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Abstract.
We presentthe first global, self-consistent,fully electricallycoupledmagneto-
sphere–ionosphere–thermospheremodel,basedon the UCLA magnetosphere–
ionospheremodel and the NOAA CoupledThermosphereIonosphereModel
(CTIM). Initial resultsfrom this coupledmodel for the January10, 1997geo-
magneticstormeventareencouraging.In particular, themodelproducesa much
morerealisticelectrodynamicand ionosphericresponseascomparedwith the
previousmagnetospheremodelthatreliedonparameterizationsfor theionospheric
conductance.This is attributedto themuchmorerealisticconductancecalculations
providedby CTIM. Like in previousstudieswith themagnetospheremodel,the
cross-polar-cappotentialis too high. Examiningthe causewill requirefurther
investigation.

1. INTRODUCTION

Contemporaryterrestrialweatherforecastsrely onacom-
bination of denseobservation networks and sophisticated
numericalmodelswhich projectthecurrentweathercondi-
tions into the future. Similarly, spaceweatherforecasting
will requirelarge scalenumericalmodelsof Earth's space
environmentasa key operationalelement,alongwith suffi-
cienttimely observationsto provide modelinput andto ini-
tialize modelfields. Besidestheir utility for spaceweather
forecasting,suchmodelsarealso essentialtools to under-
standtheenvironmentandtheplasmaphysicalprocessesin
it, becausein situ measurementsareoftentoo sparseto en-
ableauniqueinterpretationof thedata,andbecausethecom-
plexity of the spaceenvironmentlimits our theoreticalun-
derstanding.By comparingpredictionswith data,largescale
modelsalsoserveto testourknowledgeabouttheprevailing
processes,i.e.,successfulmodelpredictionssuggestthatthe
assumptionsunderlyingthemodelarecorrect,whereasmo-
del failurespoint to deficienciesof ourunderstanding.Mod-

elshavealsobecomeanincreasinglyimportanttoolsto ana-
lyze andinterpretexperimentaldata,by putting in situmea-
surementsfrom a single(or at mosta few) spacecraftinto
perspective and thusextendingthe “view” of the observa-
tions.Thus,progressis oftenmadeby combiningdataanal-
ysiswith globalmodeling,sincebothareessentiallycomple-
mentary. In theforeseeablefuturetensto hundredsof space-
craft might provide data,in which casemodelswill play a
crucial role in assimilatingthesemeasurementsin orderto
provideglobalsynopticmapsof Earth'sspaceenvironment.

No global comprehensive model of Earth's spaceenvi-
ronmentexists today. However, regionalmodelshave been
developedthat treat limited regionsor processes.For ex-
ample,globalMHD modelscover theoutermagnetosphere
[Lyonetal., 1998;Ogino, 1986;WingleeandMenietti, 1998;
Gombosiet al., 1998;Tanaka, 1995;Janhunenet al., 1995;
Raeder, 1999],but omit theparticledrift physicsof the in-
ner magnetospherewithin a few

���
from Earth as well

as the plasmaand neutralconstituentsof the ionosphere–
thermospheresystem. Someof thesemodels[Lyon et al.,
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1998;Tanaka, 1995;Janhunenet al., 1995;Raeder, 1999]
includeanionospheresubmodelthatsolvesapotentialequa-
tion to close the field aligned currentsoriginating in the
magnetosphere.The ionosphericconductancein thesesub-
modelsis either taken to be constantor derived by using
empiricalmodelsfor EUV ionizationandparameterizations
for electronprecipitationin the auroralzone [e.g. Slinker
et al., 1998;Raeder, 1999]. However, suchsubmodelsdo
notfully representtheionosphere–thermospheresystem,but
approximateonlyoneaspectof it, namelytheclosureof field
alignedcurrents,and rely on a numberof approximations
andparameterizations.

On the otherhand,fully dynamicalmodelsof the iono-
sphere–thermospheresystemexist, for example the Ther-
mosphereIonosphereMesosphereElectrodynamicsGeneral
CirculationModel (TIME-GCM) [Robleand Ridley, 1994]
or the NOAA CoupledThermosphereIonosphereModel
(CTIM) [Fuller-Rowellet al., 1996]. Thesemodelsdepend
on magnetosphericinput, for exampletheelectricfield and
particleprecipitation.For the lack of directobservationsof
thesequantitieswith sufficient resolution,they areusually
takenfrom empirical(climatological)models,parameteriza-
tions,or data-assimilativemodels,for exampleAMIE [Rich-
mondandKamide, 1988].

Clearly, comprehensivemodelsof Earth'sspaceenviron-
ment require the coupling of magnetospheremodelswith
ionosphere–thermospheremodels becausethese types of
modelsarecomplementary. Theglobalmagnetospheremod-
els lack thephysicalfirst-principlecalculationsat the iono-
sphericendwhichcanbeprovidedbyanionosphere–thermo-
sphere(IT) model;vice versa,IT modelsrequireinput that
magnetospheremodelscan provide, and at the sametime
provide input to magnetospheremodels.

In this paperwe presentthe first attemptof producing
sucha coupledmodelconsistingof theUCLA globalmag-
netospheremodelwith theNOAA CTIM model. In thefol-
lowing sectionswe briefly describethetwo models,discuss
thecouplingissues,andpresentsomeinitial resultsfrom the
coupledmodel.

2. THE UCLA GLOBAL
MAGNETOSPHEREMODEL

TheUCLA globalmagnetospheremodelsolvestheMHD
equationsin a large volume surroundingEarth such that
theentireinteractionregion betweenthesolarwind andthe
magnetosphereis included.Specifically, thesimulationdo-
maincomprisesthebow shock,magnetopause,andthemag-
netotailup to severalhundred

� �
from Earth.Thusthemo-

del input is given by the solar wind plasmaand IMF (In-
terplanetaryMagneticField), which for most studies(and

spaceweatherapplications)is taken from measurementsof
a solarwind monitor suchas WIND or ACE. This model
hasbeendevelopedandcontinuallyimprovedoverthemany
yearsandnow goeswell beyonda “three-dimensionalglo-
bal MHD simulationmodel”. Besidesnumericallysolving
the MHD equationswith high spatial resolution,the mo-
del also includesionosphericprocessesand their electro-
dynamiccoupling with the magnetosphere.The coupling
betweenthemagnetosphereandtheionosphereis anessen-
tial part of the modelbecausethe ionospherecontrolsto a
large part magnetosphericconvection,by providing the re-
sistive closureof the field alignedcurrentsthat are gener-
atedfrom theinteractionof thesolarwind with themagne-
tosphere[Raederet al., 1998]. Processesthat occur in the
near-Earth region on polar cap and auroralfield lines and
that are inherentlykinetic have beenparameterizedin the
model using empirical relationships[Raederet al., 2001].
Theseprocessesincludethefield alignedpotentialdropsthat
areassociatedwith upwardfield alignedcurrentsandrelated
electronprecipitation,andthediffuseelectronprecipitation
thatis causedby pitchanglescatteringof plasmasheetelec-
trons [Lyonset al., 1979;Weimeret al., 1987;Kenneland
Petschek, 1966]. In previous simulationsthe electronpre-
cipitationparameterswereusedtodeterminetheionospheric
PedersenandHall conductancesusingtheempiricalRobin-
sonetal. [1987] formulae,while thenew modelusesCTIM
conductances(seebelow). Themodelusestheconductances
andthefield alignedcurrentsto solvetheionosphericpoten-
tial equation.Theembeddedionospheremodelyieldsmany
ionosphericquantitiesthat areobservablefrom the ground
andlow Earthorbitingsatellites.Theprimaryquantitiesare
the field alignedcurrents,the Hall and Pedersenconduc-
tance,andthe electricpotential. From these,otherrelated
quantitiesarederived,suchasthetotal andequivalentiono-
sphericcurrent,dissipationrates,andgroundmagneticper-
turbations. In particular, the groundmagneticperturbation
canbecomputedatany pointof theauroralzoneandthepo-
lar cap,aswell asrelatedgeomagneticindiceslike theAE,
AU, andAL indices.Theavailability of thesyntheticmag-
netogramsand indicesallows for direct comparisonswith
grounddata[Raederet al., 2001] andareof greatsignifi-
cancefor spaceweather.

The numericalgrid is rectangularandnonuniformwith
thehighestspatialresolution(about0.3

� �
) nearEarthand

in thetail plasmasheet.It extendsabout20
� �

in thesun-
ward direction,300

� �
in the tailward directionand � 40� �

in the Y and Z directions. The gas-dynamicpart of
theMHD equationsis spatiallydifferencedby usinga tech-
niquein which fourth-orderfluxesarehybridizedwith first-
order (Rusanov) fluxes [Harten and Zwas, 1972; Hirsch,
1990]. The magneticinduction equationis treatedsome-
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whatdifferently[EvansandHawley, 1988] in orderto con-
serve �����
	�� exactly. The time steppingschemefor
all variablesconsistsof a low-orderpredictorwith a time-
centeredcorrector, which is accurateto thesecondorderin
time. Thus,thenumericalschemeis flux-limited, i.e.,it pro-
ducesdiffusiononly to theextentneededat shocksanddis-
continuities. In regionswhereall variablesvary smoothly,
the gasdynamicvariablesarecomputedwith fourth-order
accuracy, and the magneticfield with second-orderaccu-
racy. The outerboundaryconditionsarefixed at the given
solarwind valueson theupstreamside.At theotherbound-
arieswe applyopen,i.e., zeronormalderivative, boundary
conditions.For optimalperformancethecodeis parallelized
for state-of-the-artmassively parallelcomputers(IBM-SP2,
SGI-O2000,Beowulf Clusters)usingdomaindecomposition
[Foxetal., 1988]andMPI messagepassing.Realtimeoper-
ationwith agrid of about10
 cellstakesabout40processors
of eitherof thesecomputers.A moredetaileddescription
of themodelcanbe found in [Raeder, 1999;Raederet al.,
2001].

3. THE NOAA COUPLED IONOSPHERE
THERMOSPHERE MODEL

CTIM is aglobalmulti-fluid modelof thethermosphere–
ionospheresystemwith a long heritage[seeFuller-Rowell
et al., 1996, and referencestherein]. CTIM solves both
neutralandion fluid equationsself-consistentlyfrom 80 to
500km for theneutralatmosphereandfrom80to 10,000km
for the ionosphereon a sphericalgrid with 2� latitudereso-
lution and18� longituderesolution.Thethermospherepart
solvesthecontinuityequation,horizontalmomentumequa-
tion, energy equation,and compositionequationsfor the
major speciesO, O� , and N � on 15 pressurelevels. The
ionospheremodelpart solvesthe continuity equations,ion
temperatureequation,verticaldiffusionequations,andhor-
izontal transportfor H � and O� , while chemicalequilib-
rium is assumedfor � �� , � �� , ��� � , and � � . Thehorizontal
ion motionis governedby themagnetosphericelectricfield.
Thecoupledmodelincludesabout30differentchemicaland
photo-chemicalreactionsbetweenthespecies.Comparedto
themagnetosphere,theCTIM timescalesarerelatively long,
allowing for numericaltimestepsof the orderof 1 minute.
Consequently, CTIM is computationallyvery efficient and
runsconsiderablyfasterthanreal-time( � 10times)onasin-
gleCPU.

CTIM' sprimaryinputsarethesolarUV andEUV fluxes
(parameterizedby the solar 10.7 cm radio flux), the tidal
modes(forcing from below), auroralprecipitation,andthe
magnetosphericelectricfield, eachof whichis usuallytaken
from parameterizedempiricalmodels.
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Figure 1. Schematicof the coupled magnetosphere–
ionosphere–thermospheremodel. Thearrows representthe
dataflow.

CTIM provides several outputs that are of prime im-
portancefor spaceweather, for exampleglobal two- and
three-dimensionalionosphereandthermospherestatefields,
like electrondensity, neutraldensity, neutralwind, chem-
ical composition,NmF2, hmF2,andtotal electroncontent
(TEC). Specifically, the electronparametersare important
becausethey stronglyaffectHF communicationandnaviga-
tion systems,andtheneutraldensitiesareimportantbecause
they determinethedragonLEO satellitesandspacedebris.

A morethoroughdescriptionof CTIM, includingthede-
tailedequations,reactionrates,andexamplescanbefound
in [Fuller-Rowellet al., 1996].

4. COUPLING ISSUES

Figure 1 shows schematicallyhow the magnetosphere
modelandCTIM arecoupled. The “MI couplingmodule”
andthe“ionospherepotentialsolver” arepartof themagne-
tospheremodel.Specifically, theMI couplingmodulemaps
field alignedcurrentsfrom the magnetosphereto the iono-
sphereandcomputeselectronprecipitationfluxes(F

�
) and
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meanenergies(E� ). In the oppositedirection, it mapsthe
ionosphericelectricfield to the innerboundaryof themag-
netospheremodel(which is asphereof about3-4

���
radius

centeredon Earth)whereit is usedas an MHD boundary
condition[Raeder, 1999;Raederetal., 2001].Thepotential
solversolvestheionospherepotentialequation������������	����! �"$#&%('�)*�+ $, -
on the surfaceof a spherewith 1.015

� �
radius. Here, �

is the ionospherepotential, � is theconductancetensor, �! 
is themagnetosphericfield alignedcurrent(FAC), �! $, - is a
parallel currentarising from the ionosphericdynamo,and' is the magneticfield inclination in the ionosphere.The
ionosphericdynamocurrent�+ $, - arisesfrom theion-neutral
dragin the ionosphere,in which theelectricfield .0/ in the
referenceframeof theneutralsis givenby .0/1	2.3)�4657�
[Kelley, 1989]where4 is thevelocityof theneutrals.From�8�:9;	2� and 9<	>=?��.0/ followsby integrationoverz:

�+ $, -�	��@�A� BDC =?�!EF4657�HGJI+K
where = is the conductivity tensorand � is the magnetic
field.

In couplingthemagnetospheremodelwith CTIM, theMI
couplingmoduleprovidestheelectronprecipitationparam-
etersandthe magnetosphericelectricfield. In turn, CTIM
provides the ionosphericconductanceand �! J, - to the po-
tential solver. Thus,as far as the magnetospheremodel is
concerned,we replaceempirical conductancecalculations
[Robinsonet al., 1987]with first-principlecalculationsand
alsoaccountfor the ionosphericdynamoeffect. The latter
effectisprobablyof minorimportancein mostsituations,but
may becomesignificantduring storm recovery [Richmond
andRoble, 1987]. With this coupling,CTIM is alsodriven
with morerealisticmagnetosphericinputsanddependson
fewerempiricalparameters.

Becausethe ionosphere–thermospheretime scalesare
significantlyslower thanthemagnetospherictimescalesthe
computationalcoupling betweenthe modelscan be rela-
tively loose.Typical numericaltimestepsfor theMHD mo-
del areabout0.2 to 0.5 seconds,whereasa typical CTIM
timesteptakes about60 seconds.Thus CTIM is only in-
voked every 60 seconds,and for the MHD timestepsbe-
tweenCTIM invocationstheparameters� and �+ $, - areheld
constantin the magnetospheremodel. Moreover, CTIM
runsonaseparatecomputationalnodeasynchronouslyfrom
theMHD calculations,i.e., afterCTIM receivesparameters
from the magnetospheremodel, it returnsimmediately �
and�! J, - from its laststep.Thismakesthecalculationsmuch
moreefficient becausethe magnetospheremodelneedsnot
to wait for CTIM to finish. ThustheCTIM calculationlags

the magnetospherecalculationsby 60 seconds. However,
this time is at leastpartially compensatedfor by theinstan-
taneousmappingof quantitiesbetweentheMHD boundary
andtheionosphere,which in reality takesa finite amountof
time.

5. MODEL COMPARISONS FOR THE
JANUARY 10/11,1997GEOMAGNETIC
STORM

Themagneticstormof January10/11,1997hasbeendis-
cussedin substantialdetail in the literature[seefor exam-
ple: Fox et al., 1998;Goodrich et al., 1998;Spannet al.,
1998],thuswe referthereaderto thesepapersregardingthe
specificsof this event. Briefly, a magneticcloud encoun-
teredEarth's magnetosphereat 0441UT on 1/10/1997,fol-
lowing a stormsuddencommencementat 0050UT on the
sameday. TheIMF L

C
associatedwith thecloudturnedini-

tially southwardandstayedsouthwardfor thenext 12hours.
Associatedwith thesouthwardIMF wasstronggeomagnetic
activity. TheCanopuselectrojetCL index [Rostoker et al.,
1995; Goodrich et al., 1998] reachedvaluesof -1800 nT,
andthePolarUVI imagerrecordedstrongauroralemissions
throughoutthisperiod[Spannetal., 1998].Lu etal. [1999]
presenteda study of this storm in which they usedAMIE
[RichmondandKamide, 1988]andDMSPdatato estimate
ionosphericpower inputsandthe crosspolar cappotential.
In the following we useresultsfrom this studyto compare
threedifferentsimulationrunswith dataandwith eachother.

In run1 weusedthesimplestionospheremodelpossible,
namelya flat ionosphericconductanceof 5 S. With a flat
conductancemodel we do not expect significantperturba-
tionsof thegroundmagneticfield. As shown by Fukushima
[1969,1975,seealsoKamideet al. 1981]thegroundmag-
neticeffectsof thefield-alignedandthepoloidalionospheric
currentscancel. Becausethere is no toroidal ionospheric
currentfor aflat conductancemodel,only minorgroundper-
turbationsareexpected.Thesearisefrom thedeviationsof
our model from the idealizationsin Fukushima's theorem,
namelya radialmagneticfield andaninfinite ionosphere.

Resultsfrom this runareshown in Figure2. Here,wefo-
cus on the first 10 hoursof the cloud event during which
most of the auroral activity occurred. The figure shows,
from top to bottom,theIMF L

C
andthesolarwind number

densitymeasuredby Wind for reference(not time shifted),
the CanopusCL index, the cross-polar-cappotentialin the
northernhemisphere,andtheJouleheatingratein thenorth-
ern hemisphere.Thick lines show the data(courtesyof G.
Lu, NCAR/HAO), andthin linesshow themodelresults.As
expected,thereis virtually no geomagneticactivity in the
model,i.e., the modeledCL index never dropsbelow -300
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Run 1 (flat conductance) January 10, 1997
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Figure2. Simulationresultsfor run1 (flat ionosphericcon-
ductance)for January10, 1997. From top to bottom: IMFL
C
; solarwind numberdensity;CanopusCL index; cross

polar cappotential;andJouleheatingrate. In the lower 3
panelsthin linesarefor themodelresults,thick linesarefor
thedata.

Run 2 (parameterized) January 10, 1997
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Figure3. LikeFigure2, but for run2.

nT, despitethefactthattheCanopusvaluesreach-1800nT.
The modeledpolar cappotentialis very high comparedto
the AMIE resultandconsequentlytheJouleheatingrateis
almostanorderof magnitudelargerthantheAMIE estimate.
In view of earlierresults[Raederetal., 1998]this is alsoex-
pectedandis discussedin moredetailbelow.

Figure3 shows the resultsfrom run 2, wherewe useda
parameterizedconductancemodel[seeRaederetal., 1998,2001,
for details]in lieu of CTIM. ThemodeledCL index is con-
siderablyimprovedover thecasewith flat conductanceand
shows activity levels that are comparableto the observed
ones. However, the model also shows several activations
thatarenot real.Thepotentialvaluesareat timessomewhat
lower comparedto run 1, but at othertimesevenhigherand
reachoccasionally600kV, whichis severaltimestheAMIE
estimate.Similarly, themodeloverestimatestheJouleheat-
ing rateby aboutoneorderof magnitudemostof thetime.

Resultsfrom the fully coupledmodelareshown in Fig-
ure4. It is immediatelyevident that thecoupledmodelre-
producesthe electrojetactivity (asmeasuredby CL) more
faithfully thanthe simplermodels. The modelpotentialis
still considerablyhigherthantheAMIE estimate,however,
thedifferencesin theJouleheatingratearelessfor thismo-
del thanfor theothertwo models.In thefourthpanelof Fig-
ure4 we alsoshow theintegratedelectronprecipitationen-
ergy flux over thenorthernhemisphereandcompareit with
earlierexperimentalestimates[Lu et al., 1998]. Theenergy
input producedby the model is slightly lessthanthe data,
but generallyagreesfairly well with theobservations,except
duringtheactivationaround1100UT.
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Run 3 (with CTIM) January 10, 1997
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Figure4. LikeFigure3,but for run3. In addition,thefourth
panelshows theenergy flux of precipitatingelectronsin the
northernhemisphere.

6. DISCUSSIONAND SUMMARY

Clearly, thecoupledmodelproducesasignificantlybetter
responsethaneitherrun1 or run2. Themainreasonappears
to bethattheself-consistentlyandfrom first principlescom-
putedionosphericconductancedistribution is far morereal-
istic thaneithera flat conductancemodelor simpleparame-
terization.Theflat conductancemodeleliminatesany asym-
metriesand the effectsof Hall conductance(uniform Hall
conductancefalls out of thepotentialequation),andthusis
not expectedto yield a realisticresponseto magnetospheric
input.

Figure5 shows thecomparisonof thePedersen(left col-
umn)andHall (right column)conductancefrom run 2 (pa-
rameterizedconductances,top row) andfrom run 3 (CTIM
conductances,bottomrow). Thesesnapshotsweretakenat
0800UT, thatis duringaperiodof stronggeomagneticactiv-
ity. Thedifferencesbetweenthetwoconductancemodelsare
significant. Generally, theparameterizedmodelproducesa
largerHall conductancebut asmallerPedersenconductance.
Theempiricalmodelalsoskews theconductancepatternto-
wardstheeveningsectorandproducesverylow conductance
valuesin themorningsector, thatis between0600and1200
magneticlocal time (MLT). Furthermore,theempiricalmo-
del hasvery largenorth-southgradients,in particularin the
nightsideandin theHall conductance.CTIM, on theother
handproducesmuch weaker gradients,and in that model
moderatelylarge (a few Siemens)conductancevaluesare

alsoseenat lower latitudes(below 60� ) in thenightside.

The largenightsideconductancegradientandthe morn-
ingsideconductancegapappearto bethemainreasonfor the
excessive potentialvaluesandtheir erratic jumpsin run 2.
Thestronggradientmustbeassociatedwith a strongfield-
alignedcurrent,astrongionosphericelectricfield,orboth.If
themagnetospheredoesnotsupplyanadequatefield-aligned
current,a strongelectricfield acrossthegradientinevitably
develops.Themagnetosphererespondsto thatelectricfield
and eventually setsup a field-alignedcurrentthat reduces
this electricfield (notethat, if themagnetosphericresponse
were of the oppositesensean instability would develop).
However, the magnetosphericresponseis not necessarilya
perfectmatchnor doesit occur instantaneously. Thus, the
systemswitcheserratically betweendifferent states. Al-
thoughsuchprocessesmayindeedoccurin nature– evident
by the rapidly time-varying aurora– the resolutionof our
model is by far not sufficient to capturetheseprocessesat
their correctscales.On the otherhand,the CTIM conduc-
tanceis muchsmootherandapparentlymuchcloserto real-
ity thantheempiricalmodel.Althoughit still producesa far
too largecross-polar-cappotentialthegroundperturbations
matchexceptionallywell with the observations. This sug-
geststhattheHall currentsin themodelareroughlycorrect
but thatthePedersencurrentsdeviatefrom reality to a larger
extent. Unfortunately, neitherthe ionosphericcurrents,nor
theionosphericconductancescanbemeasureddirectly, and
thuswehaveto rely onindirectconstraints,likegroundmag-
neticperturbations,to assessandimprovethemodel.

Despitethe improvementsbrought by CTIM the high
cross-polar-cappotentialin themodelremainsa critical is-
sue. Such discrepancy has beenfound in earlier studies
[Raederet al., 1998] and is also evident in other models
[Fedderet al., 1998;Hill and Toffoletto, 1998;Peroomian
etal., 1998].Possiblecausesarediscussedin [Raederetal.,
1998]andincludereconnectionratesin theMHD modelthat
aretoo high, andthe lack of adequateregion-2 currentsin
themodel. Basedon theresultspresentedherewe cannow
almostcertainlyruleoutinaccuraciesof theionosphericcon-
ductance.Moredetailedcomparisonswith data,for example
with directly measuredFACs,arerequiredto find thecause
of thisdiscrepancy.

In summary, we have presentedthe first global, self-
consistent,fully electricallycoupled,magnetosphere–iono-
sphere–thermospheremodel. Initial resultsfrom this model
for the January10, 1997geomagneticstormareencourag-
ing,andyield in particularamuchmorerealisticionospheric
responseascomparedwith thepreviousmagnetospheremo-
del thatreliedonparameterizationsfor theionosphericcon-
ductance.
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Figure5. Conductancepatternsin thenorthernpolarcapbetween50� magneticlatitudeandthegeomagneticpoleat0800UT
on January10, 1997: a) Hall conductancefor run 2, b) Pedersenconductancefor run 2, c) Hall conductancefor run 3, d)
Pedersenconductancefor run3. Conductancevaluesaregivenin Siemensandcontour-linesarespacedby a factorof 2.
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