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ABSTRACT

Ground-based augmentation systems (GBAS)improve the positioning

accuracyofaircraftthrough differentialcorrection techniquesduring the

approachprocessandenableaircraftto achievehigherservicesthrough

variousmonitoringalgorithms.Manyerrorsneedto beeliminatedduring

navigation.TroposphericdelayisoneofthemostcriticalerrorsinaGBAS.



Undernormalatmosphericconditions,mostofthetroposphericdelayscanbe

eliminatedbyusingthedifferencemethodandTC model.However,these

methodsarenotapplicableunderanomalousatmosphericconditions,and

abnormal atmospheric conditions have been observed by both the

InternationalCivilAviationOrganization(ICAO)andSingleEuropeanSkyAir

TrafficManagementResearch(SESAR).Anomalousatmosphericconditions

poseagreatthreattoaircraftsafety.Anintegritymonitoringapproachmaybe

taken,orthe threatmay be incorporated into the normalmodeland

overboundedbytheprotectionlevels.Thispaperfocusesonnon-nominal

anomaliesindifferentregionsandindifferentseasons.Wefoundthatthe

maximum residualtropospheric delaycaused bynon-nominalanomalies

exceeds35cm.Inaddition,thefrequencyofandthemaximum residual

troposphericdelaycausedbythesimultaneousoccurrenceofductanomalies

andnon-nominalanomaliesarestudiedhere.Wefoundthatthemaximum

frequency ofnon-nominaland ductanomalies occurring simultaneously

exceeds70%.Finally,thispaperusedthepreviouslydevelopedoverbound

methodtooverboundthetwokindsoftroposphericanomaliesusingdata

from DongyingAirport.Wefoundthattheimpactofductanomaliesonthe

protectionlevelsisgreaterthanthatofnon-nominalanomaliesatDongying

Airport.

1.INTRODUCTION

AGBASisasystem thatimprovesthepositioningaccuracyoftheaircraft

throughthedifferentialcorrectiontechniqueduringtheapproachprocessand

enablestheaircrafttoachievehigherservicesthroughvariousmonitoring

algorithms.Toensureaircraftapproachsafety,severalchallengesmustbe

solved,suchastheephemeriserror,ionosphericdelay,troposphericdelay,

multipathandnoise.Troposphericdelayisoneofthemostcriticalerrorsfor

GBAS.ForGBAS Approach Service Type (GAST)-D/E/F,a dual-frequency

methodisproposedtoeliminateionosphericdelayandmonitorionospheric

gradientanomalies.TomeetthestringentrequirementsofCATII/IIIprecision

approachoperations,thetropospherebecomesakeyfactoraffectingGBAS

security.Themainfactoraffectingtroposphericdelayistheatmospheric

condition.Undernormalatmosphericconditions,aircraftandGBASstations

aresubjecttosimilaratmosphericconditions,andtroposphericdelayscanbe

eliminated by differentialmethods.The tropospheric delay between an

airplaneandGBASstationcanbeeliminatedbytheTCmodel[1].However,

underabnormalatmospheric conditions,tropospheric delays cannotbe

eliminatedbydifferentialmethods,andtheTCmodelproposedaboveisnot

applicable.Thehandlingofabnormalatmosphericconditionsinthecurrent

standarddocumentshasnotbeenclearlydefined.No monitorhasbeen

designedtodetectthepresenceofsuchabnormalatmosphericconditions.



Researchhasshownthatresidualzenithtroposphericdelayduetoabnormal

atmosphericconditionswillcauseacentimeter-levelerror,whichposesa

greatthreatto aircraftsafety.The impactofanomalous atmospheric

conditionsonGBAS safetyneedstobeanalyzed.Abnormalatmospheric

conditionshavebeenobserved[2][3].Itisimportanttoevaluatetheireffects

onGBAS safetydesignandprotectanaircraftfrom thesebiases.GBAS

integritymeansthatwhenthepositioninginformationprovidedbytheGBAS

system cannotmeettheaircraftapproachrequirements,thesystem canraise

thealarm intime.AbnormalatmosphericconditionsareathreatforGBAS;an

integritymonitoringapproachmaybetaken,orthethreatmaybeincorporated

intothenormalmodelandoverboundedbytheprotectionlevels.Currently,the

differentialrange standard deviation terms applyto normalatmospheric

conditions.Underabnormalatmosphericconditions,thedifferentialrange

standarddeviationtermsmustbemodifiedtoensureaircraftsafety.

Therearetwopossiblethreatsrelatedtothetroposphere:non-nominal

anomalies,whichoccurinthehorizontaldirection,andductanomalies,which

occurintheverticaldirection.Non-nominalanomaliesaremainlycausedby

atmosphericphenomena,suchasweatherfrontsandheavyrainfall,which

causetheatmosphericconditionsexperiencedbysatellitesignalsarrivingat

groundstationstodifferfrom theatmosphericconditionsexperiencedby

satellitesignalsarrivingattheaircraft[4].In2007,JidongHuangestablished

aweatherwallmodeltosimulatenon-nominalanomalies[5].In2016,Beihang

Universitystatisticallyanalyzedthe2015and2016ChinaregionalIGSand

iGMASdataandestablishedamodelforresidualtroposphericdelaycaused

bynon-nominalanomalieswith elevation changes[6].In 2019,Takayuki

Yoshiharaobservedthatthemaximum troposphericspatialgradientinthe

obliquedirectionwas87mm/km [7].Ductanomaliesappearmainlybecause

theTCmodelisonlyanestimateofthetroposphericdelay,andthereare

some differences from the actualtropospheric delay;the modelis not

adapted to atmospheric conditions such as temperature inversion,

evaporationducts,airsubsidenceandairadvection.Duetothedifferent

atmosphericconditionsindifferentlocations,thismodelcannotbeused

globally.In2004,AxelvonEngelncalculatedtheprobabilityofductanomaly

occurrence,the altitudes of ductanomalies,the thicknesses of duct

anomalies,andthemagnitudesofductanomalies[8].Insomeareas,the

frequencyofductanomalieswasveryhigh,andtheductanomalyheights

werelessthan2.5km.Thethicknessesofductanomaliesaregenerallyless

than100m onlandandlessthan150m onthecoastline.In2016,Samer

Khanafsehcalculatedthelargestductanomalyof30mm usingERA-Interim

2000-2014data[9].In2018,BeihangUniversityusedERA52010-2017datato

calculateductanomaliesinChina,andthemaximum ductanomalyerrorin

the zenith direction was 45.64 mm.Moreover,itwas found thatduct

anomaliesandnon-nominalanomaliesoccuratthesametime[10].

Thispaperstudiestroposphericanomaliesandoverboundedtropospheric



anomalydelays.Section 2 defines tropospheric anomalies,explains the

causesoftroposphericanomalies,andillustratesthemethodofcalculating

tropospheric delays.Section 3 studies the frequency of non-nominal

anomaliesandthesimultaneousoccurrenceofthetwotypesofanomalies

and simultaneouslycalculates the maximum residualtropospheric delay

causedbynon-nominalanomaliesandthemaximum residualtropospheric

delaycausedbythesimultaneousoccurrenceofthetwotypesofanomalies.

Section4studiestheimpactoftroposphericanomaliesonGBASintegrity.

Thefinalsectionprovidesasummaryandoutlinesfutureresearchdirections.

2.TROPOSPHERICANOMALIES

Tropospheric anomalies mean that tropospheric delays cannot be

differentiated ordo notmatch the modelunderabnormalatmospheric

conditionssuchasweatherfronts,heavyrainfall,andtemperatureinversion.

Troposphericanomaliesaredividedintothoseinthehorizontalandvertical

directions,which are called non-nominalanomalies and ductanomalies,

respectively.

2.1Non-nominalanomalies

Non-nominalanomaliesarethetroposphericgradientin the horizontal

directionrelativetoanapproachingaircraft.Non-nominalanomaliesreferto

atmosphericconditionswhensatellitesignalsarriveatairborneterminalsand

are differentfrom those when satellite signals arrive atGBAS stations.

Troposphericdelaycannotbeeliminated bythedifferentialmethod.The

causesofnon-nominalanomaliesareweatherfrontsandheavyrainfall.

Therearetwokindsofweatherfronts:coldfrontsandwarm fronts.Cold

frontsrefertothedirectionofacoldairmasstowardsawarm airmass,and

warm frontsrefertothedirectionofawarm airmasstowardsacoldairmass.

Thedifferenceintemperature,humidityandairpressureonbothsidesofthe

frontis verylarge,and there are often strong winds,rainfalland other

atmosphericphenomena.Ifonlythecoldandwarm peaksareconsidered,a

wedge modelcan be established.When considering heavy rainfall,the

weatherwallmodelcanbebuilt[11].

TheverticaldottedlineinFigure1isaninfiniteverticalwallbetweenthe

GBAS stationand theaircraftassumed bytheweatherwallmodel.The

atmosphericconditions(temperature,humidity,airpressure)inside(Tw,Hw,

andPw,respectively)andoutside(T0,H0,andP0,respectively)thewallsare

quitedifferent.ThepathofasatellitesignalarrivingattheGBASstationis

path2a,path2bandpath1.Thepathofasatellitesignalarrivingatthe

aircraftispath3aandpath3b.Undernormalatmosphericconditions,the



atmosphericconditionsexperiencedbypath2a,path3aandpath2b,path3b

aresimilar,andthetroposphericdelaycanbeeliminatedbythedifference

method.However,underabnormalatmosphericconditions,theatmospheric

conditionsofpath2bandpath3barenotsimilar,andthetroposphericdelay

cannotbeeliminatedbythedifferencemethod.Theatmosphericconditions

ofpath2aandpath3aareverydifferent.Ifthedifferencemethodisusedto

eliminatethedifferences,itwillyieldgreatdifferenceerrors.Thedifferencein

the tropospheric delay between path 2a and path 3a is the residual

troposphericdelaycausedbynon-nominalanomalies[12].Therearemany

waystocalculatethetroposphericdelay,suchastheHopfieldmodeland

Saastamoinenmodel[13][14][15][16].ThemodifiedHopfieldmodelwasused

toestimatethetroposphericdelayinthispaper.

Figure1Weatherwallmodel

2.2Ductanomalies

Ductanomaliesrefertothedifferencebetweentherealgradientofthe

atmosphericrefractiveindexvaryingwithaltitudeandthegradientofthe

atmosphericrefractiveindexasassumedbytheTCmodel,whichmakesthe

TCmodelunabletoaccuratelyestimatethetroposphericdelaybetweenthe

GBAS station and airborne terminals.The main factors causing duct

abnormalitiesaretheinversionlayerandevaporationduct.

Theinversionlayerisananomalousphenomenoninwhichthetemperature

increaseswithaltitude.Evaporationductsarephenomenainwhichthewater

contentintheatmospheredecreasesrapidlywithaltitude.Bothanomalous

meteorologicalphenomenawillcausegradientanomaliesintherefractive

indexvaryingwithheight.

AsshowninFigure1,theductanomalyoccursinpath1.Undernormal

conditions,thetroposphericdelaycalculatedbytheTCmodelisnotmuch

differentfrom thetruetroposphericdelay,whichcanbereplacedbytheTC



model.However,when atmospheric anomalies occur,the differences

betweenthetroposphericdelayscalculatedbytheTC modelandthetrue

troposphericdelaysareverylarge,resultinginresidualtroposphericdelays.A

three-parameter model is used to describe duct anomalies. The

three-parametermodelreferstotheheight,magnitudeandthicknessofthe

ductanomaly.Theheightofaductanomalyreferstotheheightofthe

beginningoftheductanomaly,themagnitudeofaductanomalyreferstothe

gradientoftherefractiveindex,andthethicknessofaductanomalyrefersto

theheightoftheareawhereductanomalyoccurs[9].

Weusenumericalintegrationtosimulatethetruetroposphericdelays.The

differencebetweenthetroposphericdelaycalculatedbytheTCmodelandthe

truetroposphericdelayistheresidualtroposphericdelaycausedbytheduct

anomaly.

2.3Data

WeusedERA5dataforthecalculations.TheERA5productprovideshourly

weatherdatadividedinto137layers,andthehighestreachableheightis

approximately80km.Theglobalmeteorologicaldata,includingtemperature,

pressureandspecifichumidity,usedinthisstudyarecollectedfrom the

ECMWFwebsite(https://www.ecmwf.int),whichcoverstheperiodfrom 2014

to2018.Theresolutionoflatitudeandlongitudeis0.3*0.3,andthesampling

rateofthedatais1hour.

3.STATISTICALRESULTS

UsingtheECMWFdatafrom 2014to2018,thefrequencyofnon-nominal

anomaliesindifferentregionsandseasonsandthefrequencyofductand

non-nominalanomalies in differentregions and seasons were analyzed.

Moreover,themaximum residualtroposphericdelaycausedbynon-nominal

anomalies and the maximum residualtropospheric delaycaused bythe

simultaneousoccurrenceofductandnon-nominalanomaliesarecalculated.

Finally,thefrequencyofresidualtroposphericdelayscausedbynon-nominal

anomaliesandthefrequencyofresidualtroposphericdelayscausedbythe

simultaneousoccurrenceofductandnon-nominalanomaliesarecalculated.

3.1Non-nominalanomalies

AccordingtoFigures2-5,wecandraw thefollowingconclusions:1)The

frequency ofresidualtropospheric delays exceeding 5 cm caused by

non-nominalanomaliesisrelated to thetopography.Thehigh frequency

placesaretheCordilleraMountainsinNorthAmerica,theAndesinSouth



America,theEastAfrican Plateau in Africa,theIranian Plateau and the

HimalayasinAsia,andtheislandsbetweenAsiaandOceania.2)Theplaces

whereahighfrequencyofresidualtroposphericdelaycausedbynon-nominal

anomaliesgreaterthan10cm aretheAndesinSouthAmerica,theHimalayas

inAsia,theIranianPlateauinAsia,theCordilleraMountainsinNorthAmerica,

andtheEastAfricanPlateauinAfrica.3)Theplaceswhereahighfrequency

ofresidualtroposphericdelaycausedbynon-nominalanomaliesgreaterthan

15cm aretheAndesofSouthAmericaandtheHimalayasofAsia.4)Thereis

almostnoplacewheretheresidualtroposphericdelaycausedbynon-nominal

anomaliesexceeds20cm.

Figure2Frequencyofresidualtropospheric

delaysgreaterthan5cm

Figure3Frequencyofresidualtropospheric

delaysgreaterthan10cm

Figure4Frequencyofresidualtropospheric

delaysgreaterthan15cm

Figure5Frequencyofresidualtropospheric

delaysgreaterthan20cm

AsshowninFigure6,themaximum residualtroposphericdelaycausedby

non-nominalanomaliesexceeds35cm,andmostregionshavearesidual



troposphericdelaybelow 15cm.Themaximum residualtroposphericdelay

caused bynon-nominalanomalies is also high where the frequencyof

non-nominalanomaliesishigh.

Figure6Maximum residualtroposphericdelaycausedbynon-nominalanomalies

AsshowninFigures7-14,thefrequenciesofresidualtroposphericdelays

exceeding3cm causedbynon-nominalanomaliesinthefourseasonsof

spring,summer,autumnandwinterarenotverydifferent,andthedifferences

in the maximum residualtropospheric delays caused by non-nominal

anomaliesinthefourseasonsarealsosmall.Themainreasonmaybethat

theimportantfactoraffectingtheresidualtroposphericdelayscausedby

non-nominalanomalies is the topography,and the topographydoes not

changewiththeseasons.

Figure7Frequencyofnon-nominalanomalies

inspring

Figure8Frequencyofnon-nominalanomalies

insummer



Figure9Frequencyofnon-nominalanomaliesin

autumn

Figure10Frequencyofnon-nominalanomaliesin

winter

Figure11Maximum residualtroposphericdelays

causedbynon-nominalanomaliesinspring

Figure12Maximum residualtroposphericdelays

causedbynon-nominalanomaliesinsummer

Figure13Maximum residualtroposphericdelays

causedbynon-nominalanomaliesinautumn

Figure14Maximum residualtroposphericdelays

causedbynon-nominalanomaliesinwinter

AsshowninFigure15,weplottedthefrequencyhistogram oftheresidual

tropospheric delays caused by non-nominal anomalies. The residual

troposphericdelayscausedbynon-nominalanomaliesaremostlylessthan5

cm,andthefrequencyisover90%.



Figure15Residualtroposphericdelayhistogram causedbynon-nominalanomalies

3.2Ductanomaliesandnon-nominalanomalies

As shown in Figure 16,we can draw the following conclusions:1)

Non-nominalanomaliesandductanomaliesoccurfrequentlyincoastalareas,

andthefrequencyofductanomaliesandnon-nominalanomaliesnearthe

Himalayas is relatively low,which is differentfrom the frequency of

non-nominalanomalies.2)Themaximum frequencyofductandnon-nominal

anomaliesoccurringsimultaneouslyis70%.3)Thereisahighfrequencyof

twoanomaliesintheMediterraneanSea,theRedSea,theBlackSea,the

ArabianSea,etc.

Figure16Frequencyofductanomaliesandnon-nominalanomalies

AsshowninFigures17-20,wecanseethatdifferentseasonshavedifferent

frequencies ofthe simultaneous occurrence ofductand non-nominal

anomalies.Amongthem,thefirstissummer,themaximum frequencyofthe

twokindsofanomaliesoccurringatthesametimeis98.81%,andthereare



moreareaswherethetwokindsofanomaliesoccurfrequentlyinthefour

seasons.Thesecondisspring,themaximum frequencyofthetypesoftwo

anomaliesoccurringsimultaneouslyis90.81%,andthethirdisautumn,the

maximum frequencyofthetwokindsofanomaliesoccurringsimultaneously

is61.20%.Finally,itiswinter,andthemaximum frequencyofthetwotypesof

anomaliesoccurringsimultaneouslyis52.78%.

Figure17Frequencyofductanomaliesand

non-nominalanomaliesinspring

Figure18Frequencyofductanomaliesand

non-nominalanomaliesinsummer

Figure19Frequencyofductanomaliesand

non-nominalanomaliesinautumn

Figure20Frequencyofductanomaliesand

non-nominalanomaliesinwinter

AsshowninFigures21-25,wecanseethatresidualtroposphericdelays

caused bythe two types ofanomalies are similarto those caused by

non-nominalanomalies.Thereasonisbecausenon-nominalanomaliesare

dominantwhen the two kinds ofanomalies occursimultaneously.The

maximum residualtroposphericdelaycausedbynon-nominalanomaliesis

36.0639cm inspring,35.6443cm insummer,34.7294cm inautumnand

34.0492cm inwinter.Themaximum residualtroposphericdelaycausedby

ductandnon-nominalanomaliesis36.1128cm inspring,35.6981cm in

summer,34.7734cm inautumn,34.1040cm inwinter.



Figure21Maximum residualtroposphericdelayscausedbyductandnon-nominalanomalies

Figure 22 Maximum residualtropospheric

delays caused by duct and non-nominal

anomaliesinspring

Figure23Maximum residualtroposphericdelays

causedbyductandnon-nominalanomaliesin

summer

Figure 24 Maximum residualtropospheric

delays caused by duct and non-nominal

anomaliesinautumn

Figure 25 Maximum residualtropospheric

delays caused by duct and non-nominal

anomaliesinwinter

AsshowninFigure26,theresidualtroposphericdelayscausedbythe



simultaneousoccurrenceofductandnon-nominalanomaliesaremostlyless

than5cm,theresidualtroposphericdelayscausedbythesimultaneous

occurrenceofthetwotypesofanomaliesaremostly2cm,buttheresidual

troposphericdelayscausedbynon-nominalanomaliesaremostly1cm.This

finding showstheeffectofductanomaliesontheresidualtropospheric

delays.

Figure26Residualtroposphericdelayhistogram causedbytheductandnon-nominalanomalies

4.ANOMALOUSTROPOSPHEREBOUNDING

When anomalous atmospheric conditions occur,they willaffectthe

positioning accuracyofthe aircraft,causing missalarmsduring aircraft

approach.Therefore,itisnecessarytoaddthisbiastothecalculationofthe

protectionlevel.Previousscholarshavestudiedtheoverboundmethodforthe

residualtropospheredelay[17].Themaximum residualtroposphericdelay

causedbytheductanomalyisproposedastheoverboundvaluefortheduct

anomaly,and the mathematicalmodelis obtained byoverbounding the

residualtroposphericdelaycausedbynon-nominalanomalies.However,the

mathematicalmodelestablishedbypreviousscholarsreliesonlyontheIGS

andiGMASstationdata[5].Itistooconservativeandnotapplicabletothe

areawhereaGBASstationislocated.Weusethegriddatatoestablishthe

residualtropospheric delaymathematicalmodelcaused bynon-nominal

anomalies and analyze the impactofnew modeling methods on the



protectionlevelatDongyingAirport.

4.1Mathematicalmodelfornon-nominalanomalies

Thepreviousmethodcalculatestheresidualtroposphericdelayusingthe

projection function method.In thispaper,weusegrid datato calculate

residualtropospheric delays atdifferentelevation angles and establish

mathematicalmodels.Thespecificstepsareasfollows:

1)becausetheheightlayersarenotequallyspaced,itisnecessaryto

interpolatethemeteorologicaldataintheverticaldirectionsothatthe

heightlayersareequallyspaced.

2)thedifferentialtroposphericdelaybetweentwo adjacentpointsis

calculated.

3)thetangentoftheelevationangleiscalculated.

Figure27Calculationofthetangentoftheelevationangle

（1）

（2）

4)the residualtropospheric delay atdifferentelevation angles is

calculatedbynumericalintegration.



Figure28usesgriddatatocalculatethetroposphericdelay

（3）

（4）

（5）

whereztd(e,f)iscalculatedusingthemodifiedHopfieldmodel.

5)themaximum residualtroposphericdelaysinbothdirectionsarefound

This paper calculates the residual tropospheric delay caused by

non-nominalanomaliesusingthedatafrom May10,2018,downloadedfrom

the ECMWF website,and the resolution of latitude and longitude is

0.125*0.125.Theresultsareasfollows.

Table1Residualtroposphericdelaysatdifferentelevations

Elevatio

n

(degrees

)

0.0139 0.0208 0.0417 1.4026 2.1034 2.7897 4.1735 4.1804

ZTD(m) 0.0992 0.0987 0.0971 0.0418 0.0313 0.0249 0.0177 0.0176

Elevatio

n

(degrees

)

4.2011 5.5524 6.2464 6.9249 8.2895 8.2963 8.3167 9.6447

ZTD(m) 0.0176 0.0137 0.0123 0.0112 0.0094 0.0094 0.0094 0.0082

Elevatio

n

(degrees

)

10.325

0

10.989

0

12.321

3

12.327

9

12.347

8

13.640

1

14.300

7

14.944

4



ZTD(m) 0.0077 0.0072 0.0065 0.0065 0.0065 0.0059 0.0056 0.0054

Elevatio

n

(degrees

)

16.233

0

16.239

4

16.258

6

17.505

0

18.140

7

18.759

4

19.995

4

20.001

54

ZTD(m) 0.0050 0.0050 0.0050 0.0046 0.0045 0.0043 0.0041 0.0041

Elevatio

n

(degrees

)

20.019

9

21.212

3

21.819

4

22.409

5

23.586

4

23.592

2

23.609

7

24.742

5

ZTD(m) 0.0041 0.0039 0.0038 0.0037 0.0035 0.0035 0.0035 0.0033

Elevatio

n

(degrees

)

25.318

4

25.877

6

26.991

3

26.996

8

27.013

3

28.083

3

28.626

5

29.153

6

ZTD(m) 0.0033 0.0032 0.0031 0.0031 0.0031 0.0030 0.0029 0.0029

Elevatio

n

(degrees

)

30.202

0

30.207

2

30.222

7

31.228

6

31.738

7

32.233

3

33.216

3

33.221

2

ZTD(m) 0.0028 0.0028 0.0028 0.0027 0.0027 0.0026 0.0026 0.0026

Elevatio

n

(degrees

)

33.235

7

34.177

7

34.655

1

36.041

0

36.054

6

37.379

80

38.672

50

38.685

20

ZTD(m) 0.0026 0.0025 0.0025 0.0024 0.0024 0.0023 0.0022 0.0022

Elevatio

n

(degrees

)

39.920

1

41.123

9

41.135

7

42.285

1

43.405

0

43.416

0

44.485

0

45.526

4

ZTD(m) 0.0022 0.0021 0.0021 0.0021 0.0020 0.0020 0.0020 0.0020

Elevatio

n

(degrees

)

45.536

6

47.508

6

49.342

8

51.049

7

52.639

5

54.121

7

55.504

8

56.797

2

ZTD(m) 0.0020 0.0019 0.0018 0.0018 0.0018 0.0017 0.0017 0.0017



Elevatio

n

(degrees

)

58.006

3

59.138

9

60.201

2

61.198

9

62.137

2

63.020

7

63.853

8

ZTD(m) 0.0017 0.0016 0.0016 0.0016 0.0016 0.0016 0.0016

Weestablishamathematicalmodelbasedonthedataintheabovetable.

Figure29Curvebasedonthedataintheabovetable

Table2Mathematicalmodelbasedonthedataintheabovetable

General

model

Coefficients

(with95%confidencebounds)
SSE

R

squar

ed

RMSE

f(x)=a*exp

(-b*x)+c

a=0.5264(0.5139,0.539)

b=0.4975(0.4697,0.5254)

c=0.01695(0.01447,0.01942)

0.0097
0.989

1
0.0107

4.2ProtectionLevel

In2004,FrankVanGraasetal.proposedthecalculationmethodofideal

VPL[18].Thiscalculationmethoddividestheprotectionlevelintotwoparts:

theprotectionlevelundernormalconditionsandtheprotectionlevelunder

anomalousconditions.

VPL=VPLnormal+VPLbias （6）

Forductanomalies,themaximum valueoftheresidualtroposphericdelay

causedbyductanomaliesovertimeisusedastheoverboundvalue.

VPL
bias_duct

=∑N
i=1|Sv,iuduct,max| （7）

Nisthenumberofrangingsourcesusedinthepositionsolution.



Sistheprojectionmatrixthatrelatestherangedomainmeasurementsto

thepositiondomainestimates.

Fornon-nominalanomalies,theresultscalculatedusingtheestablished

mathematicalmodelareoverboundedasoverboundvalues.

VPL
bias_non

=∑N
i=1|Sv,iunon,max| （8）

unon,max=0.5264*exp(-0.4975*θ)+0.01695 （9）

whereθistheelevationangle.

Wecomparetheimpactofthetwoanomaliesontheprotectionlevel.The

specificresultsareshownbelow.

Figure30Verticalprotectionlevel

As shown in Figure 30,atDongying Airport,the influence ofduct

anomalies on the protection levelis greaterthan thatofnon-nominal

anomalies.Amongthem,ductabnormalitieswillincreasetheprotectionlevel

by0.9246m,andnon-nominalabnormalitieswillincreasetheprotectionlevel

by0.2444m.Thesimultaneousoccurrenceofthetwotypesofanomalieswill

increasetheprotectionlevelby1.1303m.

5.SUMMARY

Weanalyzedthefrequencyofnon-nominalanomaliesindifferentseasons

and the maximum residualtropospheric delays caused by non-nominal

anomalies in differentseasons and in differentregions.Moreover,the

frequencyofnon-nominalandductanomaliesindifferentseasonsandthe

maximum residualtropospheric delay caused by non-nominaland duct

anomaliesindifferentseasonsareanalyzed.Theresidualtroposphericdelay

causedbynon-nominalanomaliesexceeds35cm insomeareas.Themain



factorfoundtoaffectnon-nominalanomaliesisthetopography.

Weanalyzedtheimpactofductanomaliesandnon-nominalanomalieson

theprotectionleveloftheGBASnearDongyingAirport,andfoundthatduct

anomalies have a greaterimpacton Dongying Airportthan non-nominal

anomalies.
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