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Abstract.

We presenthe first global, self-consistentfully electrically coupledmagneto-
sphere—ionosphere—thermospheredel, basedon the UCLA magnetosphere—
ionospheremodel and the NOAA CoupledThermospherdéonosphereModel
(CTIM). Initial resultsfrom this coupledmodelfor the Januaryl0, 1997 geo-
magneticstormeventareencouragingln particular the modelproducesa much
morerealistic electrodynami@nd ionosphericresponses comparedwith the
previousmagnetosphenmodelthatreliedon parameterization®r theionospheric
conductanceThisis attributedto themuchmorerealisticconductancealculations
provided by CTIM. Like in previous studieswith the magnetosphersodel,the
cross-polaicap potentialis too high. Examiningthe causewill requirefurther

investigation.

1. INTRODUCTION

Contemporaryerrestriaweatherforecastsely onacom-
bination of denseobsenation networks and sophisticated
numericalmodelswhich projectthe currentweathercondi-
tions into the future. Similarly, spaceweatherforecasting
will requirelarge scalenumericalmodelsof Earth's space
ervironmentasa key operationaklementalongwith suffi-
cienttimely obsenationsto provide modelinput andto ini-
tialize modelfields. Besidestheir utility for spaceweather
forecasting,suchmodelsare also essentiatools to under
standthe ervironmentandthe plasmaphysicalprocessem
it, becausen situ measurementareoftentoo sparseo en-
ableauniqueinterpretatiorof thedata,andbecaus¢hecom-
plexity of the spaceervironmentlimits our theoreticalun-
derstandingBy comparingoredictionswith data largescale
modelsalsoseneto testour knowledgeaboutthe prevailing
processes,e., successfumodelpredictionssuggesthatthe
assumptionsinderlyingthe modelarecorrect,whereasno-
delfailurespointto deficiencie®f ourunderstandingMod-

elshave alsobecomeanincreasinglyimportanttoolsto ana-
lyze andinterpretexperimentaldata,by puttingin situ mea-
surementdrom a single (or at mosta few) spacecrafinto
perspectie and thus extendingthe “view” of the obsenra-
tions. Thus,progresss oftenmadeby combiningdataanal-
ysiswith globalmodeling sincebothareessentiallicomple-
mentary In theforeseeabléuturetensto hundred®of space-
craft might provide data,in which casemodelswill play a
crucialrole in assimilatingthesemeasurementis orderto
provide globalsynopticmapsof Earth's spaceervironment.

No global comprehensie model of Earth’s spaceervi-
ronmentexiststoday However, regionalmodelshave been
developedthat treatlimited regions or processes.For ex-
ample,global MHD modelscover the outermagnetosphere
[Lyonetal., 1998;0gino, 1986;WingleeandMenietti 1998;
Gombosiet al., 1998; Tanakag 1995;Janhuneretal., 1995;
Raeder 1999], but omit the particledrift physicsof thein-
ner magnetospheraithin a few Rg from Earth as well
as the plasmaand neutral constituentsof the ionosphere—
thermospheraystem. Someof thesemodels[Lyon et al.,
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1998; Tanaka 1995; Janhunenret al., 1995; Raeder 1999]
includeanionosphersubmodethatsolvesapotentialequa-
tion to closethe field aligned currentsoriginating in the
magnetospherel he ionosphericconductancén thesesub-
modelsis either taken to be constantor derived by using
empiricalmodelsfor EUV ionizationandparameterizations
for electronprecipitationin the auroralzone[e.g. Slinker
etal., 1998; Raeder 1999]. However, suchsubmodelsio
notfully representheionosphere—thermosplesystemput
approximatenly oneaspecbf it, namelytheclosureof field
alignedcurrents,andrely on a numberof approximations
andparameterizations.

On the otherhand,fully dynamicalmodelsof the iono-
sphere—thermosphesystemexist, for examplethe Ther
mospherdonospheraMesospher&lectrodynamic&eneral
CirculationModel (TIME-GCM) [Robleand Ridley, 1994]
or the NOAA Coupled ThermospherdonosphereModel
(CTIM) [Fuller-Rowelletal., 1996]. Thesemodelsdepend
on magnetospherimput, for examplethe electricfield and
particleprecipitation.For the lack of directobsenationsof
thesequantitieswith sufficient resolution,they are usually
takenfrom empirical(climatological)models parameteriza-
tions,or data-assimilatie models for exampleAMIE [Rich-
mondand Kamide 1988].

Clearly, comprehensie modelsof Earth's spacesrviron-
ment require the coupling of magnetospherenodelswith
ionosphere—-thermosphemodels becausethese types of
modelsarecomplementaryTheglobalmagnetosphemod-
elslack the physicalfirst-principle calculationsat the iono-
sphericendwhich canbeprovidedby anionosphere—thermo-
spherg(IT) model;vice versa,IT modelsrequireinput that
magnetospherenodelscan provide, and at the sametime
provide inputto magnetosphenmodels.

In this paperwe presentthe first attemptof producing
sucha coupledmodelconsistingof the UCLA globalmag-
netospherenodelwith the NOAA CTIM model. In thefol-
lowing sectionawe briefly describethe two models discuss
thecouplingissuesandpresensomeinitial resultsfrom the
coupledmodel.

2. THE UCLA GLOBAL
MAGNETOSPHERE MODEL

TheUCLA globalmagnetosphemodelsolvesthe MHD
equationsin a large volume surroundingEarth such that
the entireinteractionregion betweerthe solarwind andthe
magnetospheris included. Specifically the simulationdo-
maincompriseshebow shockmagnetopausendthemag-
netotailup to severalhundredR i from Earth. Thusthemo-
del input is given by the solarwind plasmaand IMF (In-
terplanetaryMagnetic Field), which for most studies(and
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spaceweatherapplications)s taken from measurementsf
a solarwind monitor suchas WIND or ACE. This model
hasbeendevelopedandcontinuallyimprovedoverthemary
yearsandnow goeswell beyond a “three-dimensionaglo-
bal MHD simulationmodel”. Besidesnumericallysolving
the MHD equationswith high spatial resolution,the mo-
del also includesionosphericprocessesand their electro-
dynamiccoupling with the magnetosphereThe coupling
betweerthe magnetospherandtheionospheras anessen-
tial part of the modelbecausehe ionospherecontrolsto a
large part magnetosphericorvection,by providing the re-
sistive closureof the field alignedcurrentsthat are gener
atedfrom theinteractionof the solarwind with the magne-
tospherg Raederet al., 1998]. Processethatoccurin the
nearEarth region on polar cap and auroralfield lines and
that are inherentlykinetic have beenparameterizedn the
model using empirical relationshipg Raederet al., 2001].
Theseprocessemcludethefield alignedpotentialdropsthat
areassociatewvith upwardfield alignedcurrentsandrelated
electronprecipitation,andthe diffuseelectronprecipitation
thatis causedy pitch anglescatteringpf plasmasheetlec-
trons[Lyonset al., 1979; Weimeret al., 1987; Kenneland
Petsdek 1966]. In previous simulationsthe electronpre-
cipitationparametersiereusedo determingheionospheric
PedersemndHall conductancessingthe empiricalRobin-
sonetal. [1987]formulae while thenen modelusesCTIM
conductancefseebelon). Themodelusegheconductances
andthefield alignedcurrentgo solve theionospherigoten-
tial equation.Theembeddedonospherenodelyields mary
ionosphericquantitiesthat are obsenablefrom the ground
andlow Earthorbiting satellites.The primaryquantitiesare
the field aligned currents,the Hall and Pederserconduc-
tance,andthe electric potential. From these,otherrelated
guantitiesarederived,suchasthetotal andequialentiono-
sphericcurrent,dissipationrates,andgroundmagneticper
turbations. In particular the groundmagneticperturbation
canbecomputedatary pointof theauroralzoneandthe po-
lar cap,aswell asrelatedgeomagnetiindiceslik e the AE,
AU, andAL indices. The availability of the syntheticmag-
netogramsand indicesallows for direct comparisonswith
grounddata[Raederet al., 2001] and are of greatsignifi-
cancefor spacewveather

The numericalgrid is rectangularand nonuniformwith
the highestspatialresolution(about0.3 Rg) nearEarthand
in thetail plasmasheet.It extendsabout20 Rg in the sun-
ward direction, 300 Rg in the tailward directionand £40
REg in the Y and Z directions. The gas-dynamigart of
the MHD equationss spatiallydifferencedcby usingatech-
niguein which fourth-orderfluxesarehybridizedwith first-
order (Rusane) fluxes [Harten and Zwas 1972; Hirsd,
1990]. The magneticinduction equationis treatedsome-
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whatdifferently[Evansand Hawley, 1988]in orderto con-
sene V - B = 0 exactly. The time steppingschemefor
all variablesconsistsof a low-order predictorwith a time-
centerectorrector which is accurateo the secondorderin
time. Thus,thenumericalschemas flux-limited, i.e., it pro-
ducediffusiononly to the extentneededat shocksanddis-
continuities. In regionswhereall variablesvary smoothly
the gasdynamicvariablesare computedwith fourth-order
accurag, and the magneticfield with second-ordeaccu-
ragy. The outerboundaryconditionsare fixed at the given
solarwind valuesontheupstreanside. At the otherbound-
arieswe apply open,i.e., zeronormalderivative, boundary
conditions.For optimalperformancehecodeis parallelized
for state-of-the-anmassiely parallelcomputergIBM-SP2,
SGI-02000Beowulf Clustersjusingdomaindecomposition
[Foxetal., 1988]landMPI messaggassingRealtime oper
ationwith agrid of about10° cellstakesabout40 processors
of eitherof thesecomputers.A more detaileddescription
of the modelcanbe foundin [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 referencegherein]. CTIM solves both
neutralandion fluid equationsself-consistentlyfrom 80 to
500km for theneutralatmospherandfrom 80to 10,000km
for theionosphereon a sphericalgrid with 2° latitudereso-
lution and18° longituderesolution. The thermosphergart
solvesthe continuity equation horizontalmomentumequa-
tion, enegy equation,and compositionequationsfor the
major speciesO, Oz, and N2 on 15 pressurdevels. The
ionospheranodel part solvesthe continuity equationsjon
temperaturequationvertical diffusion equationsandhor-
izontal transportfor Ht and O*, while chemicalequilib-
riumis assumedor N, OF, NO*, andN+. Thehorizontal
ion motionis governedby the magnetospherielectricfield.
Thecoupledmodelincludesabout30 differentchemicaland
photo-chemicateactiondetweerthe speciesComparedo
themagnetospheréhe CTIM timescalesirerelatively long,
allowing for numericaltimestepof the orderof 1 minute.
ConsequentlyCTIM is computationallyvery efficient and
runsconsiderablyasterthanreal-time(>10times)onasin-
gleCPU.

CTIM's primaryinputsarethe solarUV andEUYV fluxes
(parameterizedby the solar 10.7 cm radio flux), the tidal
modes(forcing from below), auroralprecipitation,andthe
magnetospherielectricfield, eachof whichis usuallytaken
from parameterizedmpiricalmodels.

F10.7 cm Solar wind
flux IMF data

MHD
magnetosphere

MI coupling
module

lonosphere
potential
solver

Magnetosphere

Ne, Nmf2, Nmf2h,
B,EN,T,...

Figure 1. Schematicof the coupled magnetosphere—
ionosphere—thermosphemdel. The arrowns representhe
dataflow.

CTIM provides several outputsthat are of prime im-
portancefor spaceweather for example global two- and
three-dimensionabnospherendthermospherstatefields,
like electrondensity neutraldensity neutralwind, chem-
ical composition,NmF2, hmF2, andtotal electroncontent
(TEC). Specifically the electronparametersre important
becausehey stronglyaffect HF communicatiorandnaviga-
tion systemsandtheneutraldensitiesareimportantbecause
they determinghedragon LEO satellitesandspacedebris.

A morethoroughdescriptionof CTIM, includingthede-
tailed equationsreactionrates,and examplescanbe found
in [Fuller-Rowelletal., 1996].

4. COUPLING ISSUES

Figure 1 showvs schematicallyhow the magnetosphere
modelandCTIM arecoupled. The “MI couplingmodule”
andthe“ionospherepotentialsolver” arepartof themagne-
tospheranodel. Specifically the Ml couplingmodulemaps
field alignedcurrentsfrom the magnetosphert the iono-
sphereand computeslectronprecipitationfluxes (Fg) and
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meanenepgies(Eg). In the oppositedirection,it mapsthe
ionosphericelectricfield to the inner boundaryof the mag-
netospherenodel(whichis asphereof about3-4 R radius
centeredon Earth) whereit is usedasan MHD boundary
condition[Raeder1999;Raederetal., 2001]. The potential
solver solvestheionosphergootentialequation

V-2-Vé = —j” sinI—l—j”,d

on the surfaceof a spherewith 1.015 Rg radius. Here, ®

is the ionospherepotential, X is the conductanceensor j

is the magnetospherifield alignedcurrent(FAC), j; 4 is a
parallel currentarising from the ionosphericdynamo,and
I is the magneticfield inclinationin the ionosphere.The
ionospheriadynamocurrentj 4 arisesfrom theion-neutral
dragin the ionospherein which the electricfield E’ in the
referencdrameof theneutralss givenby E' = E + UxB

[Kelley, 1989]whereU is thevelocity of the neutrals.From
V-J =0andJ = ¢ - E' follows by integrationoverz:

j”7d =-V- /J . (UXB)dZ

whereo is the conductvity tensorand B is the magnetic
field.

In couplingthemagnetosphenmodelwith CTIM, the Ml
couplingmoduleprovidesthe electronprecipitationparam-
etersandthe magnetospherielectricfield. In turn, CTIM
provides the ionosphericconductanceand jj 4 to the po-
tential solver. Thus,asfar asthe magnetosphermodelis
concernedwe replaceempirical conductancesalculations
[Robinsoret al., 1987]with first-principlecalculationsand
alsoaccountfor the ionosphericdynamoeffect. The latter
effectis probablyof minorimportancen mostsituationsput
may becomesignificantduring storm recovery [Richmond
and Roblg 1987]. With this coupling,CTIM is alsodriven
with morerealistic magnetospherimputs and dependon
fewer empiricalparameters.

Becausethe ionosphere—thermosphetine scalesare
significantlyslowerthanthe magnetospheritme scaleghe
computationalcoupling betweenthe modelscan be rela-
tively loose. Typical numericaltimestepgor the MHD mo-
del areabout0.2 to 0.5 secondswhereasa typical CTIM
timesteptakes about60 seconds. Thus CTIM is only in-
voked every 60 secondsand for the MHD timestepsbe-
tweenCTIM invocationgheparameter& andj ; areheld
constantin the magnetospherenodel. Moreover, CTIM
runsonaseparateomputationahodeasynchronouslfrom
the MHD calculationsj.e., after CTIM recevesparameters
from the magnetospherenodel, it returnsimmediately >
andj 4 fromits laststep.This makesthe calculationsnuch
more efficient becaus¢he magnetosphermodel needsnot
to wait for CTIM to finish. Thusthe CTIM calculationlags
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the magnetospherealculationsby 60 seconds. However,
thistime is at leastpartially compensatetbr by the instan-
taneousmappingof quantitiesbetweernthe MHD boundary
andtheionospherewhichin reality takesa finite amountof
time.

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

Themagneticstormof Januaryl0/11,1997hasbeendis-
cussedn substantiabetail in the literature[seefor exam-
ple: Fox et al., 1998; Goodrich et al., 1998; Spannet al.,
1998],thuswe referthereadeito thesepapergegardingthe
specificsof this event. Briefly, a magneticcloud encoun-
teredEarth's magnetospherat 0441UT on 1/10/1997 fol-
lowing a storm suddencommencemerat 0050UT on the
sameday ThelMF B, associateavith thecloudturnedini-
tially southvardandstayedsouthvardfor thenext 12 hours.
Associatedvith thesouthvardIMF wasstronggeomagnetic
actiity. The CanopuselectrojetCL index [Rostoler et al.,
1995; Goodrich et al., 1998] reachedvaluesof -1800 nT,
andthe PolarUVI imagerrecordedstrongauroralemissions
throughouthis period[Spannetal., 1998].Lu etal. [1999]
presentedh study of this stormin which they usedAMIE
[Richmondand Kamide 1988]and DMSP datato estimate
ionospherigpower inputsandthe crosspolar cap potential.
In the following we useresultsfrom this studyto compare
threedifferentsimulationrunswith dataandwith eachothet

In run 1 we usedthe simplestonospherenodelpossible,
namelya flat ionosphericconductanceof 5 S. With a flat
conductancenodel we do not expect significantperturba-
tionsof thegroundmagnetidield. As shavn by Fukushima
[1969,1975,seealsoKamideetal. 1981]the groundmag-
neticeffectsof thefield-alignedandthepoloidalionospheric
currentscancel. Becausethereis no toroidal ionospheric
currentfor aflat conductancenodel,only minorgroundper
turbationsareexpected. Thesearisefrom the deviations of
our modelfrom the idealizationsin Fukushimas theorem,
namelyaradialmagnetidield andaninfinite ionosphere.

Resultdrom thisrunareshovn in Figure2. Here,we fo-
cuson the first 10 hoursof the cloud event during which
most of the auroralactivity occurred. The figure shavs,
from top to bottom,the IMF B, andthe solarwind number
densitymeasuredy Wind for referencgnot time shifted),
the CanopusCL index, the cross-polaicap potentialin the
northernhemisphereandthe Jouleheatingratein thenorth-
ern hemisphere.Thick lines shav the data(courtesyof G.
Lu, NCAR/HAO), andthin linesshov themodelresults.As
expected,thereis virtually no geomagnetiactiity in the
model,i.e., the modeledCL index never dropsbelov -300
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Run 1 (flat conductance) January 10, 1997
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Figure 2. Simulationresultsfor run 1 (flat ionosphericon-
ductancefor Januaryl0, 1997. Fromtop to bottom: IMF

B,; solarwind numberdensity; CanopusCL index; cross
polar cap potential;and Jouleheatingrate. In the lower 3

panelgthin linesarefor the modelresults thick linesarefor

thedata.

Run 2 (parameterized) January 10, 1997
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Figure 3. Like Figure2, but for run 2.

nT, despitethefactthatthe Canopusraluesreach-1800nT.
The modeledpolar cap potentialis very high comparedo
the AMIE resultand consequentlyhe Jouleheatingrateis
almostanorderof magnituddargerthanthe AMIE estimate.
In view of earlierresult§Raederetal., 1998]thisis alsoex-
pectedandis discussedn moredetailbelow.

Figure3 shows the resultsfrom run 2, wherewe useda

parameterizedonductancenodel[seeRaedeetal., 1998,2001,

for details]in lieu of CTIM. ThemodeledCL index is con-
siderablyimproved over the casewith flat conductancend
shaws actiity levels that are comparableo the obsered
ones. However, the model also shawvs several activations
thatarenotreal. The potentialvaluesareattimessomavhat
lower comparedo run 1, but at othertimesevenhigherand
reachoccasionally600kV, whichis severaltimesthe AMIE
estimate Similarly, the modeloverestimateshe Jouleheat-
ing rateby aboutoneorderof magnitudemostof thetime.

Resultsfrom the fully coupledmodelareshavn in Fig-
ure4. It is immediatelyevidentthatthe coupledmodelre-
produceghe electrojetactvity (asmeasuredy CL) more
faithfully thanthe simplermodels. The modelpotentialis
still considerablyhigherthanthe AMIE estimatehowever,
thedifferencesn the Jouleheatingratearelessfor this mo-
delthanfor theothertwo models.In thefourth panelof Fig-
ure4 we alsoshov theintegratedelectronprecipitationen-
ergy flux overthe northernhemispher@andcomparet with
earlierexperimentakestimategLu etal., 1998]. The enegy
input producedby the modelis slightly lessthanthe data,
but generallyagreegairly well with theobsenations,except
duringtheactivationaround1100UT.
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Run 3 (with CTIM)

January 10, 1997
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Figure4. Like Figure3, butfor run3. In addition,thefourth
panelshavs the enengy flux of precipitatingelectronsn the
northernhemisphere.

6. DISCUSSIONAND SUMMARY

Clearly, thecoupledmodelproducessignificantlybetter
respons¢haneitherrun1orrun2. Themainreasorappears
to bethatthe self-consistentiandfrom first principlescom-
putedionosphericonductancelistribution is far morereal-
istic thaneitheraflat conductancenodelor simpleparame-
terization.Theflat conductancenodeleliminatesany asym-
metriesandthe effects of Hall conductancéuniform Hall
conductancéalls out of the potentialequation),andthusis
not expectedo yield arealisticresponséo magnetospheric
input.

Figure5 showvs the comparisorof the Pedersefleft col-
umn) andHall (right column)conductancérom run 2 (pa-
rameterizecconductancegpp row) andfrom run 3 (CTIM
conductancedyottomrow). Thesesnapshotsveretaken at
0800UT, thatis duringa periodof stronggeomagnetiactiv-
ity. Thedifferencedbetweernhetwo conductancenodelsare
significant. Generally the parameterizethodelproducesa
largerHall conductanceut asmallerPederseronductance.
Theempiricalmodelalsoskews the conductanceatternto-
wardstheeveningsectorandproduceserylow conductance
valuesin themorningsectorthatis betweer0600and1200
magnetidocal time (MLT). Furthermorethe empiricalmo-
del hasvery large north-southgradientsjn particularin the
nightsideandin the Hall conductanceCTIM, on the other
hand producesmuch wealer gradients,and in that model
moderatelylarge (a few Siemens)conductancevaluesare

alsoseenatlower latitudes(below 60° ) in the nightside.

The large nightsideconductancgradientandthe morn-
ingsideconductancgapappeato bethemainreasorfor the
excessve potentialvaluesandtheir erraticjumpsin run 2.
The stronggradientmustbe associatedvith a strongfield-
alignedcurrentastrongionospheri@lectricfield, or both. If
themagnetosphemoesnotsupplyanadequatéield-aligned
current,a strongelectricfield acrosshe gradientinevitably
develops. The magnetospheneespondgo thatelectricfield
and eventually setsup a field-alignedcurrentthat reduces
this electricfield (notethat, if the magnetosphericesponse
were of the oppositesensean instability would develop).
However, the magnetosphericesponses not necessarilya
perfectmatchnor doesit occurinstantaneouslyThus, the
systemswitcheserratically betweendifferent states. Al-
thoughsuchprocessemayindeedoccurin nature— evident
by the rapidly time-varying aurora— the resolutionof our
modelis by far not sufficient to capturetheseprocessesit
their correctscales.On the otherhand,the CTIM conduc-
tanceis muchsmoothemndapparentlymuchcloserto real-
ity thantheempiricalmodel.Althoughit still producesafar
too large cross-polaicappotentialthe groundperturbations
matchexceptionallywell with the obsenations. This sug-
geststhatthe Hall currentsin themodelareroughly correct
but thatthe Pederserurrentdeviatefrom realityto alarger
extent. Unfortunately neitherthe ionosphericcurrents,nor
theionospheriacconductancesanbe measuredlirectly, and
thuswe havetorely onindirectconstraintslike groundmag-
neticperturbationsto assesandimprove themodel.

Despitethe improvementsbroughtby CTIM the high
cross-polaicappotentialin the modelremainsa critical is-
sue. Suchdiscrepang hasbeenfound in earlier studies
[Raederet al., 1998] and is also evident in other models
[Fedderet al., 1998;Hill and Toffoletto, 1998; Peroomian
etal., 1998]. Possiblecausesrediscussedh [Raedertal.,
1998]andincludereconnectiomatesin theMHD modelthat
aretoo high, andthe lack of adequateegion-2 currentsin
the model. Basedon the resultspresentedherewe cannow
almostcertainlyruleoutinaccuraciesf theionosphericon-
ductanceMore detailedcomparisonsvith data,for example
with directly measuredrACs, arerequiredto find the cause
of this discrepany.

In summary we have presentedhe first global, self-
consistentfully electricallycoupled,magnetosphere—iono-
sphere—thermospheneodel. Initial resultsfrom this model
for the Januaryl0, 1997 geomagnetistormare encourag-
ing, andyield in particularamuchmorerealisticionospheric
responsascomparedvith the previousmagnetosphenamo-
delthatreliedon parameterizationfor theionosphericon-
ductance.
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Figure5. Conductanceatternsn thenorthernpolarcapbetweerb0®° magnetidatitudeandthegeomagnetipoleat0800UT
on Januaryl0, 1997: a) Hall conductancéor run 2, b) Pederseronductancédor run 2, ¢) Hall conductancdor run 3, d)
Pederseconductancéor run 3. Conductancealuesaregivenin Siemensandcontourlinesarespacedy afactorof 2.
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