
ResearchseminaronSun-Earthconnections,20061

ResearchseminaronSun-Earthconnections

Spaceweather:Conceptsandgroundeffects

AriViljanen

FinnishMeteorologicalInstitute



ResearchseminaronSun-Earthconnections,20062

Contents

General

October2003

Geomagneticallyinducedcurrents(GIC):general

Geomagneticallyinducedcurrents:state-of-the-art



ResearchseminaronSun-Earthconnections,20063

General



ResearchseminaronSun-Earthconnections,20064

SpaceweatherreferstoconditionsontheSunandinthe

solarwind,magnetosphere,ionosphere,andthermosphere

thatcaninfluencetheperformanceandreliabilityof

space-borneandground-basedtechnologicalsystemsandcan

endangerhumanhealth.

Adverseconditionsinthespaceenvironmentcancause

disruptionofsatelliteoperations,communications,

navigation,andelectricpowerdistributiongrids,leadingtoa

varietyofsosioeconomiclosses.

Thebest-knownspaceweatherphenomenaareenjoyable

auroraldisplays.
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Howtoclassifyspaceweatherevents/effects?

•Domains

-interplanetaryspace

-magnetosphere

-ionosphere

-neutralatmosphere

-earthsurface

•Phenomena

-particleenergisation

-radiofrequencydisturbances

-cosmicradiation

-solarparticleevents

-geomagneticinduction

-atmosphericweather

-atmosphericdrag
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•Systems(customer’sviewpoint)

-spacecraft

-mannedspaceflights

-aircraft

-communications

-navigation

-powertransmission

-gasandoiltransmission

-telecables

-railways

-geophysicalsurveys

-tourism

•Timescales

-immediateeffects

-cumulativeeffects
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•Single-eventupsetsinthespacecraftelectronics

•Spacecraftsurfaceandinternalcharging

•Tissuedamagesduetoparticleradiation

•Increasedatmosphericdrag

•DisturbancesinHFcommunicationandnavigation

systems(separatelecturebyJuha-PekkaLuntama)

•Cosmicrayinducedneutronradiationatairlinehights

•GICinlongconductorsystemsontheground

•Disturbancesofgeomagneticsurveys

•Possiblemodulationoftheneutralatmosphericweather

andclimate

•Effectsonmigratingbirds
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ThegeomagneticfieldprotectstheEarthfromchargedcosmicray

particles,butnotequallyeverywhere

Satellitememorychiperrorsduetocosmicrays.

TheSouthAtlanticmagneticanomalyisprominent.
Source:UniversityofSurrey
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Evensinglehigh-energeticparticlescandestroymodernsensitive

technologyonspacecraft:miniaturisationhasrisks

Source:NaturalResourcesCanada
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Low-orbitsatellitesinevitablyloseheight

Lifetimeofasatellitewitheffectivemasstocross-sectionratioof100kg/m
2
.

F10=solarfluxatλ=10.7cm
Source:IPS-RadioandSpaceServices
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Effectsmaybecontinent-wideorevenglobal

Source:imagecourtesyofBenDamsky
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Geomagneticstorminessisrelatedtothesolaractivity
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big magnetic storms at NUR (1953-2006) (Ak>100): 141 days (0.7 %)

Problem:Istheoccurrenceofallspaceweathereffectsdirectlyrelated

tothesunspotnumber?
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Thepresentsolarcycle:weareclosetotheminimum

199619982000200220042006
0

50

100

150

200

250

300

year

A
k  (black), sunspot num

ber (blue)

big magnetic storms at NUR (1996-2006) (Ak>30): 241 days (6.5 %)



ResearchseminaronSun-Earthconnections,200615

October2003
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Thesolaroriginofthestorm

Sourceofsolarimages:courtesyofSOHO(ESA&NASA)
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Thefirstgeomagneticgroundimpact:suddenimpulse

max(|dH/dt|) = 72.9 nT/s

20031029 06:11:40
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Figureshowsinterpolatedvalues.Largestmeasuredvalue:77nT/s.
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SomereportedeffectsoftheOctober2003storm:space

•ISSastronautsintoservicemoduleforradiationprotection

•JapanesespaceagencydeclaredMidori-2communicationssatellite

asatotallossafterlosingcontacton25October

•ACE&Windsolarwindsatelliteslostplasmaobservations

•Someofthe4Clusterspacecrafthadprocessorresets;recovered

•Stardustcometmissionwentintosafemodeduetoreaderrors

•SMART-1hadautoshutdownofengineduetoincreasedradiation

levelinlunartransferorbit

•CHAMPsatellitewasdecelaratedtwiceasusualintheatmosphere

•GOES-8X-raysensorturneditselfoff;notrecovered
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SomereportedeffectsoftheOctober2003storm:aviation

•AirlinesreroutedpolarflightsduetobadHF/VHFcommunication

•FAAissuedthefirst-everalertonradiationdosesreceivedby

airplanepassengersabove25Kft

•FAAtestedawarningsystemforthefirsttime,alertingairlinesto

thepossibilityofhigherdosesofradiationthatpassengerswould

receiveonnortherlyroutes

•Europeanaviationwasaffectedbecauseofpossibleproblemsfor

voice-radiocommunications
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SomereportedeffectsoftheOctober2003storm:ground

•Problemsat15powertransformersinSouthAfrica

•PowersystemfailureinMalmö,Sweden(Oct.30,21:07LT)

•HighlatitudeGPSreceiveroutages

•Severalradioblackoutsoccurredatsomefrequencies,atsome

otherfrequenciesabnormallygoodpropagation

•SaturationofsolarradiospectrographdatainItaly

•AurorasinNewMexico,Texas,Florida;Germany,Austria,Italy;

Australia

Rememberalsotheatmosphericeffectsofthesolarprotonevents

(previousweeklecturesbyPekkaVerronenandAnnikaSeppälä)
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Whatcouldthemonsterflarehavecaused?

Sourceofsolarimages:courtesyofSOHO(ESA&NASA)
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Geomagneticallyinducedcurrents:general
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Geomagneticallyinducedcurrentsflowinman-made

conductorsystemsduringgeomagneticvariations.

Faraday’slaw:anelectricfieldisassociatedwitha

time-varyingmagneticfield→dB/dtisagoodindicator.

Thisgeoelectricfielddrivescurrentsinallconducting

materials,andespeciallywithintheearthaswellasin

technologicalconductorsystems.

GICaremosteasilyobservedinwidepowergrids,pipelines,

railways,etc.

GICisaquasi-DCphenomenon:relevantfrequencies<1Hz.
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Activity of the Sun

Propagation of the solar wind

Magnetospheric processes

Ionospheric processes

Geoelectric field
at the Earth's surface

Earth's structure
(induction)

GIC in ground–based
technological systems

GIC problems

Possible countermeasures,
alarm systems, etc.

Network configuration
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FamousandlessfamousGICevents

•Sep1859:Widespreaddisturbancesintelegraphsystems

(Carringtonstorm,thelargestoneeverobserved?)

•May1921:FiresintelegraphequipmentinSweden

•Feb1958:Disruptionofcommunicationsinthecross-Atlantic

cable;interruptionoftwocoaxialphonecablesystemsinFinland

•Aug1972:ShutdownofanAT&Tcableinthemid-westernUSA

•Jul1982:TraintrafficlightsturnedunintendedlytoredinSweden

•Mar1989:Québecblackout

•Oct2003:Malmöblackout;damagesinSouthAfrica
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Extremeeffect:NewJersey,March1989:meltedtransformer

Source:imagecourtesyofPublicServiceElectricandGasandPeterBalma
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GICstudiesinFinland

•IntenseGICstudiesbetweenFMIandindustrysincetheendof

1970’s

•High-voltagepowersystem:ImatranVoima(nowFingrid)

•Naturalgaspipeline:Neste(nowGasum)

•RecordingsbyFingrid(powergrid)andGasum&FMI(pipeline)

•LargestGICinthepowergrid:200A(Rauma,Mar24,1991)

•LargestGICinthepipeline:57A(Mäntsälä,Oct29,2003)

•NowcastserviceforGasum:aurora.fmi.fi/gicservice/
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CalculationofGICinagivencondutorsystem

1.Determinethegeoelectricfieldassociatedwith

geomagneticvariations.Thisisapurelygeophysicalproblem,

whichisindependentofthetechnologicalsystem.

2.DetermineGICduetothegivengeoelectricfieldina

conductorsystemwhosetopologyandresistancesareknown.

Twobasicconfigurationsofconductornetworks:

1.Discretelygroundedsystem(powergrid)

2.Continuouscontactwiththeground(buriedpipeline)
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Simpleestimationofthegeoelectricfield

Reflectionofaverticallypropagatingplanewaveatthesurfaceofa

uniformconductor.

Attheearth’ssurface(xyplane)

E(ω)=−
ωB(ω)

√
ω2µ0ε+iωµ0σ

=
ig(ω)

√
ω2µ0ε+iωµ0σ

(1)

whereE=Ey,g=dBx/dt.Atlowfrequencies

E(ω)=

√

i

ωµ0σ
g(ω)(2)

Denotingg(t)=dB(t)/dtwehaveg(ω)=−iωB(ω),leadingto

E(t)=−
1

√
πµ0σ

∫

t

−∞

g(u)
√

t−u
du(3)
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Afterdeterminingthegeoelectricfield,calculatethecurrentsitdrives

inaconductorsystem:DCmodel.

jk

E

IjIk

Ijk
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ApplicationofKirchhoff’slawsgivesearthingcurrents

I=(1+YZ)
−1

J(4)

andcurrentsalongtransmissionlines

Ijk=Vjk/Rjk+((ZI)j−(ZI)k)/Rjk(5)

Voltagebetweentwonodesjandk:lineintegralalongthepowerline

Vjk=
∫

k

j
E·dl(6)

J=(J1,...,JN);Ji=
∑

m6=i

Vmi

Rim

(7)
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Assumeaspatiallyuniformelectricfield.ThenGICatatransformer

earthingoralongatransmissionlineis

GIC(t)=aEx(t)+bEy(t)(8)

whereaandbdependonlyonthegeometryandresistancesofthe

network.

TypicalresistancesinFinland:from0.1ΩtoafewΩ

RegionalgeoelectricfieldinFinland:uptoaboutafewV/km

Magnitudesofa,b:upto100Akm/V

Generally,theelectricfieldisnon-uniform.However,theuseofthe

planewavemethodlocallyprovidesaroundaboutway.



ResearchseminaronSun-Earthconnections,200634

max = 87 mV/km

21:29:00

max = 67 mV/km

21:30:00

max = 239 mV/km

21:31:00

max = 561 mV/km

21:32:00

max = 550 mV/km

21:33:00

max = 387 mV/km

21:34:00

max = 261 mV/km

21:35:00

max = 178 mV/km

21:36:00

CalculatedhorizontalelectricfieldonApril11,2001.
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Corrosionprotection

V

300-700 m

Pipeline
Anode field

Voltage generator

Current

GICisanuisance,butitisstillquantitativelyunknownhowmuchit

increasesthecorrosionrateandshortensthelifetimeofapipe.
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Distributedsourcetransmissionlinetheory

d
2
V

dx2−γ
2
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dE

dx
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I

dx2−γ
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I=−YE

γ=
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Geomagneticallyinducedcurrents:

state-of-the-art
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LargeGICoccurmostlyduringnight-times

05101520
0

500

1000

1500

2000

2500

3000

3500

4000

MLT [h]

#

timesteps with abs(GIC) > 2.5 A (Mäntsälä)



ResearchseminaronSun-Earthconnections,200642

0°10°20°30°40°50° 350°

75°

70°

65°

60°

NAL

LYR

HOR
HOP

BJN

SOR

TRO

AND

LEK

RVK

DOB

OUJ

HAN

NUR

TAR

UPS

LYC

KIR

PEL

SOD
ABKMUO

MAS
KEV

IVALOZ
KIL

KAR

MEK

October 2004

N
O

R
W

AY

S
W

E
D

E
N

F
IN

L
A

N
D

ESTONIARUSSIA

IMAGE Magnetometer Network



ResearchseminaronSun-Earthconnections,200643

Substormsoccuraroundthelocalmidnight
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SubstormsareamajorcauseofGICproblems
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Ionospheric(equivalent)currentslookoftensmoothwithout

anyprominentrapidchangesingeometry

max(|H|) = 3843 nT

20031030 20:07:00

   0o
  

  20
o
E 

  40
oE 

  60o
N 

  65o
N 

  70o
N 



ResearchseminaronSun-Earthconnections,200646

TwonearbytimestepsmayhaveverydifferentdH/dt:

max(|dH/dt|) = 28.4 nT/s
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max(|dH/dt|) = 34.1 nT/s
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→completelydifferentgroundelectricfieldsandGIC

(animations:Hvs.dH/dt)
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Smallscalesareimportant

t1

t1 t  - 2

Howtoquantifyspatialandtemporalvariations?

IsthereanyrealhopetoforecastGIC?
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Fromresearchtoproducts:wecannowcast:GICNow!

plots

GIC and PSV

pipeline model

geoelectric field

earth conductivity model

Nurmijärvi magnetic field

Principle of calculation
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Finally,whatwouldhappenifthenorthmagneticpole

changeditslocationasextrapolatedbelow?

Source:NaturalResourcesCanada
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WWWsites

Today’sspaceweather:

http://www.sec.noaa.gov/today2.html

spaceweather.com:

http://www.spaceweather.com/

SpaceWeatherEuropeanNetwork:

http://www.esa-spaceweather.net/swenet/

AurorasNow!:

http://aurora.fmi.fi/

GICNow!:

http://aurora.fmi.fi/gicservice/

ProceedingsoftheSecondEuropeanSpaceWeatherWeek:

http://www.esa-spaceweather.net/spweather/workshops/eswwII/esww2-

proceedings.html
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Exercises:

Kick-off:March15,10-12,1D23c(DynamicumATKclass,tothe

rightfromthefrontdoor)

Beatthefrontdeskat10o’clocksharp,youneedavisitorbadge.

Ifyouhavenotchosentheexercise,selectitfrom

http://www.ava.fmi.fi/˜minna/researchseminar/exercise/

andcontactminna.palmroth@fmi.fi


