,whichcanbechangedby

editingthefile parameter.incf.

All NWPmodeldata(in SI units)usedasinputfor theRSMin thisstudyarelistedin Tab. 2. The

three-dimensionalfieldsof pressureandgeopotentialarecomputedby internalHirlam routines.
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3.3 Hirlam setup

We usedHirlam version5.0.0to generateinput for theRSM.Hirlam wasrun on 31 levelson the

areashown in Fig. 7, with a horizontalresolutionof 0.1± (11.1km). Operationalanalysesfrom

theFinnishENO suite– usingHirlam 4.6.2on a coinciding0.2² (22.2km) grid – wereusedto

provide initial andboundaryconditions.

The input for the RSM includesvertical distributionsof precipitationfluxes. Our versionof

RSM usesfour three-dimensionalfieldscontainingthegrid-scaleandconvective fluxesof liquid

andsolid precipitation,respectively. Thesefluxesarecomputedin theSTRACO moist physics,

but arenot availableasoutputin thereferencesystem.We choseto storeaveragefluxesover 12

minutes(12 timesteps)in order to smoothout any unphysicalhigh-frequency oscillations. The

implied changesto thereferencecodearedescribedin AppendixB. They have no impacton the

forecast.

3.4 Results

The importanceaccountingfor thegeometryandelectromagneticinteractionsof the radarmea-

surementis clearlyseenin Fig. 8, showing resultsfrom thesummercasewith heavy convection

(15 July, 2000). Both panelsof thefigureshow distributionsof radarreflectivity asfunctionsof

altitudeandrange.However, the left handpanelshows a simulatedmeasurementby theVantaa

radarsituatedin the lower left corner, while the right handpanelshows reflectivities depending

only on the local rain intensity, aswould beobservedby an idealmeasuringdevice. The impor-

tanceof themeasurementgeometryat low elevationanglesandbeamattenuationat long ranges

arebothvery obvious.

Fig. 9 showssimulatedandmeasuredscansfrom theVantaaradar onJuly15,2000at15UTC.

Theechosarerelatedto convectionin associationwith a smallcyclonemoving rapidly from the

SE to the NW, seenin the schematicanalysisat 12 UTC (Fig. 5). The surfacepressurewas

well predictedin theHirlam forecastinitiatedon July 15, 2000at 0 UTC. Thereis no reasonto

expectobservedandsimulatedechosto coincide. Rathera forecastmustbeconsideredgood,if

it reproducesthestatisticsof the observed distributions,andlarger scalefeatures,suchasthose

relatedto thecontrastbetweenlandandsea.In thepresentcase,Hirlam doesrealisticallydisplay

a minimum over the Gulf of Finland. However, the areacoveredby echosexceedinga given

thresholdseemsto beoverestimatedatall elevationangles.

Thesameoverpredictingis moresystematicallydisplayedin Fig. 10. However, we foundthis
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featureto besensitive to theresolutionof Hirlam. Resultsfrom arunat0.2³ (22.2km) resolution

actuallyagreedmuchbetterwith theobservationsin thisaspect(not shown). However, theobject

hereis to demonstratehow the RSM can be usedto decideaboutmodelperformance,not on

evaluatingor optimizingany particularmodel configuration.

Fig.11showstimesequencesof reflectivitiesonDecember13, 2000.Onthisdaytheoccluding

frontal systemshown in Fig. 6 passedover Finlandgiving abundantrainfall. The forecastfrom

0 UTC reproducedtheobservedsurfacepressureratherwell, but themovementof therainfall area

wasabit aheadof schedule.Wesuggestexaminingtimeseriesfrom awholenetwork of radarsfor

evaluatingamodelforecastin realtime. Suchcompositeimageshasbeensimulatedby Meetschen

etal. (2000)for thedutchradarnetwork.

4 Conclusionsand outlook

We have describedthe implementationanduseof the RSM asan independentpostprocessing

device of theHirlam NWP system.On theexampleof two casestudieswe have shown how we

think thattheRSMcouldbeappliedto modelvalidationandrealtime forecastverification.

We found no fundamentaldifficulties in applyingtheRSM to Hirlam, even at a resolutionas

coarseas0.2́ (22.2km). In our summercase,for example,Hirlam tendedto overestimatethe

areacoveredby convectiveprecipitation.Thiswasimmediatelyseenby comparingsimulatedand

observedechoes,but wouldhavebeenhardto detectusingraingaugesalone.

TheRSM shouldbeespeciallysuitedfor evaluatingconvectionparameterizationschemes,be-

causeradarmeasurementsare the only sourceof abundantdataon the vertical distribution of

precipitation. This latter is closely relatedto the profiles of heatingand moisteningof the at-

mosphereby convection,which onetries to parameterize.Froma forecaster’s point of view, the

verticaldistribution of echosis alsoimportant,becauseof its relationto theheightanddepthof

theclouds.

In the future the RSM may find importantemployment in the context of dataassimilation.

Measuredradarreflectivities areonepotentialsourceof thevery smallscaleinformationneeded

to initialize mesoscalemodels. Making useof this informationin a variationalframework will

requireanoperatorlike theRSM,relatingthemodelstateto theobservations.

Acknowledgements.The RSM implementationat FMI hasbeenjointly fundedby COST717 within the

framework of ashort-termscientificmissionandby FMI itself.
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Appendix A RSM configuration

Parameter Default Description

scan ppi selectionbetweentwo scanstrategies

(ppi/rhi)

mode fmi simulationmodus(currently, only fmi

is available)

inputfile rad prefixof theradarobservationfile

inputfile hir prefixof theHirlam forecastfile

outputfile rsm prefixof theRSMsimulationfile

junk directorynamefor junk

dateini yyyymmdd dateof Hirlam initialization

time ini hh hourof Hirlam initialization

hha,hhe hh start& endof RSMsimulation[hrs]

ie 194 Hirlam gridpoints(gp) in zonaldir.

je 140 Hirlam gp in meridionaldirection

ke 31 Hirlam gp in verticaldirection

hir splon 0 rotatedlongitude[deg] of thesouthpole

hir splat -30 rotatedlatitude[deg] of thesouthpole

west 2 rotatedlongitude[deg] of thelower

left corner

south -3 rotatedlatitude[deg] of thelower left

corner

dlon 0.1 longitudeinterval [deg]

dlat 0.1 latitudeinterval [deg]

dx 11111 horizontalgrid spacing[m]

refsimth -32 reflectivity threshold[dBZ] of theRSM

simulations

radmax 250000 maximumobs.rangeof eachradar[m]

el ppi tot 4 numberof azimuthscanswith different

elevationangles

el ppi ini elevationangles[deg] of the

el ppi tot azimuthscans

azstartini 0 first azimuthangle[ µ�¶ · ¸ deg] to be

simulatedwith RSM

azstopini 3599 lastazimuthangle[ µ�¶ · ¸ deg] to be

simulatedwith RSM

az rhi 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

lzr .false. calculate(no) Z/R relation

lskill .false. calculate(no) skillscores

ierad 360 numberof radargp in zonaldir. (not

in useatFMI)

jerad 360 numberof radargp in meridionaldir.

(not in useat FMI)

nsite 7 numberof radarsites

iloc 1 index of theradarto besimulatedwith

RSM

refradth -32 reflectivity threshold[dBZ] of the

radarobservations

cloc namesof theradarlocations

freq transmitfreqencies[GHz]

xstart longitudes[deg] of theradarantennas

ystart latitudes[deg] of theradarantennas

zstart radarantennaheightsasl[m]

Appendix B Modifications to Hirlam 5.0.0

Ontopof surfacepressure,surfacegeopotential,(screen-level) temperature,(screen-level) specific

humidity and cloud condensate,the RSM usesthree-dimensionaldistributions of precipitation

fluxes(Tab. 2). It makesa distinctionbetweenlargescaleandconvective fluxesof bothrain and

snow, sofour additionalfieldsareneeded.All thesefluxesarecomputedin theSTRACOscheme,

andthusonly minor modificationsareneededto storethem. Our choicewasto simply replace

thealreadyexisting total precipitationflux by its four components.Theroutinesaffectedby this

changearePREVAP, CONDS, ACONDS, PHYS, andPHTASK in the library phys. Outsidethis

library, thefluxesarestoredin thegenericarraySACDG of thediagnosticpackage.This involves

adjustmentsto theroutinesgrdy/GEMINI aswell asprpo/POSTPP.

The only non-trivial modificationconcernsthe accumulationtime usedfor the precipitation

fluxes.A radarcompletesits scanpatternin amatterof minutes,soin principleit wouldbelogical

to comparetheradarmeasurementto instantaneousmodelfields. In practiceit maybepreferable

to integratethemodelfluxesoverseveraltimestepssoasto filter outany spurioushighfrequency

oscillationsthatmayoccur. We choseto integrateover 12 timesteps,equivalentto 12 minutesin

our setup.Technically, this wasachievedby periodicallyresettingtheaccumulatedprecipitation
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fluxesin theroutinegrdy/GEMINI.

Storingall the fields neededby the RSM model is clearly the moststraightforward way to

handletheinterfacetoHirlam,but it isnottheonlyway. Thetotalprecipitationflux atmodellevels

is alreadyavailablein thereferencesystem,andthepartitioninginto thefour componentscouldbe

madeinsidetheRSM.In STRACOthedistinctionbetweenrain andsnow is madediagnostically,

andthesameschemecouldbeappliedin theRSM aswell. Thepartitioninginto convective and

stratiformprecipitationcouldbeachievedusingtherelevantfieldsof precipitationat thesurface.
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Tables

Table1. Hydrometeortypesconsideredin theRSM.

Hydrometeortype Reference DSD

Cloudwater(cu) ChylekandRamaswamy[1982] mod.gamma

Cloudice (cs) Ulaby etal. [1981] mod.gamma

Raindrops MarshallandPalmer[1948] exponential

Snow crystals GunnandMarshall[1958] exponential

Hail Douglas[1964] exponential

Table2. NWPmodeldatausedasinput for theRSM.

NWPvariable Level-type

Temperature full modellevels

Screen-level temperature 2m height

Specifichumidity full modellevels

Screen-level specifichumidity 2m height

Specificcloudcondensate full modellevels

Surfacepressure surface

Surfacegeopotential surface

Largescaleprecipitation half modellevels

Convectiveprecipitation half modellevels

Largescalesnow half modellevels

Convectivesnow half modellevels



FigureCaptions

Fig. 1. Propagationof electromagneticwavesthroughtheatmospherefor a pulseweatherradar. Note: ¹ º
is theheightof theantennaover theearth’s surface,» is therange,¹ /2 is thelengthof thepulseand ¼ is

theheightof thepulseabove theearth’s surface.Thefigureis drawn with a radiusof 4/3 timestheradius

of theearthto accountfor therefractioneffectsof theatmosphere.In this representation,theradarbeam

travelsin straightlines(Joe,1996).

Fig. 2. Simulationof radarreflectivities usingthree-dimensionalNWP modeldata(basicstructureof the

RSM).

Fig. 3. Altitude of theradarbeamfor aconvectivesummercase(July4, 1994)andastratiformwintercase

(January26,1995).Two PPIscanswith 1.0½ resolutionsimulatedby theRSMareshown. Thescanshave

anelevationangleof 0.5½ (darkgray)and1.0½ (light gray), respectively. The long dashedline marksthe

parameterizationby aneffectiveearthradius.

Fig. 4. Simulationof radarreflectivities andattenuationin theRSM usingthree-dimensionalNWP model

data.

Fig. 5. SynopticalsituationanalyzedonJuly15,2000at12UTC.

Fig. 6. SynopticalsituationanalyzedonDecember13,2000at12UTC.

Fig. 7. Locationandorography[m] of theHirlam domainasusedin thisstudy. Themeasurementradiusof

eachradaris indicatedby a 250km circle.

Fig. 8. Radarreflectivities asfunctionof altitudeandrangeon July 15, 2000at 15 UTC, for Vantaaradar

situatedin the lower left corner(scanningnorthward): valuessimulatedwith the RSM (left) andvalues

derivedfrom theHirlam localprecipitationintensitiesapplyingtheoperationalZ/R relation ¾ ¿ À Á Â Ã Ä2ÅÇÆ ,
aswould beobservedby anidealmeasuringdevice (right). Thesolid line (right) marksregionswith snow

rateslargerthan0 mm/h.

Fig. 9. Comparisonof radarreflectivitiesonJuly15,2000at15UTC simulatedwith theRSM(upperpanel)

andvaluesmeasuredby theradarlocatedin Vantaa(lowerpanel)for PPIscanswith four differentelevation

angles( È ÉÊÂ Ë , Á ÉÊÀ Ë , Ì ÉÊÀ Ë , À ÉÊÀ Ë ).



Fig. 10. Histogramof the simulated(dark gray) andobservedreflectivities (light gray)within a 250 km

circlearoundtheradarlocatedin VantaaonJuly 15,2000at15UTC. Theelevationanglewas0.6Í .
Fig. 11. Comparisonof radarreflectivitiesonDecember13,2000at12,14,16and18UTC simulatedwith

the RSM (upperpanel)andvaluesmeasuredby the radarlocatedin Vantaa(lower panel)for a PPI scan

with anelevationangleof 0.6Í .



Figures

Fig. 1. Propagationof electromagneticwavesthroughtheatmospherefor a pulseweatherradar. Note: Î Ï
is theheightof theantennaover theearth’s surface,Ð is therange,Î /2 is thelengthof thepulseand Ñ is

theheightof thepulseabove theearth’s surface.Thefigureis drawn with a radiusof 4/3 timestheradius

of theearthto accountfor therefractioneffectsof theatmosphere.In this representation,theradarbeam

travelsin straightlines(Joe,1996).

Fig. 2. Simulationof radarreflectivities usingthree-dimensionalNWP modeldata(basicstructureof the

RSM).
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Fig. 3. Altitude of theradarbeamfor aconvectivesummercase(July4, 1994)andastratiformwintercase

(January26,1995).Two PPIscanswith 1.0Ò resolutionsimulatedby theRSMareshown. Thescanshave

anelevationangleof 0.5Ò (darkgray)and1.0Ò (light gray), respectively. The long dashedline marksthe

parameterizationby aneffectiveearthradius.

Fig. 4. Simulationof radarreflectivities andattenuationin theRSM usingthree-dimensionalNWP model

data.



Fig. 5. SynopticalsituationanalyzedonJuly15,2000at12UTC.

Fig. 6. SynopticalsituationanalyzedonDecember13,2000at12UTC.



Fig. 7. Locationandorography[m] of theHirlam domainasusedin thisstudy. Themeasurementradiusof

eachradaris indicatedby a 250km circle.

Fig. 8. Radarreflectivities asfunctionof altitudeandrangeon July 15, 2000at 15 UTC, for Vantaaradar

situatedin the lower left corner(scanningnorthward): valuessimulatedwith the RSM (left) andvalues

derivedfrom theHirlam localprecipitationintensitiesapplyingtheoperationalZ/R relation Ó Ô Õ Ö × Ø Ù2ÚÇÛ ,
aswould beobservedby anidealmeasuringdevice (right). Thesolid line (right) marksregionswith snow

rateslargerthan0 mm/h.



Fig. 9. Comparisonof radarreflectivitiesonJuly15,2000at15UTC simulatedwith theRSM(upperpanel)

andvaluesmeasuredby theradarlocatedin Vantaa(lowerpanel)for PPIscanswith four differentelevation

angles( Ü ÝÊÞ ß , à ÝÊá ß , â ÝÊá ß , á ÝÊá ß ).

Fig. 10. Histogramof the simulated(dark gray) andobservedreflectivities (light gray)within a 250 km

circlearoundtheradarlocatedin VantaaonJuly 15,2000at15UTC. Theelevationanglewas0.6ß .



Fig. 11. Comparisonof radarreflectivitiesonDecember13,2000at12,14,16and18UTC simulatedwith

the RSM (upperpanel)andvaluesmeasuredby the radarlocatedin Vantaa(lower panel)for a PPI scan

with anelevationangleof 0.6ã .


