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요 약

본 연구는 기상 수치모델(WeatherResearchandForecastingModel,WRF)로

부터 생산된 수치모델 출력자료를 이용하여 제주특별자치도 성산 풍력 발 단지에

치한 6번 풍력발 기에 한 단기 풍속 측 풍력 발 량 측 개선에 한

연구이다.일반 으로 수치모델의 경우 모델의 특성이 반 된 체계 오차를 가

지고 있다.본 연구에서는 모델 출력자료 통계(ModelOutputStatistics,MOS)

방법을 통해 모델의 체계 오차가 제거된 측자료를 생산하 다.MOS방법을

통해 측 자료를 생산하기 해서는 최소 2년 이상의 수치모델 출력자료가 요

구된다.본 연구에서는 약 3년간의 모델 출력자료가 확보됨에 따라 2009년 7월부

터 2011년 6월 까지의 2년간의 수치모델 출력자료와 2010년 7월부터 2011년 6월

까지의 1년간의 모델 출력자료를 사용한 MOS 보식을 통해 측자료를 각각

생산하 다.MOS 보식은 계 별로 특성이 달리 나타나기 때문에 체 표본을

상으로 하나의 보식을 생산할 경우 보식의 합도가 낮아져 보식의 성

능이 떨어지게 됨에 따라 계 별( ,여름,가을,겨울)로 생산하 다.이러한 계

별 풍속 특성을 살펴보기 해 성산 풍력 발 단지에 인근한 기상 측 자

료를 바탕으로 풍력발 기 허 높이 부근에서의 바람자원에 한 평가를 수행하

다.WRF모델에서 생산한 측자료와 MOS 보식을 통해 생산된 측자료

간의 비교 검증은 풍력발 기 상단에서 측된 풍속과 을 통해 수행하 다.

1년간의 모델 출력자료만을 사용한 실험에서는 2년간의 자료를 사용한 실험에

비해 BIAS가 크게 증가하는 특징을 보임에 따라 보다 장기간의 수치모델 출력자

료가 사용된 실험을 통해 생산된 MOS 보식이 보다 안정 임을 알 수 있었다.

2년간의 자료를 사용한 24시간 측 실험의 결과를 살펴보면,WRF 모델에서

06UTC에 측한 풍속으로부터 산출된 풍력 발 량은 측된 풍속으로부터 산

출된 풍력 발 량에 비해 ,여름,가을 겨울철 측에서 각각 7.8%,40.4%,

53.9%의 과 모의 -5.3%의 풍력발 량의 과소모의가 나타났으며,MOS

보식을 통해 측된 풍속으로 산출된 풍력에 지는 같은 기간의 측에서 각각
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-12.8%,-16.7%의 풍력에 지 과소모의,32.6% 7.4%의 풍력에 지 과 모의

가 나타났다.WRF모델에서 18UTC에 측한 풍속으로부터 산출된 풍력 발

량은 ,여름,가을 겨울철 측에서 각각 24.9%,21.3%,44.8% 59.4%의

풍력발 량의 과소모의가 나타났으며,MOS에서 측된 풍속으로 산출된 풍력에

지는 같은 기간의 측에서 각각 4.3%,12.9%,19.4%,30.6%의 풍력에 지 과

모의가 나타났다.MOS방법 용을 통해 모델의 체계 오차를 제거한 경우

에도 30%(06UTC,가을)이상의 차이가 발생함에 따라 수치모델의 다양한 측

변수들을 용하여 최 의 보인자를 선택할 수 있는 단계별 선택법을 통해

선형회귀식을 산출하여 풍속 MOS 보식을 보다 개선할 필요가 있다.
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Summary

Thisstudy isabouttheimprovementofwind speed and wind power

forecastingusingweathernumericalmodel(WeatherResearchandForecasting

Model,WRF)anditsoutputdataattheSungsanwindfarm intheCheju

SpecialAutonomousRegion.Usually,numericalmodelhasitsownsystemic

error.Inthisstudy,Iusedmodeloutputstatistics(MOS)methodtoremove

thesystemicerrorandre-calculateforecastingdatathroughMOSmethod.At

leasttwoyearsnumericaloutputdataisneededwhenweapplytheMOS

method.In this study,Igenerate MOS forecasting equation using two

years(July 2009toJune2011)numericalmodeloutputdataand oneyear

data(July 2010 to June 2011)respectively,through three years archived

numerical output data. In this study the seasonal MOS forecast

equation(Spring,Summer,Falland Winter)was developed,because MOS

forecastequation hasseasonalcharacteristics,so therearelow efficiency

whenapplytotalpopulationononeforecastequation.Ianalysisthewind

resourcenearSungsanwindfarm withAWSobservationdatatoanalysisthe

seasonalwind characteristic on wind turbine hub height.Observed wind

speed which was measured atwind turbine hub heightwas used for

verificationofforecastingdatabyWRFandMOS.

Testofoneyeardatasetusing,itshow thetypicalincreasingofBIAS

comparewithtwoyearsdatasetusing.ItshowsthatMOSforecastequation

ismorestablewhenweusingmorenumericalmodeloutputdata.Theresult

24hforecastresultusingtwoyearsnumericalmodeloutputdata,incaseof

06UTC by WRF model were over estimated during spring(7.8%),

summer(40.4%)and fall(53.9%)and underestimated during winter(-5.3%)

comparetowindpowerenergycomputedintheobservedwindspeed.Andas
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wind powerenergy by MOS were underestimated during spring(-12.8%),

summer(-16.7%)andoverestimatedoffall(32.6%)andwinter(7.4%).Incaseof

18UTC by WRF modelwindpowerenergy forecastwereoverestimated

duringspring(24.9%),summer(21.3%),fall(44.8%)andwinter(59.4%).Andas

wind power energy by MOS was overestimated during spring(4.3%),

summer(12.9%),fall(19.4%)andwinter(30.6%).EventhoughapplytheMOS

forecast equation,over than 30%(06UTC,fall) of wind power energy

differencewasappear.SoweareplanningtoimprovewindspeedusingMOS

bycomputinglinearregressionthroughstepselectionmethodthatcanselect

optimalpredictorbyapplyingvariousforecastvariablesofnumericalmodel

output.
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Ⅰ.Introduction

1.1.Background

Windpowerplaysanimportantroleinthesupplyofelectricitythatisfree

from pollutionandsustainable,andshowsconsiderablegrowthforthepast

few years,latelyelectricitygeneratedbywindpowerstationshasbecomea

partofvariousenergyproducednationally[1].

IfwelookatthecaseofGermanywhatisleadingcountryofgenerationof

electricity by wind powerin theworld,accommodating capacity ofwind

powerinstalledinGermanyincreasedfor4.4GW in1999to12.8GW in2003.

Particularly,itaccountsfor4.7% ofentireelectricityconsumption.In2007,

electricity generated by wind poweraccounts for7.2% ofentire power

generationofGermany.Asofnow,totalcapacityofwindpowergeneration

is 22.2GW.According to German Wind Energy Association (GWE),the

capacityforwindpowergenerationisforecasttodoubleby2020,45.0GW

(land)and10GW (ocean)[2].

Basedofthepotentialforsupplyingelectricityenergyonindustrialscale,

EWEA andGreenpeacepredictthatelectricitygeneratedbywindpowerwill

account12% ofglobalelectricitygeneration.InthecaseofKorea,itsetsthe

targetthatrenewableenergy accountfor11% by 2030astheportion of

renewable energy in the entire power production gradually increases.

Accordingtosuchplan,bio,windpower,solarpowerisforecasttoaccount

for48% ofthe entire renewable energy production and ofthis figure,

investmentinwindpowerfacilitieswillincreasemorethanfivetimesfrom
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57.5billionwonto307.3billionwonin2010[3].EspeciallytheIslandof

Chejuautonomousregionisplanningtoincreasethecapacityofwindpower

generationfrom bothgroundandseato500MW by2020[4-6].However,the

integrationandconversionofwindpowerenergytocurrentelectricitysupply

system haveafew problemstobesolved.Particularly,electricitysuppliers

and gridoperatorsexpressthedifficulty ofstableuseofwindpowerin

terms oftechnology and economy as the use ofwind powerelectricity

dependson meteorologicalcondition,which isshortcoming ofwindpower

energy.Hence,aselectricitygenerationfrom windpowerenergystationis

determinedbythespeedofconstantwindspeed,windpowerenergycannot

beasconvenientlyusedastheenergyproducedintheconventionalpower

plants.Asitcostsconsiderablymoreforthestableandconstantproduction

ofintangiblefluidenergysuchaswindpowerenergy,thegridoperatorsand

energysupplierspointoutincreaseofcostduetowindpowerenergy.As

mentionedearlier,unlikeconventionalpowerplant,thegenerationofelectricity

by wind power stations entirely depends on meteorological conditions.

Especially,powergenerationdependsonthelevelofwindspeedthatcannot

bealtered through artificialintervention.Although such istreated asan

insignificantproblem,itcanaffectsubstantiallyontheenergydevelopmentin

termsoftechnologicalandeconomicperspectives.Inordertodeterminethe

priceofenergyandestablishthesupplyschedule,itisnecessarytoforecast

productionandconsumptionofelectricityatleasttwodaysinadvance.Thus,

inordertostablyusewindpowerenergy,forecastedinformationofwind

powerthatcan be trusted and rely on in the energy marketmustbe

provided.

Economicand industrialvalueofwind powerenergy willsubstantially

increase,ifwecanaccuratelymakewindforecasting.Itisthewindpower

forecastsystem thatcanforecastfluidityofwindspeedinadvance.Thewind
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powerforecastsystem is designed to provide reliable forecastofpower

generationbyeachpowerstationandsubsequentlywillsupplywindpower

energystably.Generally,priceintheelectricitymarketisdeterminedoneor

twodaysinadvance.Accordingly,thewindpowerforecastsystem mustbe

abletoprovidetheforecastinformationatleastbefore6hoursto48hours.

Thetimescalerequiredisverycrucial.Thereasonbehindsuchimportanceis

thefundamentaldifferencesexistedbetweenso-calledshort-term forecastfor

afew daysandultrashort-term forecastfor0-3hourstimespan.While

forlongerhours,windspeedforecastusingatmospheredynamicmodelcan

forecast,forshorterhours,betterforecastoutcomecanbeproducedthrough

purely statisticalapproach as wind speed in determined by archetypal

meteorologicalconditions[1],[3].

Currently,NumericalWeatherPrediction(NWP)system ismostlyusedin

theforecastofwindspeedforwindpowergeneration[7-8].AsNWPsystem

estimatestheactualconditionsofatmosphereusinglawsofphysicsbasedon

observationdata,numericalpredictionwithinwantedtimespanisfeasible.

However,sincethiskindofpredictiongoesthroughvariouspremisesand

parameterization,itincludeserrorsofthemodelitselfand thesystematic

errors.Therefore,thetaskofwindpowerpredictionsystem istoconvert

somewhatpreciseraw informationobtainedbyusingNWPsystem tomore

accuratepredictionvalues.Therearebasicallytwoapproachmethodsforthe

productionofmoreaccuratewindpowerpredictiondata.Thefirstmethodis

the production of high resolution by improving horizontaland vertical

resolutionthroughtheimprovementofNWPsystem itself.Theotheristhe

improvementofphysicalprocessanddynamicprocessofthemodel.Through

thismethod,moreaccuratewindspeedattheheightofwindturbinecanbe

calculatedbyusingwindprofileswithinboundarylayersorusingparameters

reforecast.However,fortheimprovementofthemodel,considerableamount
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ofcomputation timefortheproduction ofhigh resolution data and high

capacity supercomputers are required and longerterm research forthe

improvementofphysicalprocessanddynamicprocessrequired[9-10].These

aretheshortcomings.Theothermethodistominimizewindspeedprediction

and systematicand meteorologicalerrorsatparticularlocation and reduce

biasthough theprocessofModelOutputStatistics(MOS).By producing

correlationequationbetweenpredictedwindspeedandestimatedwindspeed,

thepredictedwindspeedcanbeclosedtoactualwindspeed.Accordingly,in

contrasttophysicalperformanceimprovement,thestatisticalprocessrequires

long-term predictionvaluesandlong-term estimatedvalues.Inthisprocess,

the relationship between prediction values and estimated values and the

evaluationofmeteorologicalbiasbecomecrucial.

1.2Objectives

Inthisstudy,Iaim todevelopMOS equationthatcanmoreaccurately

predictwindspeedatthewindpowergeneratorsintheIslandofChejuby

usingthemodelforecastdatacollectedthroughweatherforecastmodeland

observationdatacollectedthroughoutlongperiodoftimeandthoughthisI

aim toimprovemodelforecastwindspeed.Furthermore,Iaim toevaluatethe

performancecapacityofwindpowerforecastingsystem throughcomparison

andevaluationofpredictedwindpowercalculatedbyusingMOS,observation

dataandmodelforecastdata.
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Ⅱ.AnalysisofWindResources

2.1.Windspeed

Thestandardobservation heightofwindspeedby AWS isabout10m

above the surface.So in this study,the equation (2.1)was applied to

calculatewindspeedatwindturbinehubheight.Usually,hubheightisabout

50m to80m butitismostlydependonitscapacity.Whencalculatetheupper

levelwindspeed through theequation (2.1),ithastodefinethesurface

roughness. The factors that determine the length of roughness are

numerous(surfacetype,geomorphiccharacteristics,buildingstructures,etc).In

thisstudy,0.6lengthofroughnessvaluewasusedtocalculatewindspeedat

80m ofheightofahub(No.6windturbineofSungsanwindfarm).

×

 
(2.1)

Here,

Vvef:observedwindspeed

Z0:lengthofroughness(inthisstudy,1.0wasapplied)

Zvef:heightofobservedwindspeed(inthisstudy,10.2m wasapplied)

Z:windturbinehubheight
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Table2.1show thelocationinformationofSungsansite.TheSungsansite

islocatedatsoutheastern partofHallaMountain,ithascharacteristicof

climate in which wind speed is relatively low when northwesterly wind

occurs.Fouryearswindspeeddatawasusedtoevaluatethewindresource

nearSungsansite.Inspiteofthedifferencesduetodifferenceinequipment

andmanufacturersofthewindturbine,inthisstudy,assumedthatthreshold

windspeedofover4.0m/sandstopwindspeedof25.0m/sandratedwind

speedis13.0m/swhichisminimumwindspeedtogeneratedesignedpower.

Table2.1.InformationofSungsansite.

Site(No.) Name Lat. Lon. H(m) Hw(m)

188 Sungsan 33°23′ 126°53′ 18.6 10.2

Here,

H:Heightofobservationfieldabovemeansealevel

Hw :Heightofanemometerabovetheground.

Table2.2showstheaveragemonthlywindspeed.Throughalltheperiod,

fouryearsaveragewindspeedwas6.1m/s.Formonthlylowestwindspeed

was measured atJune(5.3 m/s) and Monthly highestwind speed was

measuredatMarch(7.1m/s).
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Fig.2.1.LocationofSungsansite.

Table.2.2.MonthlyaveragedwindspeedatSungsansite(m/s).

Jan. Feb. Mar. Apr. May Jun Jul. Aug. Sep. Oct. Nov. Dec. Ann.

2009 6.6 6.9 7.8 6.2 6.6 5.6 6.7 6.2 5.8 5.9 6.4 6.4 6.4 

2010 6.6  6.3 8.0 6.3 6.1 4.6 5.1 5.8 6.1 6.1 6.0 6.8 6.1 

2011 6.7  6.3 6.7 7.1 6.7 5.3 6.0 6.8 6.2 5.6 5.0 4.5 6.1 

2012 4.6  5.4 5.9 5.8 4.1 5.5 4.8 7.2 5.7 6.0 6.2 6.5 5.7 

Avg. 6.1  6.2 7.1 6.3 5.9 5.3 5.7 6.5 5.9 5.9 5.9 6.0 6.1 
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Fig.2.2showsthehourlyaveragewindspeed.Throughoutallhours,most

windspeedwasoverthan4m/sandmaximum wasobservedat14h(7.8m/s).

Fig2.3isfrequencyofhourlywindspeedusableforgeneratingelectricity

bywindturbine.Itshowsthesimilarvariationwithfig.2.2duringdaytimeis

higherthannighttime.Over80% ofwindisusableduringdaytime.Fig2.4

showsthevariation ofmonthly availablewind(overthan4m/s)forpower

generationforeachmonth.Mostofmonth'savailablewindwereoverthan

70%(except,June).Winterseasonduringdaytimewindspeedismostusable

atSungsansite.

Fig.2.2.VariationofwindspeedatSungsansite.
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Fig.2.3.Variationofhourlyavailablewindspeed.

Fig.2.4.Variationofmonthlyavailablewindspeed.
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2.2.Winddirection

Table2.3showsaveragewindspeedbywinddirectionforSungsansite.

AveragewindspeedbywinddirectionforSungsansitediffersgreatlydueto

geographicandtopographicalfactors.Sungsansitelocatedineast,average

wind speeds by wind direction are highest at 6.0 m/s and 6.2 m/s,

respectively,inthecaseofENE.DuetoitslocationatthesoutheastofHalla

Mountain,averagewindspeedisrelativelyweakinthecaseofakindof

westwindandnorthwestwind.

Table.2.3.AveragedwindspeedofSungsansitebywinddirections.

Spring Summer Fall Winter Annual

N 5.1 4.2 5.4 6.2 5.4

NNE 5.6 5.0 5.6 6.0 5.5

NE 6.1 5.7 6.4 6.2 6.1

ENE 6.1 5.4 6.6 7.0 6.2

E 5.6 5.2 6.2 7.0 5.8

ESE 5.3 5.4 5.7 6.2 5.6

SE 4.9 4.9 5.9 5.2 5.2

SSE 4.7 4.4 4.4 4.4 4.5

S 5.3 5.1 4.9 5.5 5.2

SSW 6.0 5.8 5.4 6.2 5.8

SW 6.8 6.1 5.4 5.7 6.2

WSW 4.9 4.3 3.7 4.6 4.5

W 4.4 3.0 4.0 4.4 4.1

WNW 6.2 3.6 4.9 5.8 5.5

NW 6.2 3.3 4.8 5.8 5.5

NNW 5.9 3.5 5.2 6.4 5.7
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Inthisstudy,usablewindspeedsforelectricitygenerationbywindturbine

ispresumedtobefrom 4.0m/s∼ 25.0m/s.Table2.4show theyearlyand

seasonalwindspeedvariation.Fig2.5isthevariationofhourlywindspeed.

Windspeedof 4.0m/s∼ 13.0m/sishighest.About67% ofannualwindis

availableforpowergenerationbywindpowerelectricitygeneratorsandthe

frequencyishighestat73% duringwinter.Also,frequencyoffeasiblewind

rangeof4.0m/s∼ 13.0m/sduringdaytimeoccursincessantlyhigh.

Table.2.4.FrequencyofyearlyandseasonalwindspeedatSungsansite(%).

grade(m/s) <4.0 4.0∼13 13∼25 >25 Sum

Annual 33 65 2 0 100

Spring 32 66 2 0 100

Summer 41 58 1 0 100

Fall 34 65 1 0 100

Winter 27 71 2 0 100

Fig.2.5.FrequencyofhourlywindspeedatSungsansite.
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Fig.2.6showsfrequenciesannualandseasonalwinddirection.Theannual

NNW wind ishighestin frequency within 20% andespecially in winter,

frequencyofNNW windishighaboutover30%.

Spring Summer

Annual

Fall Winter

Fig.2.6.WindroseatSungsansite(%).
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Fig.2.7showsthefrequencyofhourlywinddirectionsofthresholdwindor

higher.Hourly wind direction shows constant shape without significant

changeofhourlywinddirection.NNW windispredominantatSungsansite.

Fig.2.7.HourlywinddirectionatSungsansite(overthan4.0m/s).
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Ⅲ.WeatherForecastingModel

3.1.Forecastofwindspeed

Numericalmodelisclassifiedduetothesizeofpredictedarea:globalscale

model(approximately1000km ∼ 10km);regionalscalemodel(approximately

10km ∼ 1km);andlocalmagnitudescalemodel(lessthan1km).Inthese

numericalmodels,byintegratingnonlinearequationastomovementinitiated

from atmosphericconditions,themovementofatmosphereispredicted on

virtualnumericalgrid.Inglobalscalemodel,gridsaboutwholeglobecanbe

calculated.However,becauseoflimitonthenumberofnumericalgridsdue

to limited capacity ofcomputer,itis difficultto directly implementthe

predictionofdetailedsub-gridscaleinglobalscalemodel.Inthecaseof

orographicstructurethatcontainscomplexgeographicalfeatureslikeKoreain

whichsub-gridprocessaffectslargescaleevolution(forinstance,formation

ofturbulenceorclouds), suchproblem requiresparameterizationprocessfor

such phenomenon. Synoptic meteorological system of grid scale of

approximately100km togridscaleof10km isanexample.Inthiscase,the

definitionoffiniteresolutionis thatvariationscalculatedateachgridpoint

representmeanaverageofgridcell;thus,thispredictionvaluecannotbe

optimalforthe entire regions in one grid cell.Ifpredicted value and

estimated value areto be compared,caution is required.To solve such

drawback,regionalscalemodelandlocalmagnitudescalemodelhavebeen

developed and using these models,prediction ofwind speed athigher

resolutionhasbecomepossible.Regionalscalemodelisaderivativeofglobal

scale model.For instance,in numericalmodeleconomic conditions are

provided.Thisprocessiscallednesting;throughthisprocess,weareableto
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find outchanges in wind speed as to atmospheric effects in spatially

interested region in high resolution.Since nested grid domain mustbe

two-thirdsofprevioushigherdomain,inregionalscalemodel,3to4nestings

aregenerallyused.Regionalscalemodelisusefullyutilizedintemporallyand

spatiallyheterogeneouscountriessuchasKorea,Japan,Spain,Norway,etc.

that possess complex topography.The models advantageously used for

predictingwindpowerenergyareWRF[11-13]andMM5.Thesetwomodels

arewidelyusedforthepredictionofwindspeed.Otherthanthesetwo,the

DanishPrediktormodel[14]andWPPT model[15],theSpanishSipreolico

model[16]andCENER’sLocalPredmodel[17],theGermanPrevientomodel

[18]andISET’sWPMSmodel[19],theFrenchArminesAWPPSmodel[20],

theGreekNationalTechnicalUniversityofAthens(NTUA)model[21]and

theAristotleUniversityofThessaloniki(AUTH)model[22],andtheNorth

AmericaneWindmodel[23]arealsoused.Inthecaseoflocalmagnitude

scalemodel,localmagnitudescalemodelsthathavedifferentdegreesof

complexityareusedinordertoexplainfloatingeffectsontheregionthatis

veryclosedtoawindpowerplant.Suchlocalmagnitudescalemodelcan

modelsomewhatcomplexgeographicalfeatures.Yetithasadrawback:when

terrain gradientistoovast,themodelhasthepossibility tooverestimate

changesinhorizontalwindspeed.Thus,meticulousanalysisisrequiredfor

thisdrawback.
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3.2.WRFModel

3.2.1.CompositionofWRFModel

Usinglatestnumericalmodeltechniques,WRF(AdvancedResearchWRF:

ARW)hasbeendevelopedbyflexiblesourcecodesinordertoprocessvast

amountofnumericaldatainparallel.Thesourcecodesaredividedintoactual

workmodulethatcanbeusedinactualworkofnumericalpredictionsand

researchanddevelopmentmodelmodulecodethatcanbeappliedinacademic

researchsoastomakepossibletheapplicationofnumerousequationsof

physics.Moreover,moreenhanceddataassimilationsystem makespossible

simultaneousexecutionsofdevelopmentofamodelandtestofthemodel.

WRF hasvastrangeofusercommunityastoresearchandlearningasa

greatnumberofuniversitiesparticipateinWRFismaintainedandsupported

bysuchparticipation.TheresolutionofWRFisextensivescalefrom afew

meterstoafew thousandkilometersandhasbeendevelopedtobesuitable

forapplicationandutilizationof,dependingontheapplicationpurposes,such

works as actualweatherforecasting,data assimilation and parameterized

physicalprocessresearch,climatemodeling,applicationofairqualitymodel,

atmosphere-oceanicinosculation,idealpredictiontest,etc.Theperformance

processofWRFmodelistoproducepredictiondatathroughdataassimilation

process ofobserved data which is entire process;calculation process of

dynamics by initialization process required in the process ofprediction,

physicalprocess,integralcalculusprocess,etc.andaftertheproductionof

predictiondata,WRFmodelimplementsimagificationandtestingofprediction

datathroughtheprocess.Deductionprocessofdynamicvaluesisfulfilled

throughARW Solver;characteristicsofdynamicscanbefoundintheuseof

completecompressibilitynon-integerEulerEquation.Thisequationdelineates

conservation variables in the form of flux and is composed of mass
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  ,  where     (3.1)

perpendicularitycoordinatesystem thatfollowsthesurfaceoftheEarth.

Fig.3.1.TheframeoftheWRFprogram

The equation used in WRF (ARW) Solver, based on the

statics-atmospheric pressure perpendicularity coordinate system that first

followstopography,isexpressedasinEquation(3.1).

Here,Phisanatmosphericpressurefactor;andPhsandPhtmeansground

surfaceandmodeltoplayer,respectively.Equation1ismostlyusedinstatics

atmospheremodel; takesthevalueofgroundsurface(1)andthehighest

layerofmodel.Moreover, (x,y)representsmassofcolumnofairperunit

areainmodeldomain(x,y);variablesintheappropriatedform offluxare

expressedasfollows.
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V= v = (U, V, W),  =     (3.2)

Herein, v=(U, V, W) represents horizontal and perpendicular speed

components,respectively; representsperpendicularspeedcomponentand

representspotentialtemperature.Accordingly,inARW equationisexpressed

innon-conservedvariables: =gz(geo-potential),p(atmosphericpressure),

=1/ (reciprocalofdensity;specificvolume).Oilerequationexpressedinthe

form offlux,usingthevariablesdefinedabove,isasfollows.

∂ ∇․ ∂  ∂     (3.3)

∂ ∇․ ∂  ∂     (3.4)

∂∇․  ∂    (3.5)

∂ ∇․    (3.6)

∂ ∇․    (3.7)

∂ 
   ․∇    (3.8)

Hereinspecificvolumehastherelationshipshownbelow.

  (3.9)

Stateequationisexpressedasfollow.
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 (3.10)

Equation(3.3)-Equation(3.10)isimplemented,x,y,and areexpressed

intheform ofdifferentialsasinthefollowing.

∇·  (3.11)

Andfinallytheequationisexpressedasfollows.

∇·∇  (3.12)

Hereinarepresentsageneralvariable; representsthermal

capacity ofdry air;Rd represents specific gas constant; represents

atmosphericpressureatstandardisobaricsurface(1,000hpa).Hereintheright

handtermsofasignofequation- and representphysics

formula of model, turbulent mixing, rotation projection, forced power

generatedbytherotationofEarth.

WRF(ARW)grid system,asshown in Fig.3.2,usesArakawaC grid

system and normalspeed is crossed over by 1/2 from thermodynamic

variableandplaced.Horizontalgridisexpressedin(i,j)andverticalgridis

expressed in (i,k);thelocation ofvariablesisdetermined by (x,y, )=

( )anditisexpressedinthesamepositionasthepositionof

masspoint. ,lengthofverticalgridisnotdesignatedasconstantvalue.
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Therefore,ausermustassignthevaluebetweengroundsurface(1)and

toplayerofmodel(0).Spatialgridsystem ofARW isdefinedbythesegrids

andvariables.

Fig.3.2.ARW ofhorizontalandverticalgridstructure(left:horizontalgrid,

right:verticalgrid).

InexecutingWRF(ARW),ausercanusetwokindsoftimeinterval.One

isthemodeltimestep;theotherisacoustictimestep.Botharelimitedby

thenumberofCourant.TimerestrictionofRK3willbeexplainedherein.

Time intervalof RK3 is limited by ,advection Courant and

advection schemes selected by a user.(A usercan selectdiscretization

processofsecondordertosixthorder.)Whenusingsuchadvectionschemes,

RK3 scheme's 1-dimension time intervallimiton advection is given as

follows.
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Table.3.1.Maximum stable Courantnumbers forone-dimensionallinear

advection.

TimeScheme

Spatialorder

3rd 4th 5th 6th

Leapfrog Unstable 0.72 Unstable 0.62

RK2 0.88 Unstable 0.30 Unstable

RK3 1.61 1.26 1.42 1.08

In ordertomaintain thestability ofnumericalcalculation,timeinterval

usedinARW mustuseCourantnumberwhichislessthanthetheoretically

proposedvalue;itisillustratedinthefollowingequation.

∆ 


․

∆
(3.13)

Herein isCourantnumberselectedin RK3in Table3.1; is

maximum speedexpectedinthemodel.InMM5model,ithastimeintervalof

approximately3multiplesbothhorizontallyandvertically;yetinWRF(ARW)

timeinterval(measuredbysecond)musthavegriddistance(measuredby

km)ofapproximately6multiples.InWRF(ARW),itispossibletouseboth

a few boundary conditions appropriate for idealized flow and boundary
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conditionsappropriateforforecastingofactualdata.Suchselectionismade

possibleforausertoselectboundaryconditionsinuserspecifiedfile(name

listfile).Coarse grid (commonly called as parentgrid)ofmodeling is

appropriateforsettingboundaryconditionsforasingledomain.Forinstance,

actual data use periodical, symmetric combination or lateral boundary

conditions instead of the boundary condition method that depends on

traditionaltime given by externalboundary conditions.However,lateral

boundaryconditionsthatdependontimereoneofidealizedmodelingcannot

beusedbecauseouterboundariesarenotgenerated.In acaseofactual

modeling,specified boundary condition is used from alleviation,nudging,

boundaryconditions. InWRF(ARW),ausercanusetwokindsofspecified

boundary conditions:mostoutercoarsegrid;ortime-dependantboundary

conditionsprovidedinnestedgrid.Lateralboundaryconditionsastonestre

allthedetailedgridsisautomaticallyselectedeventhoughcoarsegriduses

symmetric,periodicalcombinationorselectableotheroptions.

Specifiedzoneaboutcoarsegridisdeterminedbyarbitraryintegralcalculus

by externalforecasting or analysis (herein they refer to analysis and

forecastingprovidedbystandardinitialization;thewidthofthespecifiedzone

isformedinrealtime;thesecondareaoflateralboundariesastocoarse

gridsisdeterminedasrelaxationzone.
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Fig.3.3.Schematicshowingthedataflow andprogram componentsintheSI,

and how the SIfeeds initialdata to the ARW.Letters in the

rectangularboxesindicateprogram names.GRID GEN:definesthe

modeldomainandcreatesstaticfilesofterrestrialdata.GRIBPREP:

decodesGriBdata.HINTERP:interpolatesmeteorologicaldatatothe

modeldomain.VINTERP:vertically interpolates data to model

coordinate.

WRF model,by providing additionalgridinmodeling,supportshorizontal

nestedgridsystem thathasmagnifiedresolutionoftheareaofinterest.In

currentversion,itisonlypossibleforhorizontalnestedgrid,notpossibleto

useforverticalnestedgrid.Nestedgridisintheform ofarectangleand

locatedwithinparentgridandarbitrarilyarrangedwithinintegertypespace

( )andparentgrid.Suchimplementationmethodofnestedgrid

isalsousedinothermid-scalemodels(MM5,ARPS,COAMPS);nestedgrid

structure implemented in WRF (ARW),compare to these models,has

advantageofmoreefficientcalculationinalargeamountofparallelprocess

system.
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Fig.3.4.Specifiedandrelaxationzonesforagridwithasinglespecifiedrow

and column,and fourrowsand columnsfortherelaxation zone.

These are typicalvalues used for a specified lateralboundary

conditionforareal-datacase.

Explainedin thefollowingsisthemethodtousenested gridmodeling

using 1-way method and 2-way method.Optionsof1-way method and

2-way method used in modeling address how coarse grid and finegrid

mutuallyinteract;boundaryconditionsoffinegridusedinmodelingthatuses

1-waymethodand2-waymethodareintegratedbyintegralcalculusfrom

forecasting of coarse grid.Integralcalculus method of 1-way nesting

exchangesonlyinformationfrom coarsegridtofinegrid,but2-waynesting

integralcalculusmethodexchangesinformationbetweengridsinbidirectional
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way(from coarsegridtofinegridfrom finegridtocoarsegrid)bythemethod

ofreplacingthevalueofcoarsegridbythevalueoffinegridbythemethodof

thepointofcoarsegridlocatedwithinfinegrid.Inusingnestedgridmodeling,

WRF(ARW)usethefollowingfewmethodsforinitializationoffinegrid.

․ Allthevariablesoffinegridisintegratedfrom variablesofcoarsegrid

byintegralcalculus.

․ Allthevariablesoffinegridareinputinexternalfilethathashigh

resolutionmeteorologicalmodelandtopographicdata.

․ Finegridhasafew variablesthatareinitializedtoexternaldataofhigh

resolution;othervariablesare integrated from coarsegrid by integral

calculus.

․ Astomovingnestedgrid,externaltopographicalfilesrenew topographyof

finegridyetnotusedthem well.

Also,inmodelingoneoutergridandnumerousinternalnestedgridscanbe

includedandinWRF (ARW)eachnestedgridzonemustbefullyincluded

withinonecoarsegridandfinegridistreatedasoffspringgridinnested

gridsystem.Fig.3.5showstherelationshipbetweencoarsegrid(parentgrid)

andfinegrid(offspringgrid)andtheenvironmentthatcanbeset.

Arakawa-C grid staggering fora portion ofa parentdomain and an

imbedded nestdomain with a3:1grid sizeratio.Thesolid linesdenote

coarsegridcellboundaries,andthedashedlinesaretheboundariesforeach

finegrid cell.Thehorizontalcomponentsofspeed (""U""and ""V"")are

definedalongthenormalcellface,andthethermodynamicvariables(""θ"")

aredefinedatthecenterofthegridcell(eachsquare).Theboldtypeface

variablesalongtheinterfacebetweenthecoarseandthefinegriddefinethe

locationswherethespecifiedlateralboundariesforthenestareineffect.
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Fig.3.5.Possiblegridconfigurations.

Only the concurrent1-way nestoption orthe 2-way nestoption are

consideredin thissection.The1-way nestoption(using twoconsecutive

ARW simulations) is functionally similar to two separate, single-grid

simulationsanddoesnotfitthefollowingdescription.Foramultiplegrid

simulationwithinasinglemodelrun,therearesomeadditionalinfrastructure

stepsthatarerequired.Whilethefollowingtextdetailsasimulationwitha

singlecoarse-gridandasinglefine-grid,thisimpliesnolackofgenerality

whenhandlingmultiplegridlevelsormultiplegridsonthesamelevel
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Fig.3.6.Nestgridintegrationsequence.

PhysicsofWRFmodelusesvariouscategoriesofphysicsoptionssuchas

microphysics,cumulusparameterization,planetaryboundarylayer(PBL),land

surface model,and radiation;diffusion is treated as a partofradiation

physics.In this study,detailed explanations ofoptions ofphysics were

omitted.

① Microphysics

Suitableformesoscalemodeling;feasibletousebulkschemesthatleadto

meticulous combination physics suitable for cloud modeling in simplified

physicsandpossibleforspecificselectionasshowninthefollowingtable3.2.



- 28 -

Table.3.2.MicrophysicsOptions

Scheme
Numberof

variables

Ice-Phase

Processes

Mixed-Phase

Processes

Kessler 3 N N

PurdueLin 6 Y Y

WSM3 3 Y N

WSM5 5 Y N

WSM6 6 Y Y

EtaGCP 2 Y Y

Thompson 7 Y Y

② Cumulusparameterization

Theseschemesareresponsibleforthesub-grid-scaleeffectsofconvective

and/orshallow clouds.Theschemesareintendedtorepresentverticalfluxes

duetounresolvedupdraftsanddowndraftsandcompensatingmotionoutside

theclouds.Theyoperateonlyonindividualcolumnswheretheschemeis

triggeredandprovideverticalheatingandmoisteningprofiles.Someschemes

additionallyprovidecloudandprecipitationfieldtendenciesinthecolumn,and

future schemes may provide momentum tendencies due to convective

transportofmomentum.Theschemesallprovidetheconvectivecomponentof

surfacerainfall.Cumulusparameterizationsaretheoretically only valid for

coarsergridsizes,(e.g.,greaterthan10km),wheretheyarenecessaryto

properly release latentheaton a realistic time scale in the convective
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columns.Whiletheassumptionsabouttheconvectiveeddiesbeingentirely

sub-grid-scalebreak down forfinergrid sizes,sometimestheseschemes

havebeenfoundtobehelpfulin triggering convectionin 5～10km grid

applications.Generally,theyshouldnotbeusedwhenthemodelcanresolve

theconvectiveeddiesitself(e.g.,5km grid).Table3.3.summarizesthebasic

characteristicsoftheavailablecumulusparameterizationoptionsintheARW.

Table.3.3.CumulusParameterizationOptions

Scheme CloudDetrainment Typeofscheme Closure

Kain-Fritsch Y Massflux Caperemoval

Betts-Miller-Janjic N Adjustment
Sounding

adjustment

Grell-Devenyi

ensemble
Y Massflux Various

Landsurfacemodels(LSMs)useatmosphereinformationinlandsurface

scheme, radiative forcing in radiation scheme, precipitation forcing in

microphysicsandcloudscheme,landsurfacestatevariablesinlandsurface

characteristics,andheatfluxandhumidityfluxatlandandsea-icepoint.

Thesefluxtermsprovidelow layerboundaryconditionsreverticaltransport

within PBL.Moreover,LSMs have various elaborate tools such as

controllingthermalandhumidityfluxesinmultiplexsoillayersandcontrolling

vegetation,trees,and canopy effects and feasibleto selectthefollowing

options.
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Table.3.4.LandSurfaceOptions

Scheme
Vegetation 

Processes

Soil 

Variables(Layers)
Snow Scheme

5-layer N Temperature(5) none

Noah Y

Temperature, 

Water_Ice, 

Water(4)

1-layer, 

fractional

RUC Y
Temperature, Ice, 

Water+Ice(6)
multi-layer

③ Boundarylayerphysics

Planetaryboundarylayerprocessprocessessubgrid-scaleeddydiffusivity

scalefluxesduetoeddytransportattheentireatmospherecolumn:theyare

notprocessed separately in boundary layers.Therefore,ifPBL schemes

becomeinvigorated,undertheassumption thatPBL schemesmanagethis

processexplicitverticaldiffusionbecomesdeactivated;selectiveoptionsfor

mostsuitablehorizontaldiffusionareconstant valueinwhichhorizontal,

verticalcombinationoccursindependentlyorhorizontalvariationvalues.PBL

schemesdetermineverticalflux profileatwellmixed boundary layerand

stablelayerandprovideatmospherictemperature,humidityincludingclouds,

and trend ofhorizontalmomentum in the entire column.MostofPBL

schemesconsiderdrymixingbutincludesaturationeffectatverticalstability

thatdetermines mixing. In WRF (ARW),horizontaland verticalfluxes

withinPBLaredeterminedbyusingthefollowingschemesshowninTable

3.5;Table3.5showsprofilesusedineachschemeandthemethodoftreating

diffusionattoplayerofthemodel.
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Table.3.5.Optionofplanetaryboundarylayer.

Scheme
Unstable PBL 

Mixing

Enrarinment  

treatment
PBL Top

MRF
K profile+countergradient 

term

part of PBL 

mixing
from critical bulk 

YSU
K profile+countergradient 

term
explicit term

from buoyancy 

profile

MYJ K from prognostic TKE
part of PBL 

mixing
from TKE

④ Atmosphericradiativephysics

Radiationschemeprovidestheinformationaboutatmosphereheatingdueto

radiationfluxandlongandshortwaveradiationtowardthefaceoftheearth

heatbudget.Longwaveradiationincludesthermalradiationthatisabsorbed

intoatmosphereandlandsurfaceorreleasedandinfraredrayradiation;long

waveradiationfluxthatisgoingupwardfrom landsurfaceisdeterminedby

landsurfacereleaseratethatdependsonlandsurfacetemperatureandform.

Shortwaveradiation includesvisibleray wavelength thatgeneratessolar

spectrum andsuchprocessesasabsorption,reflection,scatteringthatoccurat

theatmosphereandon landsurface.Also,theflux thatpointupwardis

determined by reflectivity due to land surface albedo.Radiation in the

atmospherereactsnotonlytoclouds,moisturedistribution,carbonandozone

generatedinthemodelbutalsotoaminuteamountofgasconcentration.As

radiationschemeofWRF(ARW)ispresentlyonedimensionalscheme,each

column is treated independently and fluxes are horizontally infinite and

identifiedasthesameascolumnsinaparticularplanes.Thisbecomesgood

approximationwhenverticallayerisnotgreaterthanthelengthofhorizontal

grid;however,suchassumptionresultindropinaccuracywhenhorizontal

resolutionishigh.Thefollowingsillustrateoptionforbasicradiationschemes

usedinWRF(ARW).
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Table.3.6.Physics Interactions.Columns correspond to modelphysical

processes: radiation (Rad), microphysics (MP), cumulus

parameterization(CP),planetaryboundarylayer/verticaldiffusion

(PBL),andsurfacephysics(Sfc).Rowscorrespondstomodel

variableswhereiandoindicatewhetheravariableisinputor

output(updated)byaphysicalprocess.

Scheme physical processes Rad MP CP PBL Sfc

Atmospheric 

State or 

Tendencies

Momentum i io

Pot. Temp. io io io io

Water Vapor i io io io

Cloud i io o io

Precip. i io o

Surface Fluxes

Longwave Up i o

Longwave Down o i

Shortwave Up i o

Shortwave Down o i

Sfc Convective 

Rain
o i

Sfc Resolved Rain o i

Heat Flux i o

Moisture Flux i o

Surface Stress i o
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⑤ ExecutionprocessofWRF

WRF modeling system,afterfirstspecifying domain ofmodeling that

should be numerically computed,generates initialfield by using gridded

meteorological data and based on this,calculation of main model is

implementedandthecompositionconsistsofthefollowingcrucialprograms.

Fig.3.7isoverallmodelingflow ofWRFmodel.

․ TheWRFPreprocessingSystem(WPS)

․ WRF-Var

․ ARW solver

․ Post-processinggraphicstools

Fig.3.7Flow chartofWRF(ARW)modelingsystem.
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3.3.DomainSetting

Inthisstudy,windpowerforecastingsystem hasbeenestablishedsoasto

produceforecastdataforreal-timewindpowerintheregionoftheIslandof

Cheju.Windpowerforecastingsystem usingGFS(GlobalForecastSystem)

modelentireglobeanalysisplaceasboundarydatatoexecutegenerationof

initialfieldtwiceaday(06UTCand18UTC)andmodelforecastinginthe

regionoftheIslandofChejuthroughWRF(WeatherResearchForecasting).By

usingtopographicaldataoninitialfieldandboundarydatainexecutionof3

dimensionalmeteorologicalmodelingfortheforecastofwindfield,forecastof

windspeedattargetareacanbemoreaccurate.Inthisstudy,topredict

windfieldmorespecificallyinthewindpowercomplex,highresolutiongrid

system (horizontal resolution 1km) has been established and for this

establishment,nesting method (1-way nesting)is employed in order to

generateexternalboundaryconditionsofnestedgridmodel.Ingeneral,a3

dimensionalmeteorologicalmodelexecutes the modelby using nesting

method.Nestingmethodisusedformoreaccuratecalculationbygenerating

boundary conditions ofultimate forecastdomain.In this method,domain

greater than ultimate domain is firstly calculated and then,using the

computationoutcome,calculationofsmallerdomainisexecuted.Inorderto

accuratelypredictwindatthewindpowercomplexesintheChejuregion

throughthismethod,thenestedgriddomainofthemodelwasdividedinto

fourresolutiondomainsandmodelingwasexecuted.Thesizeandthenumber

ofgridforeachdomainareshowninTable3.7.
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Table3.7.WRFDomaindesign.

Domains Resolution

Gridnumber

Area

X Y

Domain1 27㎞ 60 60 1,620㎞ ×1,620㎞

Domain2 9㎞ 61 61 549㎞ ×549㎞

Domain3 3㎞ 67 64 201㎞ ×201㎞

Domain4 1㎞ 85 61 85㎞ ×61㎞

Mostcoarsegriddomain(Domain1)washorizontallysetforthe1620㎞

×1620㎞ domain,includingtheKoreanPeninsular,withgridintervalof27km;

secondcoarsegriddomain(Domain2)washorizontallysetforthe549㎞×549

㎞domain,includingSouthKorea,withgridintervalof9km;thirdcoarse

grid domain (Domain 3)washorizontally setforthe201㎞×201㎞domain,

includingthesouth-westcoastsandtheIslandofCheju,withgridintervalof

3km;finaldomain(Domain4)washorizontallysetforthe85㎞×61㎞domain,

including theChejuregionandMarado,themostsouthernpartofKorea,

withgridintervalof1km inordertomimicthewindatseasurfacenear

Cheju.Verticallayersarecomposedof15storiesforallthefourdomains.

Basedonultimatelygeneratedinitialfield,thewindfieldsoftheregionofthe

IslandofChejuwhichhavetheresolutionof1km intervalisproducedatthe

intervalofonehourforupto72hoursthroughreal-timemodelforecast

process.Fig.3.8representsthefinalforecastdomain (Domain 4).In this

study,domain4usingdifferentmapdatacomparewithdomain1through3.

Domain4usinghighresolutiontopographicaldatawhichwasprovidedby
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NationalGeographicInformationInstitute.DEM(DigitalElevationmap)from

USGS(United States GeologicalSurvey)was used on domain 1 through

domain3[29].Inthisstudy,earlystageofforecasting(0hto6h)datawasnot

usedtopreventdatadistortionbymodelspinup.

Fig.3.8.Horizontaldomains(4horizontaldomain).
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Fig.3.9.Finalforecastingdomain(Domain4).

Fig.3.10.Timescheduleofreal-timewindpower

forecastingsystem.
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Ⅳ.DevelopmentofMOS

4.1.MOSForecastEquation

4.1.1PredictorsandPredictand

Numerical statistical model corrects systematic errors of numerical

forecasting modeland a statisticaltechnique that can predict forecast

elementsthatcannotbeproducedbynumericalforecastingmodelandcan

alsopredictparticularlocationsotherthangridpoints.Aserrorcharacteristics

ofnumericalforecasting modeldifferateachtimeofforecasting,forecast

errors increased as forecasttime increased.To reduce such errors and

improveforecastperformanceastowindspeed,numericalstatisticalmodel

forecastequations for each forecasttime has been developed.For the

developmentofnumericalstatisticalmodel,numericalforecastdatamustbe

accumulatedforsufficientperiodwithoutalternationofnumericalforecasting

modelbecause numericalstatisticalmodeldevelops relationalexpression

betweenforecastdataofnumericalforecastingmodelandforecastelements

and useitasforecasting equation and thereby reflectscharacteristicsof

numericalforecastingmodelitselfinthecomputationofforecastingequation.

Generally,in ordertoproducestableNumericalStatisticalModelForecast

Equation,sampledataof300areknown tobemoststablesamplesize.

However,inthisstudydataforoneyearwasusedandapproximately90

samples were used seasonally and thereby developed numericalstatistical

modelequation.Basicform ofNumericalStatisticalModelForecastEquation

canbeseeninEquation(4.1).
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   (4.1)

Herein Y is forecastelementorpredictand and is the value actually

observed.X iscalledpredictorandisthevaluecalculatedfrom numerical

modeldataandcomposedofvariablesthatexplainY best.tisregression

coefficientofmultiplelinearregressionequationthatrepresentsrelationship

betweenYtandXt.

․ Y:definedaswindspeedat80m abovethegroundinthisstudy

․ X:Inthisstudy,itispredictor.forecastvariablesofvariousnumerical

modelsthatcanbeusedasexplanatoryvariables;yet,asaninitial

stage,simple linear regression equation was calculated by using

forecastvalueofwindspeedinnumericalmodel.

Forecastelement(Y)shouldbedefinedbyfeasiblequantitativeelementthat

fitsthepurposeofforecasting;in thisstudy,windspeed80m abovethe

ground atthelocationsofSungsan isdefined asforecastelement.Since

predictor(X)differs in accordance with location and forecasting timeof

variousforecastvariables,allofthepossiblepredictorsthatcanbeconsidered

toaffectforecastelementarecalculated;thesearecalledpotentialpredictors.

In general,predictorsthathavethecapacity toaffectdifferin linewith

locationofforecastandtimeofforecast.Inthiscase,statisticalmethodcalled

stepwiseselection isused forthemethod ofselecting optimalpredictors

amongpossiblepotentialpredictors.

Inthisstudy,tofigureoutdegreeoffundamentalimprovementofMOS

beforeusingvariouspotentialpredictors,windspeedpredictedinnumerical
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modelisusedassolepredictor.Therefore,inthisstudyregressionequation

wascalculatedusingsolepredictorwithoutgoingthroughstepwiseselection.

Asforecasterrorsofwindspeedinnumericalforecastmodelhasseasonal

differences,forecasting equationwascalculatedbyseparatingitseasonally:

Spring (March to May);Summer(June to August);Fall(Septemberto

November);Winter(December,JanuarytoFebruary).

4.1.2Observationdataforverification

Observation wind speed which was measured on top of the wind

turbine(WT6,Sungsanwindfarm)wasusedforverifyingWRFforecasting

andMOS forecasting data.Normally,theobservationwindspeedwasnot

muchdifferent(±2.5%)withmet-mastwindspeedwhichwasmeasuredin

frontofwindturbine[30].Generally,windspeedisdistortedbyanotherwind

turbinewhen operate severalwind turbine atwind farm.In this study,

between215
o
to280

o
windspeeddatawasremovedtoreducethewindspeed

distortionbyanotherwindturbine(Fig.4.1).

Fig. 4.1. Location of wind turbines and 

distortion degree(215
o
 to 280

o
)
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(4.2)

Fig.4.2.show thepowercurveofwindturbine(WT #6ofSungsanwind

farm).Windturbinesproducepoweroverawiderangeofwindspeeds.They

cutinatbetween3and4m/s,reachtheirratedoutputatabout13m/sand

areregulatedtoproducetheirmaximum outputthroughto25m/s,whenthey

typicallyshutdowntoprotectthedrivetrain,gearboxandstructurefrom

potentialdamage.Fig.4.3show thecomparitionofwindpowerfrom wind

turbineandcalculatedwindpowerbyobservedwindspeed.Thedifferenceof

windpoweroutputwasverysmall(R
2
=0.994).Normally,windpowerwas

calculatedfrom equation(4.2).

HereinPisElectricityoutputfrom windturbine, isairdensity,Aisarea

ofwindspeed,andV iswindspeedonnacelleheight.Inthisstudy,wind

powerwas calculated from powercurve(V80-2.0MV)and wind speed of

observation on nacelle heightand forecasting by WRF modeland MOS

forecastingequation.

Fig. 4.2. Power curve of V80-2.0MW. 
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Fig. 4.3. Power output of wind turbine and calculated by observed wind speed 

(2012.3.1.06UTC).

4.1.3Compositionofthesample

Inthecompositionofthesample,duetoseasonalityinforecasterrorsof

windspeedofthenumericalmodel,wedividedayearintofourseasons

spring (March to May),summer (June ∼ August),fall(September to

November),andwinter(December,JanuarytoFebruary)andcalculatedthe

numericalstatisticsmodelforecastequations.

Thenumericalforecastmodelspatially calculatesforecastvaluesby the

unitofgridpoints.Itderivesforecastvaluesverticallybylayersandspatially

bytheunitofgridpointsonthecoordinatessystem ofthemodel.Therefore,

itisnotcapableofprovidingdirectforecastvalueforaparticularlocation

and/orforaparticularelevation.Moreover,thenumericalmodelitselfhas

systematicerrors,itcannotuseforecastvalueswithoutmodifications.There

areafew objectiveanalysistechniquesfornumericalforecastdataforthe

forecastofparticularlocationsandcorrectionoferrorsusingnumericalmodel
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dataand thosevariousstatisticalapproachesareasfollows:PPM(Perfect

Prog.Method),MOS(ModelOutputStatistics),KF(Kalman Filter),etc.In

PPM,theinteractionformulabetweenobservationdataonthegroundand

synopticanalysisdataofthelowerandmiddlepartsoftheatmospherebased

onobservationdataandapplytheformulatonumericalmodeldata.Asthis

method assumes thatnumericalmodelis perfectand applies numerical

forecastdatawithoutrevisiontotheinteractionformulaofsynopticvariables

oftheactualatmosphereandsurfaceelements,itfailstocorrecterrorsof

numericalforecastmodel.Unlike PPM,MOS develops interaction formula

betweensynopticforecastvariablesofnumericalforecastmodelaccumulated

inthepastandthesurfaceelementsobservedinthepastandthenapplies

theinteractionformulatonumericalmodeldata.Bydoingso,MOSexplains

systematic errors and is capable of predicting forecast elements that

numericalforecastmodelcannotproduceonparticularlocationsotherthanon

grid points [24-25].In addition,by selecting differentpredictors ateach

forecasttime,MOS generatesforecastclosetothemean averageofthe

sampleasforecasttimeincreasesandtherebyprovidestheinformationabout

predictability ofnumericalforecastmodeland easierto approach various

forecastelements [26-28].KF corrects the differences between numerical

modeland observation everyday and makes management of work-site

operation easier;therefore,theusability ofKF atwork-siteoperationsis

high.However,KFiseasytoapplytosuchelementsastemperaturethathas

continuityandhaslimitationinexpanding forecastelements.Ingeneral,if

thereissufficientamountofnumericalforecastmodeldataaccumulatedfor

sufficientperiodsandifthereisnochangeinthenumericalmodel,MOS

methodisknowntobemosteffective.Therefore,inthisstudyMOSforecast

equationforwindspeedhasbeendevelopedfortheimprovementofcapability

topredictwindspeedanditsperformancehasbeentestedandverified.
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(4.3)

    
      
    

(4.4)

4.2.Typesofforecastequations

Forecastlocationisthepositionofthe6thwindpowergeneratorinthe

Sungsan wind farm.Frequency offorecastistwicea day (06,18UTC);

forecasttimeis +00 ∼ +72 hoursattheintervalof1 hour;forecast

equations have been generated by separating the samples by seasons.

Accordingly,thetotalnumberofforecastequationsis584:2(frequencyof

forecast)x73(forecasttime)x4(seasons).

Equationforcalculatingtotalerrorsofforecastvalueisshownin(4.3).Y

isobservationvalue; isthemeanaverageofobservationvalues isthe

regressionestimatedvalues.squaredsum oftotalerrors(SST)isexpressby

squaredsum ofregressionvalues(SSR)andsquaredsum ofresidualerrors

(SSE).

Thenumberofsamplesisn;thenumberofpredictorsisp;theequationof

revisedcoefficientofdeterminationisexpressedin(4.4).

Iftheregressionequationisperfect,SSEbecomes0andrevisedcoefficient

ofdeterminationbecomes1;ifthereisnogoodnessoffitby regression,
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revisedcoefficientofdeterminationbecomes0.Accordingly,revisedcoefficient

of determination becomes the benchmark for judging goodness of fit.

Numericalstatisticsmodelisastatisticalmethodthatcorrectssystematic

errors ofthe numericalforecastmodeland thatcan generate forecast

elements,whichcannotbegeneratedbythenumericalforecastmodel,and

predictatplacesotherthangridpoints.Sinceerrorcharacteristicsofthe

numericalforecastmodeldifferinaccordancewitheachforecasttime,forecast

errorsincreasesinlinewiththeincreaseofforecasttime.Numericalstatistics

modelforecastequationsforeachforecasttimehavebeendevelopedinorder

toreducesucherrorsandtoenhancecapacitytopredictwindspeed.Forthe

development of numerical statistics model,numericalforecast data for

sufficientperiodsoftimemustbeaccumulatedwithoutchangesinnumerical

forecastmodel.Thereasonbehindthisisthatcharacteristicsofnumerical

forecastmodelare reflected in the generation offorecastequations as

numericalstatistics modeldevelops interaction formula between forecast

elementsandforecastdataofnumericalforecastmodelaccumulatedinthe

pastandusetheformulaasforecastequation.Ingeneral,thesampledataof

300areknowntobethemoststablesamplesizeforthegenerationofstable

numericalstatisticsmodelforecastequation.Inthisstudy,however,numerical

statistics modelequation has been developed by using approximately 180

samplespereachseasonforusabledatafortheperiodoftwoyears(Fig.4.4).
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Fig.4.4.ExampleofMOSequation.

Here,

․ Position:thenameofthepoint

․ Ftime:forecasttime

․ Totalfreedom :thenumberofsamplesusedforthegenerationofforecast

equation(thenumberofdatafrom 90samplesforeachof

thethreemonthperiodminusmissingvalues)

․ R
2
adj:revisedcoefficientofdeterminationthatdenotesgoodnessoffitof

regressionequation

․ Pname:thenameofpredictor(INTERCEPT:constantterm;WS80m:

forecastvalueofwindspeedbyWRF)

․ Coefficient:regressioncoefficientforeachpredictor
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․ STD_error:standarderror

․ T-value:Tvalue

․ P-value:Pvalue

․ VIF : variance inflation coefficient (factor) (statistics that checks

multicollinearity)

․ SD:standarddeviationofthesamples

․ MEAN:meanaverageofthesamples
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4.3.VariationofCoefficientandR
2
adj

Fig.4.5showsthevariationofcoefficientandR
2
adjateachseasonand

eachforecastingtimes.Inthisstudy,forecastdatabyWRF wasnormally

overestimatedcomparewithobservation.Socoefficientvalueswerelessthan

one.The maximum value ofcoefficientand Radjwere decreased with

forecastingtime.Thismeansthatthegoodnessoffitofregressionequation

were getting worse with forecasting time.In this study,early stage of

forecasting(0hto6h)datawasnotusedtopreventdatadistortionbymodel

spinup.

(A) (B)

(C) (D)

Fig. 4.5. Variation of coefficient(A:06UTC, B:18UTC) and R
2
adj(C:06UTC, D: 

18UTC).
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 (4.5)

    





(4.6)

4.4.GenerationofMOSforecastingdata

Fortheforecastofwindspeedattheintervalofonehouratthepointof

Sungsan,forecastdataandobservationdataofWRF,anumericalforecast

dynamicsmodel,wereused;WRF forecastdataproduce06UTC dataand

18UTC data(twiceaday);thesedataarepredicteddataattheintervalof

onehourfrom +00hourto+72hoursforeachtime.

Theperiodofdatausedforanalysisisfrom July1,2009toJune30,2011;

datausedwere06UTCand18UTCforecastdata(twiceaday)and80m wind

speedforecastdatafrom +00hourto+72hourattheintervalofonehourfor

WRFmodelfortheobserveddata,windspeedgeneratedat80m abovethe

groundattheintervalof1hourwereused.

4.5.Independenttestandverification

Duringtheperiodofthestudy,thedatafrom July2009toJune2011were

usedasdatafornumericalmodelstatistics;thedatafrom July2011toJune

2012wereusedasdataforindependentverification.VerificationofBIASand

RMSE were executed for forecastequation using data for independent

verification:spring(MarchtoMay2012);summer(JulytoAugust2011and

June2012);fall(SeptembertoNovember2011);andwinter(December2011

andFebruarytoMarch2012).
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Table4.1Sampledataandverificationperiod.

PeriodforMOSEquation VerificationforMOSEquation

Spring
3∼5.2010

3∼5.2011
3∼5.2012

Summer
7∼8.2009

6∼8.2010,6.2011
7∼8.2011,6.2012

Fall 9∼11.2009 9∼11.2011

Winter
12.2009,1∼2.2010

1∼2.2011
12.2011,1∼2.2012

Fortheforecastofwindspeedattheintervalofonehouratthepointof

Sungsan,forecastdataandobservationdataofWRF,anumericalforecast

dynamicsmodel,wereused;WRF forecastdataproduce06UTC dataand

18UTC data(twiceaday);thesedataarepredicteddataattheintervalof

onehourfrom +00hourto+72hoursforeachtime.Theperiodofdataused

foranalysisisfrom July1,2009toJune30,2011;datausedwere06UTC

and18UTC forecastdata(twiceaday)and80m windspeedforecastdata

from +00hourto+72hourattheintervalofonehourforWRFmodel;for

theobserveddata,windspeedgeneratedat80m abovethegroundatthe

intervalof1hourwereused.

Table 4.2 shows average BIAS and average RMSE of06UTC entire

verificationperiod(July,2011∼ June,2012)attheSungsanpoint;Table4.3

showsaverageBIAS andaverageRMSE of18UTC.Theforecastofwind

speed by WRF by and large tends to over-predict(BIAS ofquantity);

numericalstatisticsmodeltendstoreduceerrorsofquantityofWRFmodel.
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While WRF,in case of forecast errors of 06UTC,shows errors of

approximately 3.0m/s,numericalstatisticmodelshowserrorof2.7m/s,

resultingin0.3m/sreductionofRMSE.Especiallyin18UTC forecast,we

canfindoutthatBIASofWRFmodelbecomeslargerthanBIASof06UTC.

Inthecaseofnumericalstatisticsmodel,BIASoflargeWRFmodel,which

issimilarto06UTC,tendstobereduced.Correctioneffectof18UTCRMSE

errorsis0.3m/s,whichissimilarto06UTC.However,inthecaseofBIAS

duringwinter,BIAS ofquantitytendedtoberatherincreased.Judgingby

suchresult,additionalstudyisnecessarythroughtheincreaseofthesample

sizeandincreaseofpredictors.

MOS(BIAS) WRF(BIAS) MOS(RMSE) WRF(RMSE)

Spring 0.006 0.180 2.890 3.144

Summer -0.107 0.335 2.491 2.662

Fall 0.706 0.840 2.601 2.659

Winter 0.451 0.412 2.659 3.022

Table4.2.BIASandRMSEat06UTCduring,July.2011toJun.2012.

MOS(BIAS) WRF(BIAS) MOS(RMSE) WRF(RMSE)

Spring 0.031 0.248 2.959 3.258

Summer -0.054 0.467 2.463 2.622

Fall 0.698 0.974 2.649 3.100

Winter 0.487 0.438 2.735 3.176

Table4.3.BIASandRMSEat18UTCduring,July.2011toJun.2012.

Fig.4.6to4.13show theBIAS and RMSE of06UTC and 18UTC by

forecasttimeandbyseasonatthepointofSungsanfrom July2011toJune
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2012.Overall,tendencyofBIASshowsvalueofquantityandBIASofMOS

decreasedmorethanBIASofWRF.Also,RMSEofMOSdecreasesomewhat

comparetoMOSofRMSE;especiallyRMSEofMOSdecreasedafter+45h.

MOSskillisusuallydependontheamountofforecastoutput.Sointhis

study,Iwas calculate the MOS equation using only one yearforecast

data(2010.7∼ 2011.6)andcalculatedRMSE andBIAS ofSummerand

winterseasonwithindependentdata(2011.7∼ 2012.6).Table4.4show the

RMSE andBIASwhichwasusedoneyeardataset.RMSE ofMOS was

increasedboth06UTC and18UTCduringbothsummerandwinterseasons,

respectively.Especially, BIAS　sidetheeffectivenesswasmoresignificant.

BIAS ofMOS wasincreasedalmostdoublevaluecomparewithtwoyears

dataset.Itmeansthattwoyearsdatasetismoreeffectivelyworktoreduce

thebiasofwindspeedforecastingthroughMOS.

MOS(BIAS) WRF(BIAS) MOS(RMSE) WRF(RMSE)

Summer(06UTC) -0.275 0.335 2.498 2.622

Winter(06UTC) 0.725 0.412 2.723 3.022

Summer(18UTC) -0.221 0.467 2.475 2.622

Winter(18UTC) 0.781 0.438 2.812 3.176

Table4.4.BIASandRMSEofoneyearsdatasetusing(July2011toJun2012).
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Fig.4.6.VariationofbiasandRMSEforMOSandWRFat06UTC(spring).

Fig.4.7.VariationofbiasandRMSEforMOSandWRFat06UTC(summer).
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Fig.4.8.VariationofbiasandRMSEforMOSandWRFat06UTC(fall).

Fig.4.9.VariationofbiasandRMSEforMOSandWRFat06UTC(winter).
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Fig.4.10.VariationofbiasandRMSEforMOSandWRFat18UTC(spring).

Fig.4.11.VariationofbiasandRMSEforMOSandWRFat18UTC(summer).
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Fig.4.12.VariationofbiasandRMSEforMOSandWRFat18UTC(fall).

Fig.4.13.VariationofbiasandRMSEforMOSandWRFat18UTC(winter).
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Fig.4.14.Comparison between observed wind speed and forecasted wind

speedbyWRFandMOS(A:+12hWRF,B:+12hMOS,C:+24h

WRF,D:+24hMOS.

Fig.4.14.and Fig.4.15.showsthecomparison between observed wind

speed and forecasted wind speed by WRF and MOS during different

forecastingtime.TheR
2
from thecomparisonbetweenobservationandMOS

washigherthan WRF.But+72h forecasting ofR
2
waslittlelowerthan

WRF.ThelowerR
2
of+72hforecastingofMOScouldunderstandfrom the

highrmseandbiasduringspringtofallon06UTCforecasting.
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Fig.4.15.Comparison between observed wind speed and forecasted wind

speedbyWRF andMOS(E:+48hWRF,F:+48hMOS,G:+72h

WRF,H:+72hMOS.
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Fig.4.16.Variationofwindspeed(06UTC1stJuly2011)

4.6.Sampledataanalysis

Inordertostudyfluctuationsbyday,theforecastdataforthe6thwind

powergeneratoratSungsanwindfarm forsummer(July1201106UTC &

18UTC)andforwinter(December1201106UTC & 18UTC)wereselected.

Generatedwerethetimeseriesaboutobservationdataat06UTC & 18UTC

on July 12011and06UTC & 18UTC onDecember12011and0h∼72h

forecastdatapredictedinthemodelandforecastdataprocessedbyMOS

(ModelOutputStatistic).Predictedobservationwindvelocitiesat06UTC &

18UTConJuly1,2011showsfluctuationsfrom approximately1m/sto 10

m/s;thoughchangesinpredictedwindspeedinlinewithchangesinactual

wind speed werewellcorresponded,after48h predicted wind speed was

higherthan observed wind speed.(yet,in thecaseof18UTC,predicted

valuesafter62hwerelowerthantheobservedvalues.)Thisimpliesthatin

theforecastoftheamountofgeneratedelectricity,thepredictedamountcan

be smaller than actualamount.However,the fluctuations in the MOS

predicteddata,comparetowindspeedpredictedinthemodel,turnedoutto

somewhatmoresimilartotheobservedwindspeed.OnDecember1,2011,

which is winterseason,thefluctuationsweresmallerthan thosein the

summer,observationandforecastandMOSforecastwerenearlysimilar.
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Fig.4.17.Variationofwindspeed(18UTC1stJuly2011)

Fig.4.18.Variationofwindspeed(06UTC1stDecember2011)

Fig.4.19.Variationofwindspeed(18UTC1stDecember2011)
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4.7.Annualaveragevariationofforecastingwindspeed

Inordertoexaminethelong-term forecastoutcomes,meanaveragesof

changesinobservedandpredictedwindspeedbyeachforecasttimefrom

July2011toJune2012wereanalyzed(Fig.4.20∼ 4.22).Windspeedwasin

therangeof6m/s∼ 8m/sinbothWRFmodelandMOSforecastingand

overestimatedofwindspeedwasappeared.Intheoutcomeofforecastof

both WRF modeland MOS,wind speed during daytime was similarto

observationofdiurnalvariationofhighwindspeed.Especially,inthecaseof

WRFmodelpredictedin18UTC,predictedvaluesprecededabout3hoursin

theareawherewindspeedishighduringdaytime;however,suchtendency

wasremovedinthecaseofMOS.Moreover,inthecaseofbothWRFmodel

andMOSforecast,predictedwindspeedinbothmodelsarehigherthanthe

observedwindspeed.ThissuggeststhatifforecastdataofWRFmodeland

MOS forecastare used in the forecastofactualamountofgenerated

electricity,theamountofgeneratedelectricityisoverestimated.However,in

thecaseofpredicted wind speed ofMOS compare to WRF model,the

tendencyofoverestimationissmallerandthusthedifferencebetweenactual

amountofgeneratedelectricityandpredictedamountbyMOSforecastingis

smaller.
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Fig.4.20.Averagedwindspeed(06UTC)

Fig.4.21.Annualaveragedvariationofwindspeed(18UTC)

Fig.4.22.Annualaveragedvariationofwindspeed(alltime)
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4.8.Comparisonofseasonalwindspeed

Fig.4.23∼ 4.28areratiosofseasonalaveragewindspeedpredictedin

bothWRFmodelandMOStotheobservedwindspeedatforecasttime(24h,

48h,and72h)andat06UTCand18UTC.In06UTC24hforecastoutcomes,in

springandwinter,thedifferencesbetweentheforecastbyWRFmodeland

MOS were less than about5%.However,in summerand in fall,the

differences between the predicted wind speed in WRF modeland the

observed wind speed were greater11.4% in summerand 14.8% in fall.

Especially in Fall,the forecastby MOS also showed somewhatgreat

differenceof9.4%.18UTC 24hforecastoutcomesshowedgreatererrorsfor

allthefourseasonsthan06UTC.Especially,WRF showedgreatdifference

(5.8% ∼ 16.1%)duringseasonswhiletheforecastbyMOSshowedsmaller

errors (approximately 1.3% ∼ 8.9%).The outcome ofWRF forecastat

06UTC 48h showed tendency tooverestimatefrom 3.9% to17.1% during

springtofallandunderestimate-4.2% duringwinter.InthecaseofMOS

forecast,inspringandsummer,theforecasthastendencytounderestimate

comparetotheobservedwindspeed.However,thedifferenceswerenotgreat

(less than -6.5%).In 18UTC 48h forecast,in the case ofWRF,the

differencesarenotgreaterin spring and winter(about3%).However,in

summerandfall,WRF forecastshowed10.5% ∼ 14.5% difference.Inthe

caseofMOSforecastwaslessthan8.9%.In06UTC 72hforecastoutcome,

WRFforecastandMOSforecastwerenotgreat(lessthan±6%)exceptfall(about

14.1% forMOS,12.7% forWRF).In18UTC72hforecastoutcome,theforecast

outcomeofWRFmodelshowedinsignificantdifferencesinspring.Butsummer,

fall,winterwereoverthanabout10%.MOSforecastoutcomeshowedfewer

errorsthanWRFmodelforecastoutcome(lessthan10%).
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Fig.4.23.Comparisonofseasonalwindspeedratioof24hforecast(06UTC)

Fig.4.24.Comparisonofseasonalwindspeedratioof24hforecast(18UTC)
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Fig.4.25.Comparisonofseasonalwindspeedratioof48hforecast(06UTC)

Fig.4.26.Comparisonofseasonalwindspeedratioof48hforecast(18UTC)
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Fig.4.27.Comparisonofseasonalwindspeedratioof72hforecast(06UTC)

Fig.4.28.Comparisonofseasonalwindspeedratioof72hforecast(18UTC)
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Fig.4.29.∼ 4.30.showstheratioofwind speed comparison by wind

directionandforecasttime,respectively.Intheoutcomeof06UTC,between0
o

∼ 215
o
wind speed differencebetween WRF modeland observation were

largerthan anotherwind direction section.Meanwhile,in theoutcomeof

18UTC,between215
o
∼ 360

o
windspeeddifferencewaslargerthananother

winddirectionsection.Theseresultsmightbefrom thedifferentmainwind

direction on daytime(06UTC) and nighttime (18UTC),butitneed more

research ofwind forecasting on differentwind direction by WRF model

forecasting.IntheoutcomeofMOS,06UTCand18UTCwindspeeddifference

were,mostly smallerthan WRF model's wind speed,butthe difference

between280
o
∼ 360

o
winddirectionshowedthetypicallylargeunderestimate.

itneedmoreanalysisonthewindspeedforecastingthroughwinddirection,

andalsoitneedre-calculationofMOSforecastequationbywinddirection.

Fig.4.29.Comparisonofwindspeedratiobywinddirection(06UTC)

Fig.4.30.Comparisonofwindspeedratiobywinddirection(18UTC)
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4.9.Comparisonofseasonalwindenergy

Fig.4.29∼ 4.34showstheratiobetweencalculatedwindenergy from

observedwindspeedtocalculatedwindenergyfrom forecastwindspeedby

WRF andMOS forecastequationat06UTC and18UTC by forecasttime

(24h,48hand72h).Intheoutcomeof06UTC 24hforecast,thedifferences

betweentheamountofwindenergycalculatedbytheobservedwindspeed

andtheamountofwindenergypredictedbyWRF modelwassignificantly

greatmorethan 40.4% ∼ 53.9% in summerandfall.Yetin spring and

winter,thedifferencesbetweentheamountofwindenergypredictedinWRF

modelandtheamountofwindenergycalculatedfrom theobservedwind

energy were less than 7.8%(spring)and -5.3%(winter),respectively.The

difference ofMOS was -12.8%,-16.7%,32.6% and 7.4% during spring,

summer,fallandwinter,respectively.Intheoutcomeof18UTC24hforecast,

differencebyWRFwasgreaterthanMOSthroughallseasons.Especially,in

thecaseofWRFmodelforecast,greatererrorswere44.8% ∼ 59.4% during

falland winter.Meanwhile,the difference ofMOS was notsignificant

(approximately4.3% ∼ 30.6%)duringseasons.

Intheoutcomeof06UTC48hforecast,WRFforecastshowedtendencyto

overestimateabout29.0% ∼ 63.9% duringsummerandfall.Butinthecase

ofspringandwinter,thedifferencebetweenWRFforecastandtheobserved

wind energy was notgreat(less than ±13%).In the case ofMOS,the

predicted valueshavetendency tounderestimatecomparetotheobserved

windenergyinspringandsummer,butthedifferencewasnotsignificant

(-11.3% ∼ -19.5%)duringspringandwinter,respectively.Inthe18UTC48h

WRFforecast,thedifferencebetweenthepredictedvaluesandtheobserved

valueswerenotgreatinspringandwinterabout9.8∼ 12.8%.However,in

summerandfall,WRFforecastshoweddifferenceof39.5∼ 53.3% andMOS

forecastshowed difference-7.0%,25.9%,29.9% and 12.2% during spring,
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summer,fallandwinter,respectively.

Intheoutcomeof06UTC72hforecast,thedifferencebyWRFforecastand

MOSforecastwerenotgreatinspringandwinterhowever,insummerand

fallthe WRF forecastshowed significanterrors about22.2% ∼ 45.2%.

Especially,in fallMOS forecastoutcomeshowedgreaterdifference(51.4%)

thanforecastoutcomebyWRFmodel.Intheoutcomeof18UTC72hforecast,

thedifferencebetweenthepredictedvaluebyWRFmodelandtheobserved

value showed insignificantly different.In summer,fall,and winter,the

predictedvaluebyMOSshowedsmallerdifferencethanthepredictedvalue

ofWRFmodel.
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Fig.4.31.Comparisonofseasonalwindenergyratioof24hforecast(06UTC)

Fig.4.32.Comparisonofseasonalwindenergyratioof24hforecast(18UTC)



- 71 -

Fig.4.33.Comparisonofseasonalwindenergyratioof48hforecast(06UTC)

Fig.4.34.Comparisonofseasonalwindenergyratioof48hforecast(18UTC)
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Fig.4.35.Comparisonofseasonalwindenergyratioof72hforecast(06UTC)

Fig.4.36.Comparisonofseasonalwindenergyratioof72hforecast(18UTC)



- 73 -

Ⅴ.Conclusions

Windpowerplaysanimportantroleinsupplyingsustainableelectricityand

showssignificantgrowth forthepastfew years.And recently electricity

generatedbywindturbineatwindfarm hasbecomeanimportantpartof

various energy sources in nationallevel.However,since forecasting of

electricity from wind turbine at wind farm is determined by accurate

forecastingofwindspeed.Butitisnoteasytogettheaccuratewindspeed

afterseveraldays.

In thisstudy,MOS forecastequation wasdeveloped toimprovewind

speedandwindpowerforecastingwithWRF modeloutputdata.Itiswell

knownaboutMOSequationcanmakemoreaccurateforecastwindspeedat

thepointofmodelgridpoints.ToevaluatetheperformanceofMOSforecast

equation Icompared oneyeardatasetandtwoyearsdatasetofWRF

model,respectively.When apply justoneyeardataseton calculating of

BIAS and RMSE of MOS forecast were increased both forecasting

time(06UTCand18UTC)duringsummerandwinterseasonsbut,RMSEwas

notmuchdifferentwithcomparisonoftwoyearsdataset.Itmeansthat

moremodeloutputdatausingiseffectivelyworktoreducethebiasofwind

speedforecastingthroughtheMOSmethod.

Also,windenergy calculatedfrom thepredictedwindspeedfrom WRF

modelandMOSforecastequation.Theresult24hforecastresultusingtwo

yearsnumericalmodeloutputdata,incaseof06UTC byWRFmodelwere

overestimatedduringspring(7.8%),summer(40.4%)andfall(53.9%)andunder

estimatedduringwinter(-5.3%)comparetowindpowerenergycomputedin

the observed wind speed.And as wind power energy by MOS were

underestimatedduringspring(-12.8%),summer(-16.7%)andoverestimatedof

fall(32.6%)andwinter(7.4%).Incaseof18UTCbyWRFmodelwindpower
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energy forecastwereoverestimatedduring spring(24.9%),summer(21.3%),

fall(44.8%)and winter(59.4%).And aswind powerenergy by MOS was

overestimated during spring(4.3%), summer(12.9%), fall(19.4%) and

winter(30.6%).Even though apply the MOS forecastequation,overthan

30%(06UTC,fall)ofwindpowerenergydifferencewasappear.
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Ⅶ.Appendix

A.1.MOSequationof06UTCatSpring.

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 000 h, Total freedom =   170, Radj = 40.83

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.98314

1        WS80m     0.57392      0.0528     10.8773      0.0000      1.0000     13.1730      7.4058

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 001 h, Total freedom =   168, Radj = 55.17

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.78301

1        WS80m     0.79186      0.0549     14.4121      0.0000      1.0000     12.8355      7.4840

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 002 h, Total freedom =   173, Radj = 61.23

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.02167

1        WS80m     0.86296      0.0521     16.5610      0.0000      1.0000     13.9478      7.3914

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 003 h, Total freedom =   171, Radj = 51.49

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.58114

1        WS80m     0.75034      0.0555     13.5106      0.0000      1.0000     13.8443      6.9622

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 004 h, Total freedom =   170, Radj = 45.60

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.84622

1        WS80m     0.72739      0.0607     11.9786      0.0000      1.0000     12.5457      6.8731

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 005 h, Total freedom =   175, Radj = 45.67

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.07012

1        WS80m     0.70009      0.0575     12.1689      0.0000      1.0000     13.0533      7.1449

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 006 h, Total freedom =   175, Radj = 36.76

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.54517

1        WS80m     0.60241      0.0594     10.1362      0.0000      1.0000     12.5410      7.0085

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 007 h, Total freedom =   177, Radj = 37.06

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.55744

1        WS80m     0.59259      0.0578     10.2569      0.0000      1.0000     13.1909      7.0758

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 008 h, Total freedom =   178, Radj = 41.45

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.35810

1        WS80m     0.60147      0.0534     11.2708      0.0000      1.0000     12.5762      7.0274

------------------------------------------------------------------------------------------------------------
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Position = Sungsan(point), Ftime = + 009 h, Total freedom =   177, Radj = 45.56

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.42102

1        WS80m     0.62079      0.0508     12.2126      0.0000      1.0000     12.0925      7.0753

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 010 h, Total freedom =   175, Radj = 28.61

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.21317

1        WS80m     0.50564      0.0600      8.4336      0.0000      1.0000     11.3488      6.8812

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 011 h, Total freedom =   177, Radj = 41.86

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.96479

1        WS80m     0.59085      0.0521     11.3337      0.0000      1.0000     12.9486      7.2916

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 012 h, Total freedom =   177, Radj = 47.83

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.47741

1        WS80m     0.64185      0.0502     12.7784      0.0000      1.0000     13.4659      7.1933

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 013 h, Total freedom =   173, Radj = 45.54

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.28993

1        WS80m     0.65084      0.0539     12.0684      0.0000      1.0000     12.9040      7.0552

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 014 h, Total freedom =   174, Radj = 44.20

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.04227

1        WS80m     0.68990      0.0586     11.7820      0.0000      1.0000     12.6500      7.0829

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 015 h, Total freedom =   175, Radj = 38.14

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.49387

1        WS80m     0.60631      0.0581     10.4353      0.0000      1.0000     11.2738      6.9614

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 016 h, Total freedom =   177, Radj = 39.72

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.27159

1        WS80m     0.66339      0.0612     10.8458      0.0000      1.0000     12.7907      7.1140

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 017 h, Total freedom =   174, Radj = 29.54

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.03148

1        WS80m     0.57352      0.0667      8.5997      0.0000      1.0000     12.0242      6.9789

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 018 h, Total freedom =   177, Radj = 46.65

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.85333

1        WS80m     0.77743      0.0623     12.4812      0.0000      1.0000     13.9796      7.3708

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 019 h, Total freedom =   177, Radj = 49.34

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.05873

1        WS80m     0.72690      0.0552     13.1679      0.0000      1.0000     13.1939      7.4135
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------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 020 h, Total freedom =   175, Radj = 53.77

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.67699

1        WS80m     0.75761      0.0530     14.3015      0.0000      1.0000     13.3262      7.5188

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 021 h, Total freedom =   174, Radj = 53.08

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.53742

1        WS80m     0.76155      0.0541     14.0659      0.0000      1.0000     12.3394      7.5560

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 022 h, Total freedom =   174, Radj = 45.92

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.53043

1        WS80m     0.75345      0.0618     12.1972      0.0000      1.0000     12.5865      7.5966

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 023 h, Total freedom =   172, Radj = 44.81

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.05349

1        WS80m     0.67514      0.0569     11.8590      0.0000      1.0000     10.8227      7.3792

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 024 h, Total freedom =   171, Radj = 46.71

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.40167

1        WS80m     0.75484      0.0614     12.2840      0.0000      1.0000     13.0723      7.4192

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 025 h, Total freedom =   168, Radj = 46.04

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.55101

1        WS80m     0.76343      0.0635     12.0133      0.0000      1.0000     12.5859      7.4639

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 026 h, Total freedom =   173, Radj = 41.11

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.87002

1        WS80m     0.74758      0.0677     11.0352      0.0000      1.0000     13.3819      7.4017

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 027 h, Total freedom =   171, Radj = 45.35

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.49571

1        WS80m     0.77192      0.0646     11.9541      0.0000      1.0000     13.5761      6.9483

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 028 h, Total freedom =   171, Radj = 35.12

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.27260

1        WS80m     0.68615      0.0709      9.6719      0.0000      1.0000     12.4941      6.8628

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 029 h, Total freedom =   176, Radj = 34.22

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.42074

1        WS80m     0.65218      0.0678      9.6213      0.0000      1.0000     13.0196      7.1288

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 030 h, Total freedom =   176, Radj = 30.43

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.76106
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1        WS80m     0.57124      0.0647      8.8315      0.0000      1.0000     12.4752      7.0141

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 031 h, Total freedom =   177, Radj = 21.04

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.38070

1        WS80m     0.48502      0.0699      6.9396      0.0000      1.0000     12.8034      7.0472

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 032 h, Total freedom =   178, Radj = 28.56

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.80241

1        WS80m     0.54872      0.0646      8.4956      0.0000      1.0000     12.1547      7.0095

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 033 h, Total freedom =   177, Radj = 32.19

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.78626

1        WS80m     0.55888      0.0606      9.2204      0.0000      1.0000     11.9599      7.0112

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 034 h, Total freedom =   175, Radj = 25.29

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.25471

1        WS80m     0.48040      0.0619      7.7618      0.0000      1.0000     11.1895      6.8676

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 035 h, Total freedom =   177, Radj = 36.21

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.77443

1        WS80m     0.59179      0.0587     10.0732      0.0000      1.0000     12.8103      7.2539

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 036 h, Total freedom =   177, Radj = 32.88

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.82456

1        WS80m     0.59935      0.0640      9.3650      0.0000      1.0000     13.4153      7.1809

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 037 h, Total freedom =   173, Radj = 26.52

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.12054

1        WS80m     0.53165      0.0668      7.9645      0.0000      1.0000     12.8647      7.0098

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 038 h, Total freedom =   174, Radj = 32.45

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.76796

1        WS80m     0.58224      0.0633      9.1974      0.0000      1.0000     12.7155      7.0509

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 039 h, Total freedom =   175, Radj = 33.25

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.80083

1        WS80m     0.56871      0.0606      9.3899      0.0000      1.0000     11.3570      6.9449

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 040 h, Total freedom =   177, Radj = 29.91

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.70897

1        WS80m     0.60365      0.0690      8.7475      0.0000      1.0000     12.8298      7.0719

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 041 h, Total freedom =   174, Radj = 31.80

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN
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0    INTERCEPT     2.83187

1        WS80m     0.60679      0.0670      9.0618      0.0000      1.0000     11.8675      6.8771

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 042 h, Total freedom =   177, Radj = 40.95

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.40795

1        WS80m     0.69245      0.0623     11.1233      0.0000      1.0000     13.9407      7.3073

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 043 h, Total freedom =   177, Radj = 55.74

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.59464

1        WS80m     0.78214      0.0523     14.9626      0.0000      1.0000     13.0753      7.3713

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 044 h, Total freedom =   176, Radj = 46.87

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.90206

1        WS80m     0.72429      0.0579     12.4999      0.0000      1.0000     12.9780      7.4836

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 045 h, Total freedom =   175, Radj = 42.29

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.75456

1        WS80m     0.72650      0.0639     11.3686      0.0000      1.0000     12.1977      7.5176

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 046 h, Total freedom =   175, Radj = 35.52

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.57828

1        WS80m     0.61472      0.0623      9.8690      0.0000      1.0000     12.6758      7.4903

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 047 h, Total freedom =   173, Radj = 35.60

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.45001

1        WS80m     0.61184      0.0622      9.8295      0.0000      1.0000     10.5973      7.3138

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 048 h, Total freedom =   172, Radj = 39.59

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.87002

1        WS80m     0.68959      0.0647     10.6643      0.0000      1.0000     13.0677      7.3185

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 049 h, Total freedom =   169, Radj = 37.89

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.62383

1        WS80m     0.61245      0.0600     10.2039      0.0000      1.0000     12.6464      7.3341

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 050 h, Total freedom =   173, Radj = 24.95

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.55158

1        WS80m     0.49200      0.0643      7.6502      0.0000      1.0000     13.8419      7.2431

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 051 h, Total freedom =   171, Radj = 29.42

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.84754

1        WS80m     0.54351      0.0639      8.5021      0.0000      1.0000     13.5657      6.7762

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 052 h, Total freedom =   171, Radj = 34.20

------------------------------------------------------------------------------------------------------------
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P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.75179

1        WS80m     0.56228      0.0593      9.4808      0.0000      1.0000     12.3392      6.6936

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 053 h, Total freedom =   176, Radj = 31.02

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.73985

1        WS80m     0.58826      0.0657      8.9515      0.0000      1.0000     13.4049      7.0169

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 054 h, Total freedom =   176, Radj = 28.50

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.87939

1        WS80m     0.53918      0.0639      8.4346      0.0000      1.0000     13.0136      6.9186

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 055 h, Total freedom =   176, Radj = 24.39

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.08801

1        WS80m     0.50342      0.0662      7.6000      0.0000      1.0000     13.0014      6.8774

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 056 h, Total freedom =   177, Radj = 17.03

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.82359

1        WS80m     0.39652      0.0649      6.1106      0.0000      1.0000     12.1443      6.8174

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 057 h, Total freedom =   176, Radj = 18.18

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.72093

1        WS80m     0.39801      0.0628      6.3330      0.0000      1.0000     11.8869      6.8254

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 058 h, Total freedom =   174, Radj = 15.38

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.92365

1        WS80m     0.38362      0.0672      5.7122      0.0000      1.0000     11.1539      6.6697

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 059 h, Total freedom =   176, Radj = 22.79

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.64568

1        WS80m     0.46935      0.0645      7.2776      0.0000      1.0000     12.9031      7.0537

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 060 h, Total freedom =   177, Radj = 30.63

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.91272

1        WS80m     0.56805      0.0638      8.8976      0.0000      1.0000     13.4549      7.0393

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 061 h, Total freedom =   173, Radj = 26.61

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.04243

1        WS80m     0.52553      0.0658      7.9826      0.0000      1.0000     12.6191      6.8632

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 062 h, Total freedom =   174, Radj = 35.83

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.51890

1        WS80m     0.59614      0.0602      9.9084      0.0000      1.0000     12.7177      6.9051

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 063 h, Total freedom =   175, Radj = 21.03



- 84 -

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.63679

1        WS80m     0.42594      0.0617      6.8991      0.0000      1.0000     11.2371      6.8210

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 064 h, Total freedom =   177, Radj = 27.67

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.17586

1        WS80m     0.50583      0.0610      8.2883      0.0000      1.0000     12.8852      6.9787

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 065 h, Total freedom =   174, Radj = 23.48

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.42547

1        WS80m     0.49298      0.0668      7.3747      0.0000      1.0000     11.9592      6.8251

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 066 h, Total freedom =   177, Radj = 31.73

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.05285

1        WS80m     0.57644      0.0632      9.1253      0.0000      1.0000     13.7531      7.2697

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 067 h, Total freedom =   178, Radj = 39.59

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.96330

1        WS80m     0.58492      0.0539     10.8468      0.0000      1.0000     13.2199      7.3877

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 068 h, Total freedom =   175, Radj = 34.51

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.79559

1        WS80m     0.57227      0.0593      9.6550      0.0000      1.0000     12.6307      7.4080

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 069 h, Total freedom =   174, Radj = 47.35

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.96941

1        WS80m     0.68969      0.0550     12.5496      0.0000      1.0000     11.8612      7.4417

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 070 h, Total freedom =   174, Radj = 35.03

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.36530

1        WS80m     0.64502      0.0662      9.7378      0.0000      1.0000     12.5089      7.4651

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 071 h, Total freedom =   172, Radj = 25.52

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.27581

1        WS80m     0.50264      0.0649      7.7422      0.0000      1.0000     10.5161      7.2769

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 072 h, Total freedom =   171, Radj = 33.80

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.81436

1        WS80m     0.56372      0.0600      9.3978      0.0000      1.0000     12.9852      7.2901
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A.2.MOSequationof18UTCatSpring.

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 000 h, Total freedom =   177, Radj = 39.49

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.48208

1        WS80m     0.52412      0.0486     10.7941      0.0000      1.0000     11.2198      6.9118

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 001 h, Total freedom =   179, Radj = 40.40

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.25768

1        WS80m     0.62601      0.0566     11.0601      0.0000      1.0000     12.6629      7.3233

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 002 h, Total freedom =   180, Radj = 39.71

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.25711

1        WS80m     0.63257      0.0579     10.9346      0.0000      1.0000     13.3430      7.2459

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 003 h, Total freedom =   176, Radj = 38.22

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.15886

1        WS80m     0.62140      0.0593     10.4835      0.0000      1.0000     12.8989      7.1192

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 004 h, Total freedom =   177, Radj = 47.97

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.53555

1        WS80m     0.70703      0.0552     12.8138      0.0000      1.0000     12.7169      7.1219

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 005 h, Total freedom =   178, Radj = 41.64

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.08179

1        WS80m     0.65565      0.0580     11.3140      0.0000      1.0000     11.1633      7.0156

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 006 h, Total freedom =   180, Radj = 51.68

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.44393

1        WS80m     0.75498      0.0543     13.9107      0.0000      1.0000     12.6220      7.1249

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 007 h, Total freedom =   177, Radj = 39.86

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.10113

1        WS80m     0.65545      0.0603     10.8780      0.0000      1.0000     11.8930      6.9978

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 008 h, Total freedom =   180, Radj = 56.31

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     0.83764

1        WS80m     0.84549      0.0554     15.2645      0.0000      1.0000     13.7946      7.3503

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 009 h, Total freedom =   180, Radj = 56.51

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.15103

1        WS80m     0.81173      0.0530     15.3247      0.0000      1.0000     13.1671      7.4271

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 010 h, Total freedom =   178, Radj = 48.43

------------------------------------------------------------------------------------------------------------



- 86 -

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.36536

1        WS80m     0.78952      0.0609     12.9683      0.0000      1.0000     13.1704      7.5039

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 011 h, Total freedom =   177, Radj = 57.88

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.12685

1        WS80m     0.82639      0.0529     15.6282      0.0000      1.0000     12.2631      7.5348

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 012 h, Total freedom =   177, Radj = 50.43

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.87609

1        WS80m     0.71921      0.0534     13.4569      0.0000      1.0000     12.7171      7.5680

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 013 h, Total freedom =   175, Radj = 37.00

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.95653

1        WS80m     0.57681      0.0566     10.1875      0.0000      1.0000     10.9024      7.3608

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 014 h, Total freedom =   174, Radj = 50.51

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.89303

1        WS80m     0.74429      0.0557     13.3648      0.0000      1.0000     13.0359      7.3851

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 015 h, Total freedom =   171, Radj = 49.75

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.23751

1        WS80m     0.76138      0.0583     13.0497      0.0000      1.0000     12.5501      7.3948

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 016 h, Total freedom =   176, Radj = 38.28

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.47094

1        WS80m     0.71890      0.0685     10.4964      0.0000      1.0000     13.4821      7.3186

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 017 h, Total freedom =   174, Radj = 30.93

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.49580

1        WS80m     0.64885      0.0730      8.8831      0.0000      1.0000     13.3944      6.8994

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 018 h, Total freedom =   174, Radj = 37.32

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.97719

1        WS80m     0.69931      0.0684     10.2283      0.0000      1.0000     12.3189      6.8326

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 019 h, Total freedom =   179, Radj = 38.45

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.42594

1        WS80m     0.64347      0.0606     10.6218      0.0000      1.0000     12.9271      7.1200

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 020 h, Total freedom =   179, Radj = 35.85

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.31264

1        WS80m     0.64585      0.0643     10.0506      0.0000      1.0000     12.7263      7.0211

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 021 h, Total freedom =   179, Radj = 24.29
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------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.11437

1        WS80m     0.52755      0.0690      7.6438      0.0000      1.0000     12.8647      7.0100

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 022 h, Total freedom =   180, Radj = 30.43

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.03304

1        WS80m     0.53656      0.0601      8.9290      0.0000      1.0000     12.2204      6.9729

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 023 h, Total freedom =   179, Radj = 30.93

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.29157

1        WS80m     0.51508      0.0572      9.0079      0.0000      1.0000     11.8973      6.9856

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 024 h, Total freedom =   177, Radj = 26.61

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.58820

1        WS80m     0.46126      0.0571      8.0725      0.0000      1.0000     11.1861      6.8303

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 025 h, Total freedom =   179, Radj = 34.22

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.05573

1        WS80m     0.56809      0.0586      9.7016      0.0000      1.0000     12.9026      7.2317

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 026 h, Total freedom =   180, Radj = 44.85

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.29735

1        WS80m     0.67337      0.0555     12.1402      0.0000      1.0000     13.3334      7.1464

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 027 h, Total freedom =   176, Radj = 42.47

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.22848

1        WS80m     0.67696      0.0592     11.4428      0.0000      1.0000     12.9134      7.0249

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 028 h, Total freedom =   177, Radj = 29.01

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.06877

1        WS80m     0.58110      0.0679      8.5641      0.0000      1.0000     12.7685      7.0680

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 029 h, Total freedom =   178, Radj = 28.07

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.37538

1        WS80m     0.52588      0.0626      8.3945      0.0000      1.0000     11.3224      6.9475

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 030 h, Total freedom =   180, Radj = 31.16

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.95275

1        WS80m     0.59055      0.0650      9.0811      0.0000      1.0000     12.7444      7.1017

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 031 h, Total freedom =   177, Radj = 21.94

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.31086

1        WS80m     0.50404      0.0707      7.1248      0.0000      1.0000     11.8371      6.9191

------------------------------------------------------------------------------------------------------------
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Position = Sungsan(point), Ftime = + 032 h, Total freedom =   180, Radj = 41.63

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.75605

1        WS80m     0.74664      0.0656     11.3743      0.0000      1.0000     13.8587      7.3287

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 033 h, Total freedom =   180, Radj = 40.12

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.10973

1        WS80m     0.66880      0.0607     11.0265      0.0000      1.0000     13.2469      7.3702

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 034 h, Total freedom =   178, Radj = 34.01

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.62219

1        WS80m     0.60734      0.0631      9.6309      0.0000      1.0000     13.1187      7.4480

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 035 h, Total freedom =   177, Radj = 44.09

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.95871

1        WS80m     0.68115      0.0575     11.8556      0.0000      1.0000     12.3167      7.4994

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 036 h, Total freedom =   177, Radj = 38.78

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.58051

1        WS80m     0.61686      0.0580     10.6354      0.0000      1.0000     12.7555      7.5073

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 037 h, Total freedom =   175, Radj = 33.69

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.11851

1        WS80m     0.54134      0.0571      9.4831      0.0000      1.0000     10.7297      7.3273

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 038 h, Total freedom =   174, Radj = 35.47

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.94327

1        WS80m     0.58966      0.0600      9.8299      0.0000      1.0000     13.0286      7.3440

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 039 h, Total freedom =   171, Radj = 31.34

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.35035

1        WS80m     0.57126      0.0643      8.8910      0.0000      1.0000     12.4919      7.3674

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 040 h, Total freedom =   176, Radj = 28.33

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.27261

1        WS80m     0.56858      0.0677      8.3999      0.0000      1.0000     13.5087      7.2938

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 041 h, Total freedom =   174, Radj = 24.96

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.03076

1        WS80m     0.52390      0.0683      7.6730      0.0000      1.0000     13.4965      6.8520

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 042 h, Total freedom =   174, Radj = 32.53

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.72889

1        WS80m     0.54724      0.0594      9.2142      0.0000      1.0000     12.2582      6.7777
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------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 043 h, Total freedom =   179, Radj = 28.77

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.05545

1        WS80m     0.52978      0.0619      8.5613      0.0000      1.0000     13.3206      7.0989

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 044 h, Total freedom =   179, Radj = 28.45

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.16377

1        WS80m     0.50548      0.0595      8.4951      0.0000      1.0000     12.7796      6.9667

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 045 h, Total freedom =   179, Radj = 22.94

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.18062

1        WS80m     0.49018      0.0665      7.3674      0.0000      1.0000     12.7257      6.9517

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 046 h, Total freedom =   180, Radj = 17.51

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.94786

1        WS80m     0.39466      0.0630      6.2607      0.0000      1.0000     12.0765      6.9149

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 047 h, Total freedom =   179, Radj = 28.75

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.00851

1        WS80m     0.52562      0.0614      8.5575      0.0000      1.0000     11.8754      6.8956

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 048 h, Total freedom =   177, Radj = 24.59

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.40755

1        WS80m     0.47153      0.0615      7.6629      0.0000      1.0000     11.1758      6.7197

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 049 h, Total freedom =   179, Radj = 32.41

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.79644

1        WS80m     0.60607      0.0650      9.3180      0.0000      1.0000     12.9852      7.1089

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 050 h, Total freedom =   180, Radj = 34.73

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.36320

1        WS80m     0.63266      0.0643      9.8381      0.0000      1.0000     13.5405      7.0812

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 051 h, Total freedom =   176, Radj = 17.23

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.65899

1        WS80m     0.44432      0.0724      6.1346      0.0000      1.0000     12.8726      6.9209

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 052 h, Total freedom =   177, Radj = 18.32

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.78745

1        WS80m     0.43427      0.0681      6.3805      0.0000      1.0000     12.8434      6.9787

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 053 h, Total freedom =   178, Radj = 17.67

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     4.12948
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1        WS80m     0.38730      0.0619      6.2604      0.0000      1.0000     11.2441      6.8603

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 054 h, Total freedom =   180, Radj = 25.77

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.45522

1        WS80m     0.49135      0.0617      7.9682      0.0000      1.0000     12.7236      6.9934

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 055 h, Total freedom =   177, Radj = 27.25

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.05511

1        WS80m     0.50556      0.0616      8.2031      0.0000      1.0000     11.8815      6.8225

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 056 h, Total freedom =   180, Radj = 32.24

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.46116

1        WS80m     0.63402      0.0681      9.3086      0.0000      1.0000     13.8969      7.2635

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 057 h, Total freedom =   180, Radj = 42.32

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     1.81033

1        WS80m     0.69343      0.0601     11.5366      0.0000      1.0000     13.3040      7.3155

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 058 h, Total freedom =   179, Radj = 36.54

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.18783

1        WS80m     0.64801      0.0635     10.2013      0.0000      1.0000     13.0629      7.4072

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 059 h, Total freedom =   178, Radj = 36.43

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.16800

1        WS80m     0.65344      0.0644     10.1491      0.0000      1.0000     12.2553      7.4458

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 060 h, Total freedom =   178, Radj = 36.97

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.48297

1        WS80m     0.62935      0.0613     10.2671      0.0000      1.0000     12.5896      7.4575

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 061 h, Total freedom =   176, Radj = 26.48

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.57235

1        WS80m     0.47048      0.0586      8.0246      0.0000      1.0000     10.5915      7.2768

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 062 h, Total freedom =   175, Radj = 32.57

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.87528

1        WS80m     0.56740      0.0613      9.2489      0.0000      1.0000     12.8078      7.2761

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 063 h, Total freedom =   172, Radj = 34.19

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.08895

1        WS80m     0.56509      0.0594      9.5059      0.0000      1.0000     12.4279      7.2896

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 064 h, Total freedom =   176, Radj = 22.60

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN
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0    INTERCEPT     3.69683

1        WS80m     0.49329      0.0682      7.2374      0.0000      1.0000     13.5544      7.1808

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 065 h, Total freedom =   174, Radj = 30.41

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.47510

1        WS80m     0.58172      0.0663      8.7779      0.0000      1.0000     13.5870      6.7360

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 066 h, Total freedom =   174, Radj = 26.76

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     2.55545

1        WS80m     0.55298      0.0688      8.0353      0.0000      1.0000     12.2800      6.6640

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 067 h, Total freedom =   179, Radj = 22.53

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.32121

1        WS80m     0.49706      0.0682      7.2845      0.0000      1.0000     13.4438      7.0161

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 068 h, Total freedom =   179, Radj = 19.64

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.59862

1        WS80m     0.43213      0.0646      6.6895      0.0000      1.0000     12.7583      6.8572

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 069 h, Total freedom =   179, Radj = 16.87

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.89369

1        WS80m     0.38757      0.0634      6.1105      0.0000      1.0000     12.7312      6.8339

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 070 h, Total freedom =   180, Radj = 17.63

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.97044

1        WS80m     0.37600      0.0598      6.2863      0.0000      1.0000     12.0842      6.7856

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 071 h, Total freedom =   179, Radj = 21.26

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.92949

1        WS80m     0.39426      0.0561      7.0237      0.0000      1.0000     11.8971      6.8556

------------------------------------------------------------------------------------------------------------

Position = Sungsan(point), Ftime = + 072 h, Total freedom =   177, Radj = 18.30

------------------------------------------------------------------------------------------------------------

P_ID    Pname         Coefficient  STD_error  T-Value      P-Value     VIF        SD           MEAN

0    INTERCEPT     3.95811

1        WS80m     0.36299      0.0569      6.3758      0.0000      1.0000     11.3532      6.6511
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