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Introduction and gerview

Lifeon earth evolvedto exploit theflow of energy from the sun and to withstandts extremes, fromultraviolet
radiationto bombardment bymagnetically chargegdlasmaclouds Asthey'  YS 2 F Db! { ! Q& a[ A QA Y
missionaptly suggests, the sun is a source of b&dlstenanceand danger.

But iflife on earthwrit largehasadaptedto its homestar, perhapscivilizationhas not.Perhapsnodern societies
are unprepared for what the sun can be expected to deliver evetherfleetingtime scale of human historyn
particular, he concern motivatinghis documentis that acataclysm on the sucouldtrigger adcgeomagnetic
stormé that would knock ouso manysatellites anchigh-voltage transformers that advanced societiesuld
loseelectricityfor months or yearsvhile waiting for replacementdossof powerthat longcouldcompromise
hospitals, water treatment plants, pipelines, and fadoahsport, creatingan economic and humanitarian
disaster(NRC 2008, pp. £12).

Doesthe riskof adperfect geomagnetic storeddeserve more attention than it is receivinly® initial

assessment is that it almost certhimoes, for the attention has beeminimalrelative tothe stakesl am not at

this point convinced that therobabilitiesare as high as some have suggeste€ 2 NJ SE | YLJX S%- wAf Sé
cited 12%/decadeprobability estimate for an extreme storm looks like anrepresentativeextrapolationfrom

the histarical record.) Buthe presentinquiryis layered in uncertainty. Scientific understanding of thedzy” Q a

behavior is limitedLkewise for theresponse of power systems geeomagnetistorms.My understandingof

the state of knowledgésitselflimited.{ A 3y A F A Odr dfievenitsiektrenie edbligh fo cause great

suffering should not be ruled out.

A dstinctive feature of the geomagnetic storigsue ighe sequentiaj probabilisticnature of the phenomenon
of concern A preliminary assessment of theki as performed here, has to touch on each step irsttgience
Cataclysmiexplbsionswith the power of a billion hydrogen bomloecur onface ofthe sun.Each eveninay
throw off some amount ofnagnetically charged plasmproducing a coronal mass ejen (CME)In the
abstract, aCME has some probability of hitting the earth, which depends on its angular brdhitthits, itwill
do so at some speed, perhaps as high%sof the speed of lightmeaning3,000 kilometers per secondhe

/ a 9 agnett field maypoint substantially irthe samedirectionas theearth@, producing a magnetic collision
(Gopalswamy 2006. 249 rather likeslammingtogethertwo magnetzedtoy trainsthe way they do@want to
go. Sometimes gveralCMEs comever a fewdays, the first one clearing a path through interstellar mattet
speeds the transit of its successoEachmagnetic blaswill, overhours or dayshendthe earth® magnetic field
andaccelerae electrical currents that flow at great heights above ftlanet, including the electrojets that
cause the Aurora Borealis and Aurora Austrahe guss of dsolar weatheg will alsostrewturbulence in the
earth® magnetic fieldlike a strong wind over wat¢Kappenman 2005, p. §roducing even sharpgif more
localized, magnetic oscillations

According to the laws of electromagnetiswhen themagneticfield fluctuatesin a given spot, inducesa
voltagethere. The faster the magnetic change, the greater tha@tage Before thelndustrial Revolution
electrical pressurginducedby magnetic storms alontpe surface of the eartleould onlybe relievedby the flow
of electricchargethrough air, sea, oftand. Butnow people have laced the planet with less resistive conduits:
long-distance power lineEgecially whercrossingerrain whose(igneous)mineralogy resistglectricalcurrent
or when terminating near conductive seawatandespecially wheithe wireshappen toalign withthe induced
electricalforce, these cableganbecome geomagnetic lightnjnrods.

Like lightning roddhigh-voltagepower lines are grounded: for safety, they are connected to the earth at either
end. But at each endf most of these power linginterposed betweerthem and the earth are transformers,
garagesizel or bigger They put the dhigh-voltaget in ¢high-voltage power ling In preparation for longlistance
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transmissiorfrom a generating sourcehetransformersstep the voltage up to as high as 765,000 volts in the
US At the receiving endransformerssymmetricallystepthe voltageback dowrfor distribution to factories,
offices, and homegBoosting the voltagéor long-distance transmissiooutsenergylossesrom the electrical
resistance othe power lines)

Transformerexploitthe symmetry of electromagnetisnjust as a changing magnetic field induces a voltage, so
does the movement otlectrical charge (electricitygroduce a magnetic fieldnside each transformer, two

wires, one connected to the input line and one to the outpewjl hundreds of times withior around a shared
core of magnetically peneable material such as silicon steBle normalinput is alternating currentAC) like

that in an ordinary home, its voltage flipping from positive to negative and baak 60 times a secondhe
oscillatingelectricity in the wire producean oscillating magnetic field the transforme® core.That n turn
induces a oscillatingcurrent n the output wire, typically at a different voltagéhe capacity of AC to be
transformedin this wayfor long-distancetransmission is precisely wiag the dawn of the electrical agkCheat

out DC(constant, "direct" currentas the standard for power systems.

Underdesignconditions,a transforme® core is magnetically capacious enough to carnetitéety of the field
produced bythe input wire. But if too large a current enterhie corewill saturate Magneticforce fieldswill
strayout of the core and into the surrounding wires, whéhey can exact invisible mayhemandomcurrents in
both the input and output wies andéhotspot<s of burntinsulation.Possibly, the transformer will fail
immediately. Oiit maycontinue operatingvhile the hot spotscool intosomething analogous to dots rust:
they escaje attention at first,but initiate degradation thatspread overweeks omonths Eventually a failure
may be triggered, whichngineers mayot even recognize as storm damag@gblertson et al. 1973p. 475
Gaunt and Coetzee 2007, p. 444).

Geomagnetic storms casend suctdamagdng currents intdransformers in twovays. Thestormscan directly
inducethem, as just describedrthe stormscan disrupt currentsvoltages, and frequencids an operatig

grid enough tooverwhelm the equipmenimeant to counteract such distortions, and thinggersudden
shutdowns of pwer plants ordisconnections between sections of the grid. These automatic responses are
designedo protect the gridand may largely do sobut perhaps noicompletely in extreme casel Quéec
during the great storm of March989, the sudden disconneicin of the La Grande hydroelectdam complex
from the rest of the grid causedcha 2 @ S NI @4t damag&dwdig transformers, part of a larger cascade of
events that led to a widespread blackqIdER@990Q, p. 42) A wildcard that has emerged sinc@8Pt but

which is beyond the scope of this reporis that a storm might damage GPS and communications satellites,
which utilities have increasingly used to coordinate components of the grid. (Giant generators spinning at 50 or
60 times per second, hundred$ miles apart, must be precisely synchronized if serving the same grid.)

Inthe worst case some analysts believa,geomagnetic storm would take oltindreds of highvoltage
transformersacross a continerscale areaHighvoltage transformers are largexpensive, custom industrial
products. There are not a lot of spares arouhdtw onesvould take monthseachto manufactureand deliver
since under normal circumstances, it taked® months to produce and deliver a large transformer in the US,
and &16 it is imported (USITC 2011, p7)] and limited globalproductioncapacitycould producea backlog of
years The blackout would be measured in montfitie failures would cascade to all corners of industrial
societies because of the interdependence ydtemga power, pipelines, sewage treatment, police, air traffic
control, hospitals. The scariest potential consequeisdbeloss of cooling at storage facilities fgpentnuclear
fuel, as at Fukushimia 2011(Foundation for Resilient Societies 2011)

Offsettingsuchrisksis the paradoxical resilience built into ggdas seen in Québelf a geomagnetic storm
sufficientlydistortsthe current entering or exiting a major transformer, safety equipmentsfrghuttingit down.
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Large areasnaybe blacled out within second. But the systenmay become immune tmore permanent
damage Sort-term fragility bestowslongterm resilience. In Québec, powesas largely restoredfter nine
hours(NERQ@99Q p. &), and life went on.

In addition, the power system is arguably more prepared for electrical storm surges today. Shteléite

warning systems are more sophisticatédx D2 NS { I G4 ¢ & & f | tdzsfrénktleRr capayity t6 S 6 NXzl N
monitor solar activity; utility officialsare wiser to the danger and so are perhaps more ready to preemptively

shut down gridto protectthem; and some systems have been modified to make them more rqiNERC

2010, p. 63)That isnot to counsel complacency, but to highlight the complexity of thsue.

In past reviews for the Open Philanthropy Project, | have laced my conclusions with caveatscabouell
researcherdave been able to answer various empirigaéstiong above all because of the difficulty of
determining cause and effect in satsystems. This time, | must offer similar warnings but for different reasons.
Onereasonis a sort of good newsome of thelimits to collective knowledgen this issuariseas much from

lack of studyas from any deep barriers to human understandinge impact of nonstandard currents on large
transformers, for example, could be much better researcidaremay liean opportunity for philanthropy
perhaps But ust as important, because tie limitations of my expertiseghe limit ontime, the trans
disciplinarycomplexity of the topicand the sharp disagreements among expedreem less confident thahave
reached the frontier of knowledge

So | offer the following assessment with tentativerless & | &yl LJAK2G 2F hLISKEy t KAf Q
points:

9 Solar activity, as measured byethumber of sunspots, follows dri-year cyclewith the number of sun
spots rising and then fallingThe first sunspots of the current cygctiefining its startappeared January
2008 (NASA 2008).) Coronal magections capable of causing storms are more common ihitite
sunspotnumberphasebut the correlation is not absolute. Fast CMEs occur in the declining part of the
cycle too. There are also dynamics on longer time scales, which are not well undefStooe cycles
are more active than others. Trends appear in centogle data. At present, we have little basis for
forecasting the evolution adtorm frequency beyond the observation that a major one occurs about
once a decade

1 Geomagneticterms are nd unusual. Major ones occurred in 1859, 1872, 1909, 1921, 1960, 1972, 1982,
1989, and 2003, among other years (Kappenman 2006; Silverman 2006).

1 In a storm of any given extent, highkatitude regions feel greatanagnetic distortions notably
Scandinavia, &ada, and the northert/S

9 Studiesextrapolatingfrom historical data to estimate the petecade probability of giant storms like the
ones that hit in 1859 (théCarrington ever#) havetended to err on the high sidén particular, the
12%/decade figureited by the Washington PosfWashington Post 2B; Riley 2012)appears based on
a modelthat, roughly speakingits a straight line to the curved tail of the storm distributidvly own
estimates suggest risk of 033%/decade with a 95% confidendaterval of 0.@4.0%

1 Yetthe past in this casethe historical record is short. Weshould not attain confidencby
extrapolating from thidimited record.

1 Somegeomagnetistorms have taken outighvoltagetransformers (Gaunt and Coetzee 2081odley
andGaunt 2012NERC 1990But none has done enough damage to warrant substa@t@homic or
humanitarian concern.

1 Three questions seem central to thealysis othe threat posed bgxtremegeomagnetistormsto
transformess:



0 How muchstronger theworst-caset say, a 10§/ear stornt thanthe stormsthat have hit since
modern highvoltagegridswere built

o How widespread would be the extremes in mirkiteminute, secondto-secondmagnetic field
change. If the extremes are confined téeav hot spots, as is glisible under a chaotic model,
then the risk of longerm and widespread blackouts may be Idfwa few transformers go,
compensation will not be too hardf one region loses power, its neighbors can deliver many
kinds of aid, from spare transformers tshare of their power.

o How widespread would transformer failures would be, during the storm or imieks and
monthsafter. In principle, the vulnerability of a given transformer depends on many factors: its
design (there are many typess constructionjts age; how quickly safety equipment trips to
shut it down(Gaunt and Coetzee 200@Girgis and Vedante 2012n practice, these
dependencies are not well understood, in the sense of being empirically verifeer realistic
conditions In assessintheseempirical issues, it iworth distinguishing between tweources of
stress an extreme current thaguicklydisables a transformer; and a smaller one tHags not
trigger a protective shutdown, and ystarts aprocessof decayleadingto failure.

1 My bestestimateat this writing ighat the probability ofcatastropheiswell under 1%/decaddyut is
neverthelesaincertainenough given the immense stake®, warrantmore seriousattention. In
particular.

0 Most measures suggest thathat appears to have been the largest storm since the industrial
revolution, the 185%Carrington eventwasless thartwo timesas strong as recent storms
whichcivilization hashrugged offIn a review of storm strength indicators, Cliver and Svalgaard
(2004) put the Carrington event near the top of the list of great storms of the last 150 years on
every dimension of strength for which data are availabbeit never in a class by itself. Cliver
and Dietrich (2013jlescribethe Carrington events50¢100% larger thamore-recent storms.

o ltis hardto imaginehow a doubling in storm intensity could make the difference between a
handful and hundreds dfansformers destroyedt is notimpossibleo imagine though:

Perhaps the perfect storm, with the most damaging combination of spe®djnetic strength
andorientation, and tight sequencing of several CMESs, has yet to occur. Perhaps civilization
becorre more vulnerable because of rising dependen vulnerable satellite®erhaps there
are engineering thresholds, which, once crossed, lead to exponentially more damage.

0 Recent tree ring analysis has revealed jumps in the atmospheric concentration of radioactive
carbon in the years 7¢Z75 and 992993 (Miyake et al. 2012; Miyake, Masuda, and Nakamura
2013).This evidenceouldpoint to solarflares10 timesbrighterthan anyseen in more recent
centuries (Cliver et al. 2014, p. 3). But whether it does and whether geomagnetic disruption
would have bea proportionally large arat the momentpoints of dispute anduncertainty
(Miyake et al. 2012; Usokin et al. 2013; Cliver et al. 2014; Neuhauser and Hambaryan 2014).

0 Thanks to automatic shutdowns, the highltage transformer fleetmay not be prone to
immediate permanent, and widespread damage during a st¢@irgis and Vedante 2012).
However,emerging evidence suggests thednsformerssuffer more than commonly realized
perhaps especially from currents not quite lag@ughto trip safeties Gaunt andCoetzee
(2007) document slowmotion degradation ireighttransformersin the lowlatitude nation of
South Africdbeginning right after the Halloween storms of 2003 ese permanentlgisabed
transformers months, nomnoments later. SAQ2013 p. 32) provides intriguing graphical
statisticalevidence that geomagnetitisturbanceis the major cause of transformer failuna
the US its role obscured by time delay®n the other handthe delaying and spreading of
failuresover timemay buffer societyagainst the risk oéxhaustion of spares



And et we should not be complacent about the thred@te true probability of something even more severe

than Carrington is unknown. And the effects of storms weak and strong on transformers is poorly undeastood,
least in publiedomain science(Perhaps the military and industry actors know more than they sh@rejong
manufacturing timesnakea natior@high-voltage transformer fleean Achilles Heef enough damageccursat
once Andin many countrieselectric industry regulation ieeavily influencedby utilities andequipment
manufacturers who out of professional pride arndstitutional interestanay resist efforts tmdequatly assess

and address the risk.

Background

Hectromagnetism

Currentis the aggregate movement of charged particless measured in amount of charge per unit tinee
a0FyRIFINR dzyAld Aa GKS | YLISNBZ 2NJ dl YLIDE

By conventionglectrons have negative charge even as, by convention, the direction of current is the direction of
movement of positive charge. Thetectriccurrent is thoughof as moving in the direction opposite that of the
actual electrons involved. This is a matteisemantics, nophysics.

The end of a magnetic object that is drawn to therth is naturallycalled itsnorth pole. Since with magnets, as

GAGK St SOGNRAO OKFNBSaz 2L aArdsSa I i ddealthpdeundarkh8 S| NI K
usual labelling convention of physiémd with magnets too, there is a sign conventinartherly magnetic force

is positive.

' YLIENBQa f I ¢ 20 arenpré&acesiamaghetiShittiatisigidnétricdly dual to the path of
movement! That is, if you stick out the thumb of your right handrl the fingers as if you were trying to a hitch
aride, and place the line of your thumb parallel to a wire so that the thumb points in the direction of current,
then your fingers will follow the induced magnetic field that encircles the wire all along its length

L An astute reader will note that since movement is relative, so is magnetism. How large a magnetic field an observer
perceives depends on her velocity relative to the moving charge.
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If the sign conventioffior electricity or magnetism were flipped, then y@dwneed to use your left hand.

This means that the needle of a compass placed next to afteimea batterywill deflect when the witch to the
wire is turned on.

Rather gmmetrically just as movement oflectrical charge creates a magnetic fieldhangingmagnetic field
induces an electrical field that is geometrically dual té\itd one way for the local magnetic figtdsome place
to change is for the object generating the field to move closendhér. This is Farad&y law Itis governed by a
left-hand rule.That is,if we standat the north end ofa giantbar magnetand looking toward its south eneénd
imaginethe bai@ magnetsmsuddenlyrising the process of changeduces what we perceiveasa clockwise
electric field around the bar. If a wire were coiled around the blagtricityinside it would move clockwise,
producing a currentBut snce the electrical field is induced bychangingmagnetic field, when the magnetic
field stopped strengthening, the currentvould stop.

The more sudden the change in the local magnetic figtld greater the electrical force created, however
momentarily, and the larger the currents induced in any conducting media in the field.

The strength of an electral field at any given point is measured in vpks meter How much currenta voltage
induces at a point depends on tleltage,the electrical conductivity of the mediunand the length of
conductor subjected to the field

To recap, movement of charged partictetative to some poininduces a magnetic fielithere. Movement of a
magnet toward some poirnhduces an electric fieldhere. The duality is the heart of Maxwe®l equations, which
are the unifying mathematical desption of electromagnetism.

Oneconsequence of the duality is a negative feedback lealfedreactance When you flip on a light switch
current starts to run through the wire. This causeseacirclingnagnetic field to materializall along the wire.

As just asserted he suddenchangein magneticfield strength momentarily induces voltages all along the wire
that work out, if you use the right and left hand rulgs oppose the direction of the original current. This
reactancemomentarily delays the gtent from reaching its full strength. But the current and its magnetic field

quickly stabilizeandthe opposing voltage disappeassice it only arises from changes in the magnetic field
6
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In other physicakontexts the negative feedbadk strongenoughto cause permanent oscillatianproducing
electromagnetic waves, including light.

The modern world is built on devices that explbié duality between electricity and magnetisnelectric
motors and generators, transformengdio transmitters and receiverstc.

Most gridtbased electric power is alternating current (AC). Its strength and directadwas/schanging, cycling

50 or 60 times a second. AC is naturally produced by any generator that rotates, notably the steam turbines in
nuclear and fossil fugdlants and thewvater turbines in damsNon-alternating or direct current DQ is naturally
produced bynon-mechanical processes such as tiemicalkeactions irbatteries andhe photoelectric effect
insolar cellg.

In fact, reactance has quite different consequences for AC than DC. Since AC is constantly changing, reactive
current is too. The effect is not only to delay the achievement of equilibrium as in the simple light switch
example above, but to permanently #ithe waveform within its 50 or 60 Hertz cycMuch of the design and
operation of electric grids is shaped by the need to cortrid effect in order to synchronize alternating

currents from various sourcesd keep the AC rhythm perfectly stableheg days, one source of precise timing
informationis GP8ype satellite networks.

Several kinds of electrical components explbé &bility of electrical and magnetic fieldsitdluence each
other. Thesdypicallycontainlargecoils of wire. Why?If a shgle strand of wire creates a weak magnetic field
its vicinity, 1000 strands packed together produce one 1000 times strolyethe same tokerif the magnetic
field inthe componentsuddenly strengthenst induces an electric fielsh every windingnearit, sothe more
wire subject to the electric fieldhe greater the totaforce createdin that wire.

Atransformeris made by coiling two wires arouiod within the samemetalliccore, typicallya different number
of times.The ends of ne wire the primary winding in the diagram belownight connect to a power source
such as a dam or wind farm. The ends of the other might tie to adistgnce transmission linaking to a
distant city If the primarywire carriesACthen the windings induce a cotasitly oscillating magnetic field,
ideally confined to thenagnetically permeable cord@he alternating magnetic fieid the corein turn creates a
oscillatingvoltage along each winding of the secondary wigincethe total voltage created along the
secondary wire depends on how many times it is wound around the tloeeputput from the inputcandiffer in
voltage Hectrical energystransformedfrom one voltage to anothefThis does not violate the law of
conservation of energy; it is rather liksing the energy from two balls falling one meter to lift one ball two
meters.

2 A minority of highvoltage transmission lines carry DC, which furtheluees losses to electrical resistance. Since the
transformers to which they are tied are designed for sustained currents in one direction, they are less vulnerable to
geomagnetically induced currents.
3In fact, many higtvoltage transformers arehell fom. These reverse the placement of electrical and magnetic conductors
in the schematic diagram above. The magnetic material wraps around the electrical wires. They operate on the same
principles.
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Utilities usestep-up transformers to raise the voltage of generated pov@rlong distance transmissiomhe
higher the voltage, the less current is moved in order to transmit a given amount of emedlgye lower the
energylosses from electrical resistangethe longdistance power linesep-down transformers at the
receving end reduce the voltage backaddevel appropriate fodistributionto households and businesses
Today, power lines in theSrun as high as 765 kilovoltSomelines in Chinare built forl megavolt.

A major challenge in engineering transformerthat the materials they use, such as copper and,isoe not
perfectly conductive of electricity nor infinitely permeable to mageetiTo a degree, they resist, and in the
process generate heaRower linegesist andnakeheat too, but their highsurface-to-volume ratios let them
dissipateit easily, so that the added heat from a geomagnetically induced cu(@@)will not do lasting
damage.

In contrast, tansformerscoil huge lengths of wire into small volumes, making treatler to dissipatédNERC
2012, p. 25)Similarly,and most cruciallyfemporarilyincreased magnetic forces may saturate the ability of the


http://en.wikipedia.org/wiki/Transformer#mediaviewer/File:Transformer-Limestone-Generating-Station.JPG

transformei® core tocarry the magnetic field This will push the field out of the core and into the surrounding
coils, where & constanbscillationswill distort the currents on both sides of the transformgotentially
creatingdamaginghot spots

Solaractivity and geomagnetic storms
Sun spots areelativelycool spots thabccasionallyappear on the surface of the sun. They are magneti
phenomenaThrough an appropriately strong lighitér, they look like black dots

Solar flares are cataclysron the surface of the sun thaguse sudden bursof radiation, including visible light.

Coronal mass ejections (CMESs) are what they solad &xpulsions into space of coronal matter. The ejections
vary in speedmass breadth, andorientation and strength oémbeddedmagnetic fieldThe fastest CME
observed by the SOHO satellite since it began monitoring in 1996 left the 800@B500 kilaneters per

second about 1% of the speed of lig{data, video). CMEs do not go in all directions at onasgular widths are
typically 45,60 degreegRiley et al. 2006, pp. 648, 65®)aking for a onén-eight to onein-six chance of earth
impact CMEs are now understood to be the most energetic solar phenomena (Gopalswamy 2006, G MEXR)
are an extreme form of solar wind, which is an ongoing flow of partahes/ from the sun in all directions.

Solar particle events PEstauselarge numbers of electrically charged particles, notably protons, bombard the
earth.

Sun spots, solar flareEMEs,and SFEEsare distinct butrelated. For examplesolar flares can caussPEs. CMEs
can generate them too by acceleratitige interstellarmatter they plow through like a motorboat sending a
shockwave before it.

Since the early Tcentury, it has been understood that the frequency of sun spots rises and falls in a cycle of
about 11 yeargLakhina et al. 2005, p. Jjhe sun is saith oscillate betweersolar minimaandsolar maxima
andthe strength of solar activitis often stillindexed by the sunspot number:

4Technically as the regular alternating current oscillates,geomagnetically induced direct current will increase the total
OdZNNBy (i (2 LR{iSydArftfe RIFIyaSNRdza fS@oSfta RdAdNAy3d KIEF (GKS
2012, p. 25). Think of raising the graph of a sine wave so iftatiscis no longer center on zero.
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After the existence oCMEswvas confirmedn the early 1970s, it became apparent that they tmmur more
during solar mxima several times per earth dayn average, as opposed tmceevery two daysluring
minima(Gopalswamy 2006, p. 246).

CMEs oftelaunchwithin hours or days of solar flares, whiclwisy the more easilyobserved solar flaresere
long thought to be thecause of geomagnetic storms

It is now understood that CMEs are the primary causthe@inost intensegeomagnetic storms, which are
transientdisruptions of the eart@® magnetic fieldGosling 1993)

Solar activity exhibits dynamics at cadences longerttiatl 1-year solar cyclewhich are poorly undstood

During the Maunder Minimum, between 1645 and 17fEw sunspots were observed he second half of the

20" century, themainbaseline for projections of future activity, was more active in sunspot $ettran any 50

year period since 1750. On the other hattte sun has gone unusually quieti@ist fewyears at leastin sunspot
terms. The solar minimum between the previous and current sunspot cycles, running approximatelyl®005
was the quietest andhgest of the space age (Lockwood et al. 2011, p. 1). And the solar maximum now being
experienced looks to be the lowest since 1906 (NASA 2014).

The relationship between sunspot activity and CMEs is not well underdbesgite therecent sunspot

quietude, in July 2012 the sun threw off one of the fastest CMEs in themadcord (Baker et al. 2013; it

missed the earth And as shown above, the sunspot peak associated with the Carrington event of 1859 was low
As a result, physicists do not havg@d model of solar dynamics with which to predict future activity. That
uncertainty invites the use of statistical methods to extrapolate from the past, discussed below.

Geomagnetic stormand power grids
The physics of tharrivalof CMEst earth areperhapsbetter understoodthan the physics of thewriginin the
sun

The eartl® geomagnetic poleflip and shift over time. Today, the northergeanagnetic pole deviates from the
northern spin poley about 10 degreesoughlytoward New YorKwdc.kugi.kyote
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u.ac.jp/poles/polesexp.html Sothe USCanada border has about the sag@omagnetic latitudes Stockholm
despite being farther south in the conventional seriBlis matters bcause it is the ear®@ magnetic field that
guidssil KS Ay O2 YAofGVEGa YA &daAf Saé

Broadly, the impactef CMEsre intuitive. Magneticallgcharged matter hurtles towards the eartHf the

matter is magnetically oriented the same way as the edtth,great the magnetic collision, since like magnetic
poles repel By the same token, the mo@posed a CME magneticfield isthe earth@, theless disruptive its
arrival(Gopalswamy 2006, p. 248)

At higher resolution, theffects ricochet in complex waysathe dualism of electromagnetism. The sudden
arrival of magnetically charged material affettie speed and direction aflectric currents above the earth
electrojets whichin turn affectmagnetic fields at the surfaceshich in turninduce electricalcurrentsthere

too. One electrojet thering current encircles the earti0,000520,000 milesabove the equatarrunning east to
west. By the right hand rule, its intensificatidaring a storncreates a stronger southerly magnetic field
beneath it. Sincé¢his opposes the ear® magnetic field, the effect is a net reduction in the measured &kldg
the equator This is why some measures of storm strength are in negative nandtestasla being ainit of
magnetic fieldstrength Thispredominantly eqatorial effect of geomagnetic stormeeceives less attention in
the literature | read(But seeNgwira et al. 2018)

Then there are thd&irkelandcurrents which arebestknown for causing the Auroras Borealis and Austealis
theyintersectthe upper atnosphere Where the ring current orbits the earth, the Birkeland flow to and from
the earth,spiraling along magnetic field lind3isproportionally often, those field lines will arrive at the earth

nearthe geomagnetic pole. To see why, considtisdiaghd ¥ 2 F G KS S NI KQa YI3IySaGAo

If you put your finger on a point far from the earttsay, at least one earth diameter awagnd then figure out
what field line you are on and trace it toward the earth, the odds are you will end up nesde.arhat isvhere
most of the farreaching field linesJdzy O dzNB G KS SI NI KQ&a &adz2NFIF OSo . dzi
SI NIl K> @ 2 dzaté polé.(This iSwiRhedalrdras and geomagrsttiems are strongest at high
latitudes but taper toward the ples.(SeePulkkinen et al. 2012, pp¢50,0n geomagnetic storms.)

Of course, the stronger the storm, the stronger the effect felt at any giegmagnetic latitudeThis is whyn

the biggest stormsthe Birkeland currentseach farthest toward the equators. It is why in 1859 auroras were
12
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visible within 23 degrees of the magnetic equator: San Salvador in the northern hemisphere and Santiago in the
southern (Cliver and Svalgaard 2004, p. 417).

CGeomagnetic stormlast hours 0 sometimesdays Some of the biggest are triggered by a succession of CMEs
as in 1859 and 2 The first CME can accentuate the impact of its successors by clearing the transit path of
AYGSNBGSE Tl NI RdzZad F yR al { dzNEtdsphgr@witogamdetBat yhephoXdate2 y & 2 F
cause oharmto gridsisdynamicson the scaleof minutes since the faster the magnetic change, the larger the
induced voltage. To understand the potential for such rapid changesamgraw onthe conceptof turbulence.
Kappenman (2005, p. 6) refers to Keliialmholtz shearing, which is a model for what happens at the boundary
between two fluids moving at different velocities. One can imagine that a high wind over a perfectly flat sea
would make no waves. Bstich a state turns out to be an unstable equilibridike a pin balanced on its point.

The slightestleviationfrom balance is selfeinforcing. If a few molecules of sea water happen to rise above the
rest, the wind catches thengreating ripples thataise other molecules. Bigger waves give the wind more
purchase, and turbulence developét any given moment, some molecules are moving much faster than the
wind. CMEs are apparently capable of inducing analogous turbulence in theearéignetic fieldT hesechaotic
magneticshudders are what can most eadilgmageelectronics on earth.

The graph below provides evidence on where magnetic volatility is most common. It shows the magnitude of
the biggest onaminute change in the horizontal magnetic fieldeevecorded at each of 28 selected magnetic
observatories across Europe (Thomson, Dawson, and Reay 2011, fig. 6). The observatories began operating at
different times, mostly between 1980 and 2000, so not all captured the big 1989 storm. Despite being only
partially comparable, the observations suggest that geomagnetic disturbances are largely confereitbiy

above 559eanagnetic latitude, whiclncludes Canada and most of Europe and the United States.

nT/min Horizontal Intensity — Rate of change
4000 -
2000 -
L]
ok
l::l - I 1 - I I I I I I
40 45 G5 70 K]

50 55 B0
1Gte:::]mﬁlgnetl{: Latitude

Source: Thomson, Dowson, and Reay {2077)

Before modernity, geomagnetic storms induced currentinlyin seawater and the earth itself. Bay stringing
high-voltage power lines across the continerftsymanity has created new path for electronsWe have built

the space weather equivalent of tithing rods. Hovattractivea power lineis to GIC{geomagnetically induced
currents)depends orits length on the electrical condetivity of the rock beneath itand on the proximity of

either end to the sea, salt water being a good conduciteemap below, taken from a pioneering investigation

of the geomagnetic storm risk (Albertson et al. 1973, fig 1) shows which parts of the United States lie on igneous
rock, which particularly resists electricity. In these areastably along the populous coastpower lines are
particularly attractive condustfor geomagnetically induced currentdodern modelling byPulkkinen et al

(2012 p. 11)suggests that being oveesistivegroundquintuples the electrical forces at play.

5> wikipedia.org/wiki/Kelvin%E2%80%93Helmholtz_instatfiéigtures a nice graphical simulation.
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Power linescanwithstand the larg, transient currenténduced by geomagnetic stormsutBhe transformers at
either end can overheapotentially crippling the gridThehumanmind is drawrto storiesof catastrophic
failure, and there are examples of that,iaghe 1989 whiclpermanently disabled a large transformer at the
Salem nuclear plant in New Jersey (Kappenman 201629). Zhrough simulations, Kappenman (20pp. 1-
14,4-14, 415) concludes thal00-yearstorm overthe continental USould put368;1003high-voltage
transformersat risk of permanent damageut of some 2146 in servicklanufacturing replacements can take
monthst and requires electricityin aninterview with GiveWe@® Ben RachbaéhlohnKappenman stated that
0One factory could make 880 transformerser year¢ This raises the specter of very letegm outages over
wide areasKappenmanZ008 p. 10)estimates that full recovery could take¥0 years and economic costs
would be $X2 trillion in the first year alond-lowever, theselides provide no smifics for the economic
calculation.

But in a few pages, | will question one basistiiis scenarid Andit increasingly seems that the dominant mode
of transformerdestruction has been subtlem this mode, ®rmsdo not immediately disable transformson a
large scale. Rather, theause hotspotsvithin transformers)arge enough to do local damage. Like untreated

6 files.givewell.org/files/conversations/Kappenman%25&3.pdf

" The scenario assumes that magnetic changes of 4800 nT/min (2400 nT/min west of the Mississippi) would occur across the
US in a Slegree band centemon 50 N geomagnetic latitude (Kappenman 2010, 113, a premise that | will challenge

below as unrepresentative of the historical data. The value of 4800, as an actual historical reading, appears to misconstrue
the primary source by about a factor o¥o; it comes from 55N, not 50 N; and it is for an isolated location, not a

continentwide region.
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rust, the flaws then spread in tHellowing monthsuntil the transformer failsOr perhaps the transformer holds
until another stormdelivers the coup de grac&aunt and Coatzee (2007) document such sioetion
destruction ineighttransformersin South Africafter the great Halloween geomagnetitorm of 2003 This is
one of them:

Source: Gaunt and Coetz@®07)

Gaunt and Coetzesuggest that this failure mode is more common than appreciated. Because of the time lag,
when adamagedransformerfinally fails, engineers marot recognize a storm as the true causedeed, Storm
Analysis Consultan{2013, p. ) has gathered stadtical evidence suggesting that storms were indeed a major
cause, if nothe major causeof transformer failure in the United States between 1980 and4l8&low, the

first graph shows the intensity of global geomagnetic disturbance using somethingecalptindexThe bottom
graphshows the number of failures of maj¥Stransformersreportedin an incomplete, voluntary survef

utilities that used to be conducted by the Institute of Electrical and Electronics Engineers (IEEE). The correlation
appearsstrong?

8 Moodley and Gaunt (2012, 8V.E) also links damage of one of the transformers to smaller geomagnetic disturbance in
2001.
9 It would be interesting to cay out formal hazard modelling, incorporating time lags and storm strength.
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In general, geomagnetic storms pose several risks to society: damaging communication and global positioning
satellites, accelerating corrosion of pipelines, inducing disruptive currents in electrical grids. This last concern is
greatest As theNRC (2008, p. 3) put it:

9f SOUNRO LIR26SNI A& Y2RSNY az20ASieQa O2NYySNmiz2yS
all other infrastructures and services depend. Although the probability of aanédeelectric

power blackout resulting from an extremgase weather event is low, the consequences of

such an event could be very high, as its effects would cascade through other, dependent

systems. Collateral effects of a longerm outage would likely include, for example,

disruption of the transportatioorgommunication, banking, and finance systems, and

government services; the breakdown of the distribution of potable water owing to pump

failure; and the loss of perishable foods and medications because of lack of refrigeration. The

resulting loss of servisdor a significant period of time in even one region of the country

could affect the entire nation and have international impacts as well.

Citing the presentation of R. James Caverly of the US Department of Homeland Security, the NRC (2008, p. 31)
continues with examples of risks:

9 Loss of key infrastructure for extended periods due to the cascading effects from a space
weather event (or other disturbance) could lead to a lack of food, given low inventories and
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reliance on justn-time delivery, loss diasic transportation, inability to pump fuel, and
loss of refrigeration.

1 Emergency services would be strained, and command and control might be lost.
1 Medical care systems would be seriously challenged.

1 Home dependency on electrically operated medical dsvimuld be jeopardized.

In addition, polonged lack of external power and diesel fuel delivery might even compromise cooling systems
for spent fuel pools at nuclear installations, as at Fukushima (Foundation for Resilient Societies 2011).

What is theprobability per unit timeof astormat leastas extreme as the
Carrington event?

Carrington comparisons

Geomagnetic storms are not rare. The literature mentions major everit84i,1859, 1872, 1909, 1921960,
1972, 19821989, and 2003, among otre(Kappnman 2006; Silverman 2006liver and Dietrich 20).3Since
postwar society has survived many storms without difficudtigey questions whether something muchigger
lurks around the cornerwhich could wreakavoc of a different ordein this regardthe Carrington CMEs of
1859 are often taken as a benchmavithen theCarrington stormhit, the main consequences were spectacular
auroras andires at a fewtelegraphstations(Green 2008)Todaythe consequencemiight be far worse.

This concern raisesquestion: how muclstrongerwas the Carrington storm than recent oneBfough low
guality by modern standards, data are availatagartially answer this questiorThis table shows some
indicators along with corresponding values for modern comparators:

Storm strength indicator Carrington Modern mmparators Sources

Associatedalar flare intensity 0.0045W/m?  0.0035W/m?2, Nov. 2003 Cliver and Dietrich (2@}, pp.

(soft Xray emissions) 2¢3

Transittime of CME to earth 17.6h 14.6h, Aug 1972 Cliver and Svalgaard (2004),

20.3h, Oct. 2003 Table Il

Ds: (low-latitude magnetic field ¢850nT ¢589 nT, Mar1989 Siscoe, Crooker, and Clauer

depression) (2006);wdc.kugi.kyote
u.ac.p/dst_final/198903

Lowestmagnetic latitudevhere 23~ 29, Mar. 1989 Cliver and Svalgaard (2004),

aurora visible p. 417; Silverman (2006), p.
141

W/ m? =watts/square meter h = hours; nT = nanotesla

Cliver and Svalgaard (2004) observe that the Carrington eossistentlyappearsnear or atthe topin ranking
of storms byvariousindicators. Yetvarious lines of evidence irwte that the intensity of thgeomagnetic
storm beginning Beptember 189 was not markedly larger (if it was larger at all) than that of the top tier of
subsequent great storndg{p. 419).

These comparisons suggesbnservativelythat the Carrington evenivas at mostwice as strong as anything
yet experienced in the postwara. The roughly estimatelts; of ¢850 nT is smaller than twice tlg®89 nT of
1989. Likewise for the solar flare intensity of 0.0045 \W/against the 0.0035 of 2003.
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The July 2012 neaniss

Another important comparator is thenajor CMEof July23,2012.Despite an angular width estimated at 160

(Baker et al2013, p. 587), the CMtissed the earth. Indeed it left from what was then the far side of the sun

(Baker et al 2013, fig. Zloweverthe NASA satellite STERB@ | & G NJ @St t Ay3 | f2y3 SI NI
months aheadf the planet andlayin the CMR path, while STERE®&trailing four months behind earthyas

also positioned to observe. Thwin probesproduced the best measuremengverof a Carringtorclass elar

event(Baker et al2013) Since the sun rotates about its axis in less than a month, had the CME comeea coupl

of weeks sooner or later, dbuld well havesmashed intaur planet

Two numbers convey the power of the CME. First is its transit tine@itih orbit: at just under 18 hoursalmost

exactly the same as in the Carrington ev&a slower CME on July 19 appears to have cleared the

interplanetary medium of solar plasma, resulting in minimal slowdown of therégonJuly 23Liu et al. 2014).
{SO2yR A& (GKS aldNBy3aGdK 27F GKS O2pwalelys yS IREFKGEKSE / a9 C
/a9 aitNBsa GKS Yz2ad YIF3aAySGiraO OKI2a détogintdoutrjand A St R L
leaves the least imprint when orieed oppositely. The magnetic field of the great July 2012 CME was measured

at 50 nT soutlat its strongest poin{Baker et al. 2013, figg3 LI Yy St MO0 ® | SNBEZ K246 SIOSNE
LISNLISY RAOdzf F NJ 12 (GKS S| NIsginads is 2ddRAS0anhdits maprieti€ foles { A y OS
deviate from the spin poles by another 1@he southerly magnetic force of the near miss GMH it hit the

earth could have been more or less than 50 nT. Baker et al. (2013, p. 590) estiveatorst case as 70 nT

south NBf F G A@S (2 SINIKQa YIF3aySGAO 2NASyGrdAzy

For comparisonthe graphbelowshows the northsouth component of the interplanetary magnetic field near

earth since 1963where north and south aralsodefined by theS I NIi K Qa Y . Uhfjouiiatelp, datdgré S &
missing for the largest storm in the time range, theeafi March 19891 Butthe graphdoes reveal darge

northerly spike in 1972, which explains why tBaS | NQ& 3INB | (i [ disAiptidhHespiteSitRrecordl y A Y I §
speed (Tsurutani et al. 2003, @& 7). Also show are large southerly magnetic forces in storms of 1982 and

2003, the latter reaching 50 nT.

10 The eruption occurred at about 2:05 universal time on July 23, 2012. STER#Efan to sense it around 21:00. (Baker et

al. 2013, pp. 58388.)

1 Downloaded froncdaweb.sci.gsfc.nasa.gov/cdaweb/sp_pldata set OMNI2_HO_MRG1HRyiable "1AU IP Bz (nT),

D{aé¢ O6YSIYyAya m FaiNRY2YAOIf dzyAlG FNRY adzyr AYOGSNLI | ySiGl
coordinates, nanotesla). Readings are hourly, with gaps.
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DA@SY (GKS wWwdzZ & wnmH [/ a9Qa & lhi§Ssvincovd ithgve dadséd hadit§if R |y
earth? Baker et al. (2013, pp. 5890) estimatethat it would haverated between¢480 andg1182 onthe Ds;
index,dependingorKk 2 ¢ Y dzOK (KS /a9Q&a YI3IySGiAO FASER LI NIfEf St
Separately, Liu et al. (2014, p. 5), estimated the range as betg&@hand 150 nT.

As the authors note, the higher number is somewhat more conjectural because it is produced by a model that
has not been calibrated to real data on such extrenieslack of instancedNeverthelesstakingthe highend

Ds: at face valueand compaingto the actualmodernrecord of¢589, for March 1989, again points to a realistic
worst-case storm as being twice as strong as anything experienced since the construction of modern grids.

In a companion paper, the authors of Baker et al. (2013) run ctengimulations to develop a more

sophisticated understanding of what would have happeneshithhad been in STEREOQa LJ I OS 2y wd
Their results do not point ta counterfactual catastrophaiHad the 23 July CME hit Earth, there is a possibility

that it could have produced comparable or slightly larger geomagnetically induced electric fields to those

produced by previously observed Earth directed events such as the March 1989 storm or the Halloween 2003
A02Nx¥adé ObdgreNd) SiG fd Hamo

Kappg YI yQa FIF OG2NI 2F wmn
In contrast,the prominent analysfohn Kappenman has favored a factor ofdiGthe oncein-a-century
scenario'? Recognizing thatis difference begs explanation, | investigated theibdsr the factor of 10.

2. SO dpais106G Y8 scenarjod800nT/min threat environment is ~10 times larger than the peak March 1989
storm environment, this comparison also indicates that resulting GIC peaks will also in general be nearly 10 times larger as
19



Readings and correspondee with Kappenman lead me to understand that the factor of 10 is the ratio of two
numbers.Onerepresentsthe worstdisruptionthat geomagnetic storms haweroughtA y G KS Y2 RSNY | -
regional disturbance intensity that triggered the Hydro Quebeitapse during the 13 March 1989 storm only
NEFOKSR 'y AyiaSyaade 2F n1d yrma2h06,. 188YKapdedsgn 201§, H nnn
pp. 1¢30; Kappenman 2012 p. 173). While | did not find a clear citation of source for thiatistic it looks

highly plausibleThe graph below, based on my own extraaftnagnetic observatgr data shows the maximum
one-minute horizontal field changeat 58 stationson that day in1989. Each-Better code represents an

observatory; e.g.FROs Fredericksbrg, VA and BFE is Brorfelde, Denmatk.

Maximum oneminute change
in horizontal magnetic field,
March 13, 198¢nanotesla)
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Absolute geomagnetic latitude

Ottawa (OTT, in red) recordedpeakchange of 546 nT/mirbetween 9:50 and 9:51pm universal tinwhich is
O2YLI GAOE S ¢ AIKBFE ledaidd®l yhe igyieQta/alue, 1994 nT/min.

% S f(Kagpenman 2010, pca2).a 1 A a G2 NA OF f S @ kJerbryore Severe/sRrinlels Soald réakH aih

intensity of as much as 5000 nT/min, ~10 timd$®S NJ G KI'y GKS al NOK wmM@pg)d ¢KRABNYE o{ !/
disturbance level is nearly 10 times larger than the levels that precipitated the North Americam pgstem impacts of 13
March198¢ O Yl LILISY Y'Y Hnnano ®

Bt f20G6SR INB [ttt adGldAraz2ya 6A0K RdpidringddrdaegdioKisthelNSrNIAIRAGEA Y b h
network, atwww.geo.fmi.fi/image Geomagnetic latitudes are from the calculator at
omniweb.gsfc.nasa.gov/vitmo/cgm_vitmo.htnHor a list and maps of observatories, fasson (2005)
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The other number ithe fador-of-10ratio represents the higheststimate we have of anmagnetic field

changebefore World War llat least at a latitude low enough to represent a major concern for Europe or North
America. ltomes from Karlstad, iroathern Sweden, during the stm of May 1815, 1921 .Therate of change

of the magnetic field was not measured there, but the electric field induced in a telegraph line coming into the

town was estimated at 20 volts/kilometgv/km)d / ' f A NI GAy3I (2 Y2RSNY 20aSNDI
20aSNDIF A2y XadzZa3aSadta GKS LlRraairoArAtAde GKrd GKS RAadGd
(Kappenman 2006, p. 195). Kappenman (2010;32)3uggests 4800 nT/min. And 4800/47%0.

I have two concernabout theestimateof this ratia First, thetop numberappearsto have been unintentionally
increasedby a scholarly game of telephonAs a source fathe 20 V/km observation, Kappenman (2006) dites

and correctly represents9 f 2 @ I NI Si Ff ® omdpdH I Lldbentals prodécédzre g NA (i S =
typically characterized by the value 1 V/km, but in extreme cases much higher values has been recorded like 20
+k1Y AY I 6ANB 02YYdzy A Ol A Rysouice & giverytheAbyit Jafmb Blv&aya Ay a
pointed to Sander§1961) as likelycorrespondence, October 28, 2014, citaid fromRisto Pirjola Indeed,n

Sanders (1961), wdBF RZ aLy al &z MpHMI RdANAY3IA |y 2cdmed(l yRAY3
voltages measured on wirelines in Sweden ranged froniie23 W @k | Yé O lidbthabrangedighe ¢ KS 2
G 9 NI K / dzNaiiBey1843Encytlondilia Byitashicavhich statesa Ly al @ M@HMIEZ RdzNA Yy 3
magnetic storm, Stenquist calculated from the fusing of some copper wires and thiisiog of others that the
fFNBSad SFENIK OdzNNByd @2t al3S Ay { oBstRBigaldspe o0SGoSSy
G{GSYljdza & ¢ ArasSwedishdeleBraph én§inédjr ddio in 1925 publishedle des Courants
TelluriquegStudy of EartiCurrents Stenquist 1926 The pertinent passagbereof comes on page 54:

Neanmoins j’ai essayé de caleuler la valeur la plus grande des courants téllu-
riques. Jusqu’ ici ’opinion ordinaire est que les différences de potentiel les plus
grandes dans la terre & cause des courants telluriques sont de deux volts par kilo-
métre. Pendant les nuits du 13—14 et 14—15 mai, cette valeur fut de bencoup
dépassée. En plusieurs cas les courants ont été si forts dans les lignes de emivre
(3 mm), que les tubes de fusion ont fondu, c’est & dire 1l’intensité du courant a
depassée 2,5 ampéres. Parceque le fil de cuivre maintenant mentionné a une resi-
stance de 2,5 ohms par kilomeétre, on regoit une différence de potentiel de 6,3 wolts
par kilométre. Par contre les tubes de fusion placés sur les lignes de fer (4 mm)
n’ont pas fondu. Ces lignes de fer ont une résistance de 8 ohms par kilométre.
Par cela on sait, que 20 volts n’ont pas été dé-passés. Avec une assez grande sii-
reté on peut dire, qu'une différence de 10 volts par kilométre s’est trouvée. Sur

Nevertheless | tried to calculate the largest value of telluric [earth] currents. Until now, standard opinion
was thatthe largestpotential differencesn the earthbecause ofelluric currents are two volts per

kilometer. During the nights of May B4 and 1415, this value was greatly exceeded. In many cases

the currents were so sing in the lines of copper (3 mm [millimetgrshe conduits melted, i.e. the

current exceeded.5 amps. Because the copper wire just mentioned had a resistance of 2.5 ohms per
kilometer, we get a potential difference of 6.3 volts per kilometer. In contrast, the [fusion tubes?] placed
on the iron lines (4 mm) did not melt. These iron lines havsistaace of 8 ohms per kilometer. So it is
known that 20 volts did not occur. With a large enough security to speak, a difference of 10 volts per
kilometer was found.
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Stenquistbelievedthe electric forcefield reached 10/km but explicitly rejected 20. &t through the chain of

OAGlI 0A2YAST aGHn -LG2% &8 §OAPSDK SIB) 01 S WS aR K & 0GBy NBEO2 NJ
YIELLIISY Yl yQa StamuiSe 18 \Wkm éléctialdarce fielduggestpeaksof 2500rather than5000

nT/min of magneic changeon that night in Karlstad.

The seconaoncernl have abouthe estimateal ratio of 10 between distant and recent past is thaappears to
compareapples to oranges an isolated, global peak value in one storm to a wadea value in anotherAs we

have already seerthe highest value observed in 198&s not 479 but994 nl/min, in Brafelde, 500

kilometerssouth of KarlstadAnd back in July £34, 1982, he Lovo observatory, at the same latitude as

Karlstad experienced 2688 nT/mirKappeman 2006, p. 193, concyrg\t nearly the same momensome 300

kilometers to the southeast in the town dbreboda9.1 V/km waobservedon a 0.921kilometer Swedish Rail
monitoringline'%, thislines upreasonablyg A i K { (0 Sy lj dzA & (1 Q& kiNRodzAIR1ItSsxhereforte S 2 7F
not clear that the 1921 storm wamsore intense tharthoseof the 1980s let alone 10 times more sMaximum

magnetic changeand voltagesnay have been the same.

If this is correcta factor of twofor the worstcaseextrapolaion from history,relative to recent experiengestill
looks reasonable

Adeep question here is about the nature of geomagnetic disturbances. Are they uniform in peak intensity across
thousands of kilometerdOr does their turbulent nature create isolated hot spots? In other words, if 2500

nT/min hit Karlstad in May 1921 is it likely that all of Scandinavia, or even Canada and the northern US, also
underwent such geomagnetic stress? Or was Karlstad just urdunckynrepresentative? The distinction

matters greatly, for the real fear about geomagnetic storms is that they could disable grids over very large areas.
Isolated hot spots, on the other hand, might take out a handful of transformers: enouglke blackats

widespread but not longerm. | return to this question below.

Of course, none of this means thastorm 10 timesasintenseasrecent oness impossible, only that to
contemplate it requires more than extrapolatidrom the limited historical record

And it should be said that ithe last few years a potentially far more fearsoeventhas appeared in the
historical record. Chemical analysis of tree rings has revealed a jumpatntiospheric concentration of
radioactive carbon carbon 14 between theyears 774 and 775, 20 times normakiation(Miyake et al. 2012).
Anotherspike 60% as big, was found between 992 and 993 (Miyake, Masuda, and NakamursS2@&tRjsts
seemagredl that the proximate causavas a jump irextraterrestrial radiationwhichconvertedmore
atmosphericcarbon 12 tdts radioactive isotope. They are intensely divided as to the sauthe sun, another
star, or another galaxfMiyake et al. 2012¢Jsokin et al. 2013liver et al. 2014; Neuh&auser and Hambaryan
2014).If the sourceof either eventwas aflare from our own starjt must have been far larger than any modern
event, perhaps ten times so (Clivatral. 2014, p. 3).Compounding the uncertainty about theaplicationsfor

our inquiry is the lack of knowledge about the scale of any concomitant magnetic disruptitam.flares do not

¥ Kappenman (2006, p. 192) reports this voltage as occurring along a "communigiatigin [with] length ~100 km"

between Téreboda and Stockholm, which are actually about 300 km apantever,close inspection athe primary source
reproducedin Kappemant a magnetograph printout reveals that 8.42V was measured across a line of just 0.921 km, for
the reportedaverage of 9.1 V/kniThis means that the observation should not be taksevidence of such a high voltage
over a large are&tterberg (1982p. 2), confirms that Swedish rail (SJ) maintaireggiipmentin, but not necessarily

between, Téreboda and Stockholm to monitor ground potentials created by geomagnetic startefius (1982, pp.3)

also contains this magnetograph printout, alongside tworevom ~28 km lines, which show contemporaneous peaks of
~3 V/km over these longer distances. Documents courteSturk Lindahl, Gothia Power, June 28, 2015.
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cause geomagnetic storms; CMEs do. Sometimes the two go hand in hand, sometinvésetber any CMEs
would have been proportionas notknown

At this point,as the scientific debate is hat,is hard to know what tanake of the tree ring findings.

Extrapolating statistically from the historical record

Probability densities and cumulative probability densities

Another approach to estimatg the probability of extreme events is to compile (more recent) historical data on
indicators such as the stortime disturbance indext¥;) and then use statistical methods to extrapolate
probabilities to or beyond the edge of what has so far been oleskrVhis strategy makes fuller use of available
data. One result in this vein has also reached the popular press, that the risk of another Carrington event is
12%/decade (Riley 2012). The rest of this section is devoted to explaining and applying stieatapiproach,

and explaining why the 12% rate looks too high as an extrapolation from the recent past.

A fundamental notion in statistics is thigstribution A dstributionis agraphthat represensthe probabilities of
all possible outcomes of process such as the roll of a die. Much of the academic discussion over the
probability of extreme geomagnetic stormasvolves around which mathematical family of distributions best
represents the actual distribution of storm&.chosen distribution is fit tthe data, and then it is used to
estimateprobabilitiesper year or decadef eventsof various strengths

The most famous distributiois the normal density, aibell curve:
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More relevant for us is the lognormal density, which arises wherotiderof magnitude of some variable, such
as the population ofowns andcities, is normalE.g., maybe cities of size 1 million are most common, so they
form the peak of the distribution. On either side, cities of size 0.1 million and 10 natikoaqually coomon.

The lognormal distbution can be drawn this way, just by changing the labels on the horizontal axis:
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(Even spacing of 1, 10, 100 on the horizontal axis is called a logarithmic Jodkex. this distribution, negative

values are impossible, whilarge positive valueare more probable than in the standard normal distribution.

LT 6S NB&aoOlItS (KS K2NARIT2ydlft |EA& &2 (tkdldgnoma HZ o3X
looks like this:
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Two more distributions that figure in thdiscussion are the exponential and power law distributions. Both
zero probability on valuelselow some minimumthey start high at the minimum and decdgr larger values.
They differ in thepattern of decay. For example, if the populations of the ld@r large cities we exponential
distributed, then it coulchappenthat 50% of cities have populations between 1 and 2 millid% Ddetween 2
and 3 million, 2.5% between 3 and 4 milligmnd so onhalvingthe share for each increment of 1 milliom
contrast, nder the power law distribution, the decay could manifest this W@ between 1 and 2 million,
25% between 2 and 4 million215% between 4 and 8 milligand soon, haling the share for each doubling of
population Notice how the power lawas a fatter tailassiging more probability to very large citiesand
indeed,urbanpopulationsare found to follow a power layNewman 2006, p. 323).

This graph compares examples of the lognormal, exponential, and power law distribtifidweslatter twoare
zero below the chosen cudffs. Not far above these thresholds, the power law curve is lower than the
exponentiaj but farther to the right, it is higher. Thus the power lgnedicts fewer low outcomes and more
high ones'®

0 2 4 6 8
Outcome
Lognormal Exponential Power law

These graphs show probabilities of events of a given size. Anwthesf graphingdistributions thatserves our
interest in right taisis to showthe implied probability of an outcome ddit leasta given size suchasa storm of
Carrington size or largerand dosowith both axes on logarithmic scales, whiolagnifesthe tail regionfor
inspection The next graphedraws the same three distributions in this waye\&ke that there is a 10% (0.1)
chance of an outcome above 10 according to the powerdeivibutionin the previous graphbut only a 1%
(0.01) chance according to the chodegnormal distribution and only 0.01% under the exponential

BhyS gte 2F 2NHFYATAYy3 2yS8Q&8 GKAY1Ay3 | 62dzi GKSalSearRA & G NR |
plot, the power law is linear on a ldgg plot, and the lognormal is parabolic on a-log plot.
% The densities arS_—'Q I foro mQ 8 fore mdoyandpj @ fored p.
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Even thoughhis graphtechnicallycontainsno moreinformationthan theprevious oneto the human eyat
reveals somethingew. The power law distribution chosen hemredicts thatan event ofat leastsize 10s 1,000
timesmore likelythanaccording tahe exponential distributionThisgulfis remarkable given how similar the
two distributions appear ithe previous graph. And it illustrates how the choice of distribution one fits to real
data can drastically affect the extrapolated probabilities of extreme

Extreme value theory

All three distributions graphed above have been fihtstorical data orOMEs, geomagnetidield disturbances,
and related data sets. Yurchyshyn et al. (2005) fit the lognormal to @M&sled by NASA SOHO satellite
during 19%t 2001. Love and Gannon (2009) fit a power law distribution to the budk efjuatorial
geomagneic disturbancgDs) series forl958r 2007, except they find the right tail to decay fastengser toan
exponential.Riley (2012), whose work has reached the popular press (Washington Postudgbsthe power
law, as does Kataoka (2013).

As was just sugested, and as will be illustratexdksults are sensitive tohoicesof distribution for fitting So
whichdistribution is bes?

A branch of statistics called extreme value theory addresses this queRbmghly its answer is: none of the
above.The deepeason is thait may be unrealistic to assume that much orddla distribution obeys a single,
known probability lawFor examplesCMEs in different speed ranges may be generatedigtynctphysical
procesgs(RuzmaikinFeynman, and Stoev 2011

Andthe choiceof distributionsis remarkably avoidabléJsing extreme value theoryesearchers can infer
probability ranges for extreme events while remaining agnostic as to the underlying distribution.

Oneway to explain thigs to again start with the normal distribution. A fundamental result in statistics is the
Central Limit Theorem, which says that addim@veragingogether unrelated random variables almost always

tends to producehat normal bell curve
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As an examplemagine coin tosses. This graph below showspitedability distribution for the number of heads
in a single toss of a fair coin: 50/50 zemoe:

1 toss

If we flip two coins, four sequences could occur, with equal probaliityHT, TH, and T,where the lettas
symbolize heads and tails. Two of thesguencesvould yield a total of one head, so that outcome has a 50%
chance. Zero and ncelads eachhavea 25% probabilityThe distribution goes fromectangularto triangular.

2 tosses

And here are therobability graphsof the number of headfor 4,5, 10, 15, 20, and 10Qtosses
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The more tosseghe closer the distribution comes to a bell curve.

The same thing happemnghen starting withjust about anyprocessyou can imagire rolling dice, polling voters,
measuing travel time to workNo matter how many timethe underlying distributiorzigs and zags, if you
sampleit enough times and sum or average the resuhg, bell curvewill emerge like a phoenixs center will
be atthe overall average in this case ab0% heads.

Moreover,as one increases the number of samples that are summed or averthgeclirve narrows in a
predictable and universal way. With two tosses, achieving heads 0% of the time is not unexpectedappen
25% of the time. With 100 tossegetting 0% heads is astronomically unlikdéiiyvorks out that br every
guadrupling of sample sizeuch as from 25 to 100 coin tossé® bell curvenarrows by half This square root
law is what allow pollsters to compute margins of error. They knthat if they repeated the same pdait the
same national momentheywouldn@get preciselythe sameaverageanswes, since they would randomizall
different people. But if mangtherwise identicapollsaretakenat the same timetheirindividualresuts will
cluster around the true averag# citizen sentimenaiccording tca normal distribution whosspreadis
determined by the number of people polled.

If we sample a distribution many timesd multiply rather than addor averagehe results, wewill typicallyget
a lognormal distributiort! So when lognormal distributions are observed in naturénake study of CME
speeds by Yurchyshyn et al. (2005), it is reasonable to hypothesize that the underlying physicaigpeocess
multiplicative interaction of several erratically varying forces.

Oneextreme value theory (EVijethodis quite analogous in motivation to the polls@reliance on the bell
curve. ltinvolvestakingblock maximgColes2001, ch. 3) Imagine that we hadataon millimeters of rainfall at

17 An added requirement is that all possible outcomes are pogitivelike in the coin toss example, in which tails is treated
as 0.
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an airportfor each dayor 30 years. The daily dakeppenhave this peculiar distributigrfor which | generated
a million data points

< 4

Now imagine that we divide the data set inpairs ofdays. For eachair, instead of adding the results, as we did
with coin tosseswe take the maximum: wé&eep the higher rainfall value and throw away the lower dnany
simulation,these twoday maximaare distributed like this

Maxima of groups of 2

T T T T T
10 15 20 25 30

When linstead take maxima over groups of 418, 15, 20, or 100 daybget:
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Again, an elegant curve emerges. Butaihnot bethe bell curvebecause it is asymmetric, with a long right tail.
Instead, theonttypicallyassures, it is a member of tlyeneralized extreme distributiq@®&EVfamily. Three
members of this family are depictdubre's:

§ j i o
18The GEViQ® —Q -p ,— Q T ,withi E®® -Q

graphed here have mh, ph T T .

: . The members
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Generalized extreme value distributions
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As with the Central Limit Theorerthe key point is thathe GEMorms emerge almost regardless of the
distribution of the original dataTheformsdiffer from the normal curvébecause instead of averaging or
summinggroups ofdata points, we are taking maxima.

So withoutmaking strong and perhaps debatable claims alibatpattern of dailyrainfall data, we can group

the rainfalldatainto 100-day blockstake maximafind the member of the GEV family that best fits the maxima,
then follow the contour ofthis membe@ rightward tail to estimate the probability of sast least 10

centimeters of rain falling in a single day withimyd 00-day period.Tsubouchi and Omar(2007, Table)ldo

the analogoudor daily geomagnetic storrb; statisticsfor 19572001, taking one maximum for each year

Of course rainfall patterns, like geomagnetic storm patterns, could chaedgng predictions. Past need not be
prologue. But hat challenge applies tany method of extrapolating from historical data. The virtue of EVT
methods is that they are grounded in rigorous statistical thesorgl reduce the need fax prioriassumptions
EVT methods provide the firmest basis for extrapolating from the past.

A distinct but closely relateBVT method focusses more exclusively on extrdata points(Coles 2001, ch. 4)
It turns out thatfor all the diversity in probability distributions, éir tails tend to be pretty much alikie how
they decaytoward zero. In form, theyoo converge to membexof a particular family of distributions, called
generalized Paret¢GP)istributions Some members of this family are graphed beloVo repeat, thddea is
that pretty much alkextreme event distributiontook like one of the curves below.
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Generalized Pareto distributions
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Remarkably, there is a correspondence between block maxima and tails. For example, if a disRibidixkn
maxima follow the red contoun the previous grapjrather likemy madeup rainfall data, then itgight tail will
look like the red curv@ust above?®®

This provides another way to estimate extreme probabilities while avoiding strong and potentially debatable
assumptions about the overall distribution ofents in question. If a particulgeneralized Pareto distribution
well fits the tail above some high threshold, such dsn2illimeters/day in the rainfall example, then we can
reasonably use it to project probabilities at even higher lewMes.can also se standard methods to compute
confidence intervalsTsubouchi and Omura (2007, Table 1) apply this technique tBa statistics for 195¢

2001. Thomson, Dawson, and Reay (2011, Table 1) do the same for readings from a selection of European
magneticobservatories for 197€010.

ApplyingeEVTto geomagnetic storms

To better understand the probability estimates for extreme geomagnetic storms, | applied extreme value theory
to two kinds of data: speeds of coronal mass ejections (CMEs) from the sun,laesl oBthe storrtime

disturbance index;), which, recall, measures the average equatorial deviation in the magneticBimtlilare
correlated, if imperfectly, with the destructive potential of a CME.

j o : o
®TheGPiw -p ,— ,withl EQe -0 I The members graphed here again have mh,
ph T@® T .
32



CME speeds

NASA data on the speeds of CMEs aressible atdaw.gsfc.nasa.gov/CME_[This graph presents the
distribution of speeds, in km/sec, of the more than 22,000 CMEs detected since 1996:

Lo
—l

1 1 T T
0 1000 2000 3000 4000
Speed (km/sec)

As explained in thprevious sectioninstead of conting how many CMEs occur in each speed bradkist,
useful to graph the probability &t CMBbeingof a given speed or higher, and to do so with both axes

logarithmico ¢ & 23 & DHelilaBkilatsbaow do thatWhere packed together, the dots lodike a solid
curve

20Thesd NB Gofd |1 &/ aLISSR&E YSIyAay3a GKEG Ly SEGNBYSt&@ ylI NNBs
speed of zero, because it would not appear to be moving. But CMEs can be 45 or more degrees wide, so that even when
directed straight at earth, teir perimeters are moving quickly across the plane of the@ky.dzl RN} 6§ A O &LISSRa& ¢
reading based on parabolic fits to at least three observations of the Clsite taken from the NASA data set where

provided. Linear speeds are used otherwise. CMifsvo speed data are assigned a zero speed.
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We see for example that about 10@1) of CMEsince 1996 left the sun faster th&i00 km/sec.

Superimposed on this graph are two fitted distributions. One is a straight lipeypte, which is fit to the CMEs
above2000 km/sec, as in Riley (201R2,6). A straightline fit onthis graphcorresponds to a power law, which
has a fat tailThe other fitted distributioninorange is a generalized Pareto cunadsofit to the 201 CMEs
above1500 km/sec Thered vertical line marks 5000 km/sec, the speed at which RB&2, p. 6estimates
the first CarringtonCMHEeft the sun in 1859.

The graph helps us think about the probability that another CarringimeedCME could be generated today.
Extending the power law lento 5000suggests a probabilityer CMEof 0.0011% that is the vertical coordinate
where the purple power law line meets the red Carrington.lifl@atprobabilitymay seem low, but the data set
reports22,267 CMEs in 18 yearef whichof 0.0011% works out td.135CarringtonCMEs/decade i.e., we
should expect about onsixth of a Carrington CME per decade or, more intuitively, one éiepears A more
rigorous calculationurns 0.0011% per event int® 12. Pochance of at least one per deca#eThis isclose to
Riley@ 12% figure.

Butthe GPcurve @bove,in orange)points to lower probabilitieor extreme geomagnetic storm3.o see how
much so, we need to abandon the logarithmic scaling of the vertical axis and zoom in on the right tgiadris
does that, along the way adding 95% confidence intervals.

21 The threshold of 1500 was chosen with a graphical method described in Coles (2001, §4.3.1). If a population obeys a GP,
then the average excess of the data points above a threstslibuld be linear ima This appears to be the case in the CME
data at and above 1500 km/sec.
2 The first calculation i§ & @Fp& w X T8t Tt 1T 1T p. Tthe second uses the Poisson distribution (Riley 2012, &g|. 6):
Q h 78 8 .
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Based on thé&Pfit to the extreme right tailorange) the centralestimate of the probability of 8000 km/sec
CME i in 1 billion(6x10°). That is where the orange curve hits the réthwever, the 95% confidence interval
runs from 0 t00.000B3% per CME, whidls 0.0¢4.0%per decade’

But not all CMEs hit Earth. A big CME on July 23, 2012, missed the planet for example. Scientists measured its
launch speed at 20@3000 km/sec andngula width at 140+30 (Baker et al. 2013, p. 581).we

conservatively take 18(as a representativangularwidth, thenfast CMEs have a 50% chance of hitting the

earth. We might divide by two again to account for that hopeful possibility that a@Magretic field will

parallel rather than oppose that of ea) reducing magnetic disruptiod hese adjustments would narrow our

95% confidence intervab 0.0¢1.0%

This analysis suggests that based on this datafset;sk is lower than that presented Riley(2012) Still, the
high end of that range represents a serious risk if the result would be aéomg continentscaleblackout.

In absorbing this finding, bear mindseveralcaveats First, we do not know precisely how fast the Carrington
CMEs left the sun. More to the point, we do not knprecisely howfast a CME would need to launithorder
to inflict catastrophic damage on electrical grfd§000 km/sec may not be the right bemmark.Or it could be

23The GP was fit with Maximum Likelihowdth a parametriebootstrap bias correction with 100 replications. Standard

errors of the parameter estimates and predicted probabilities were in turnparmmetrically bootstrapped, clustering by

calendar haklyear to adjust for serial correlation in CMpeeds. Confidence intervals are etaded, left-anchored at OAll
SadAYlFGiSa LISNF2NN¥SR gAGK Y& GSEGNBYSE LI O1F3AS F2NI{GFGl @
241t is also worth noting that the SOHO speed measurements are imperfect, especially of CMEs heading away from earth. A
powerful/ a9 2y WdzZ & HoX HnAnMHI NBIFIOKSR (GKS SIENIKQa 2NBAGET LI
speed was 200¢B000 km/sec (Baker et al. 2013, p. 587). The SOHO estimate used here, 2,103 km/sec
(cdaw.gsfc.nasa.gov/iICME _list/UNIVERSAL/2012_ 07/univ2012 Q) .istor the low end of that range, suggesting that the

SOHO measurement underestimated the true speed. Orother hand the deprecation of this observation is appropriate

in a sense, since it was poorly observed precisely because it was not a threat to Earth.
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that what matters less is the speed of any single CME than the tight sequencing of several, as happened in 1859.

The earlier CMEs literally clear the way for the later ones. And the sequence may progressively amplify the
electrical anl magnetic energy flows about the eartiiore important, it would be dangerous to extrapolate
confidently from 18 years aolar activitydata. Evidently #000 km/secCME was unlikely in the last 18 yeaas
one did not happenSome fiture solar cycles i be moreenergetic

TheDstindex

Another historical data set that is central to the study of geomagnetic storms is the record d@sthiandex,

which is a measure of the strength of the horizontal component of the &@rttagnetic field based on hdwyr
readings from foumostlylow-latitude observatories around the world (Love and Gannon 2009, p. 3103). As
explainedearlier, geomagnetic storms systematically weakkea horizontal component of the ear@® magnetic
field at low latitudesThe hourlyDs; series is not an ideal proxy for the risk to electric gjadl higher latitudes

not only because they are at higher latitudes, but dilscause power systems are most vulnerable to magnetic
field oscillationghat occur over seconds or minutesot hours Total magnetic field depression can be small
even as oscillations are large, and vice versa.

Nevertheless, th®s index does broadly traakiagneticstorm activityon earth. Ad the indexhas the virtue of
age the World Data Center for Geomagnetism in Kyoto supplies hbDugadings back to 1957
(wdc.kugi.kyoteu.ac.jp/dstdi)t acontinuoustrack record three times as long as for CME speeds.

The next two graps are analogous to the last two, but f0.2° The data cover January 195/cSeptember 26,
2014.Following Riley, the unit of analysis is not the hour but the geomageeiat which is defined as one or
more consecutive hours with an absoluds abovel00 nanotesla® Vertical red lines are drawn at an absolute
Ds: of 850 nT, whiclsiscoe, Crooker, and Clauer (208&jmate for the Carrington stornT.he rightmostdot is
the 1989 storm that knocked out the Québec power grid; it registered at B88.GRs fit to all events above
150 nT?’

%5 Since the interesting changesha reflect field weakening, its value is usually negative. ThufNtBeT SNSy 0Sa G 2
5aG¢ Ay GSElo

26 Following Tsubouchi and Omura (2007, p. 3), if less than 48 hours separates two episodes above 100 nT, | treat this as

one event.
27 The threshold was chosen by the method discussed in abte
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Again, theGRbased estimates of a Carringtsized event are lower than the power lghased onesjust
0.33%/decade (95% confidence interval 400%%) vs17.6% ©.4%31.8%)%%2° In the latter graph, theéGPfits the
extreme data better, suggesting that its lower probabilities lae¢ter extrapolations®

But the implications ofhe Ds; series more proximate than CMEs to oaarthly concern with geomagnetic
disturbancesand covering a longer timeframeare moreworrisome The 95% confidence interval embraces a
substantial chance ofrether Carringtonor worse Of coursesarlier caveats appligere too. The most that EVT
can do is assure that we extrapolate reasonably from the available data. It cannot trenlslitimate concern
that even 45 years is too short a period from which to extralat

Publishedstudies of the historical record

Tsubouchi and Omuf2007), d_ongterm occurrence probabilities of intense geomagnetic storm
events¢ Space Weather

Muchasl do above, Tsuwuchi and Omura (2007) fit theegeralized Paretdistribution to the tail of theDs;
data seriesusing data through 2001 or 2008, different variations

Onedifferenceisthat despite describing how they extraetventsfrom the hourly data sequences of hours or
days of high readings to be treated as a single stothe paper analyzes thdata set with one observation per
hour rather than per event! Thiseffectively treatshigh readings in successive hours as statistically
independent, samplexpanding eventamy view is thathey are not. That said, the thrust of Tsubouchi and
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larger sample, Tsubouchi and Omura cut the tail at 280 nT rather than my P5(ThE. higher the cubff the
more accurate is the GRodelin theory, but the smaller the sample.

Tsubouchi and Omu& preferredestimateisthat the largest sbrm in the data set, the onthat wasmeasured
at 589andcaused the blackout in Québat 1989 has areturn rateof 60 years i.e., it was a60-year storme
Alternate estimates Tsubouchi and Omu@Table 1, rows 3) peg the 1989 event as7#b- or 100yearstorm.
Similarly, after adding data through 2014 and collapsing groups of closely spzsmrgtations intsingle
events, | estimate the implied return rate 89 years®

But, like Tsubouchi and Omura, | should emphasize uncertainty. The 95% camfittencal for my estimated
return time for 1989scale storm is 1605 years.

28 Because the event definition treats prolonged episodes as single observations, standard errors are bootstrapped without
clustering.

22 Using the USGS version of Dst, which removes matnas cyclical patterns (Love and Gannon 2009), yields a GP estimate
for 850 of 0.001%/decade (confidence intervg#(L%).

30 Tsubouchi and Omura (2007) also fit the GP distribution to the Dst data set. When | restrict my sample to match theirs
(up to 2001or 2003) | closely match the results in the first two rows of their Table 1.

L O2dzyi mMHmM K2dzZNI &8 20aSNPFGA2ya | 020S Hyn GKNRdAzAK GKS
their Table 1 reports 121 observations and | achieveecinatches to their coefficient estimates in that table when | used
hourly rather than event data.

32 Like Tsubouchi and Omura, | use the mean residual life plot to select a threshold (Coles 2001, §4.3.1).

7
3 The formulaist — p ,—— ,where( is the returntime in years; is the fraction of observations in the

region to which the GP distribution is fit, is the storm strength of 589, is threshold of 280, ang and, are parameters
determining the shape of the GP distributigBdes 2001, eq 4.1 C2 NJ ¢ &4dzo 2 dzOKA | Yy B3, theY dzNJ Q&
values are, h, h- 8t Yip @ip oo wt T @d 8t ofy BT @ v. For mine, they are8t vk &fp o¥o x &
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Ruzmaikin, Feynman, and Stoev (20Ristribution and clustering of fast coronal mass ejections
Journal of Geophysical Research

Ruzmaikin, Feynman, and Stoev (2011) appinaovative technigueavithin the extreme value theoryradition
(Stoev, Michdidis, and Taqqu 2006 assess whether parts of the CME distributaiyeya power lawt in
other words, whether the CM&peeddata have a section that follows a straighite on those loglog graphs

The method is based on the following insight. Think back to the fake rainfall data set | constructed, whose
observations | grouped into larger and larger blocks to show how the distribution of the maxima evolved. If, say,
100 observabns out of the million are classed as extreme, as the number of blocks shrinks, the foddtien
blocksthat happen to contain an extreme event will rigg&/hen there are half a million blocks of size two,

almost none will contain an extreme everidthe averagemaximumacross all blockwill rise as the number of
blocks fallsand their individual size growStoev, Michailidis, and Taqqu (2006) show th#te underlying data

follow a power law, then so will the average maxima. Each doubling aizheof the blocks e.g.,taking the
maximum rainfall for each fortnight instead of each weekill increase the average maximum by the same
percentageOn loglog scales the graph of the average maximum with respect to block §i# S & Y I E

& LIS O & Mdidestraight. Checking for such straightnelsscomes a way to detect power law behavibr.

Ruzmaikin, Feynman, and Stoev (2011) find that between 700 and 2000 km/sec, CMEs seem to follow a power
law. You can examine the second graph indB®E speedssubsectbn above to see whether you agree that

the curve is straight in that rang#.is worth noting that Ruzmaikin, Feynman, and Stoev do not formally test the
power law hypothesis against competing models such as the lognovmaiiyshyn et al. 2005whosedmax
spectrunt is only slightly curved.

At any rate the findingis of scientific interest for what it implies about the physics of solar acthitlyit does
not quite speak to the odds of the most dangerous CMEs, above 2000 kriagstioe authorsfind that above
2000,the probabilities ot CMEat a given speedrops off more rapidly than a power law would suggesij as
is evident inthe CMEgraphsabove Theauthorsavoid estimating probabilities of extreme events above 2000
km/sec

Thomson, DawsonyaR w S | & QuantifyingNEXtrEmeBK | A 2 NJ Ay DS 29pacady Si A O
Weather

Like Tsubouchi and Omura (2007), and as in my own analysis above, this paper harnesses the GP distribution.
The difference is in the data set, which consists of misaygteninute magnetic readings from 28 selected

European observatories over recent decades. The disadvantage of this data set is its brevity: about half of the
observatories began collecting data at the minute cadence after 1990, and none did before 1979giT,homs
Dawson, and Reay 2011, fig. 2). These are short periods from which to forecast risks over 100 or 286 years

the paper doesThe advantage is that the parinute magnetic field change is a better measure of the threat to
power lines tharCME speedsral hourly changes in the equatorially focusegd

The authorsapplythe methods welbnd present the results clearly, neixaggerating certaintyl heyanalyze
eachobservato2 Q& RF Gl aSLI NFXdStez Ay SIFEOK OFrasS aGriAy3a (GKS

34The effect is weakened if extreme events are clustered in certainpieneds, which will happen if there is serial
correlation their probability. In this case, fewer time blocks will gain extremes even as block size rises and blocksount fa
So the average maximum will not rise as fast. One the other hand, if the dataradomly reordered before the process is
executed, this weakening will not occur. Doing it both ways provides a measure of the clustering of fast CMEs, a point that
Ruzmaikin, Feynman, and Stoev pursue with rigor. They find significant clusterifindihgs and the clear
predominance of geomagnetic storms at the equinaxéswhy in my regressions | bootstrap standard errors while
clustering by haljear.
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shape is approximated by the GP distributi®hey also cluster data points into single eventprevent
spurious statistical precisioitreating extreme obawations within 12 hours of each other as part of the same
event

The next graphfrom Thomson, Dawson, and Re@p11, fig. 6) shows their estimates for the @ I NJ & NB (i dzN
f S && bné-minute horizontalmagneticchange at each observatanthat is, a ével of change that would

only be expected once a century. The circles show the central estimates and the vertical bars show 95%
confidence intervals:

For reference, Ottawa and Brorfelde, two stations mentioned eawdiey both at aboub5 degreegeomaynetic
latitude. They experienced peaks of 546 and 1994 nt/min in 198@. highest two estimates of the 1§@ar

return level are between 3000 and 4000 nT/min and are for Brorfelde (orange) and Eskdalemuir, in southern
Scotland (green¥actoring in the @nfidence intervals, these estimates amughly 5@100% above the highest
change | have found in the modern record south of §@magnetic latitud€2688 at Lovo between 11:59pm
and midnight on July 13, 1982Again, the suggestion is that a worsise atrapolation from the historical

record is something twice as bad as recently experienced.

Riley (2012)30On the probability of occurrence of extreme space weather eeppmce Weather
Riley fits power law® historical data on four phenomerthat scierists have connectetb geomagnetic

storms:CME speed®s; levels solar Xray emissionsluring the flaresand nitrate deposits iterrestrialice
cores.However, the ice coreslationshipappears to have been firmly rebutted by Wolff et al. (2012).

Riley@ straightline power law fits to lodog distribution plotamply probabilities 0f3¢12%/decadefor a
Carringtonscale eventHowever, Parrott (2014, p. 14) points out that the low number, based on ice core data,
appears to be miscalculated accorgito Rile@® stated approachand apparently should be 18% or perhaps
25%.

| haveseveralreservations abouthe Rileyextrapolations First, confidence intervalre not reported, and they
canbe wide, asve have seen. (I'be fair,the Riley texdoes emjnasize the uncertaintiesSecond descriptions
of methods sometimeseem incomplete or ambiguouBdrrott 2014, 201%. Third, there appear to be
mathematicalerrors(Parrott 2014, 2015)Fourth, thetrue distributionsmay becurved everywhere when
plotted log-log (e.qg., they would appear parabolic if lognorm&baight-line fitsto sectionswhere the curvature
40







































