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1 Purpose

"The goal-of this. report is to. compare deliberate EM threats, discussed In.a previous report; [Ref 1), to
the threat posed by- naturally occurring events;. speclflcallv from:the electrlcal Insults: ‘resulting from
geormagnetic storms: ‘The pravious. report. analyzed two types’ of deliberate threat: signals Thefirst:was
.~a directed-energv RF/HPM threat produced by: conventional means usmg pulsed sources and speclally
.Iess than a mrcrosecond but having an electric fleld amplrtude that can be on. the order of tens of
.kilovolts per meter‘ The second wasffrom 3 high altltude nuclear electromagnetlc pulse (EM P), created;

t;,slmultanenusl\/ generates an approxlmately planar EM wave over the entnre contlnental u. S )

‘In:the previous report, which. was itself an‘update of ‘a'similar report-campleted:ir1983; [2],-only, ‘the:
:Early Tlme orEl; portlon of: the HEMP signal was: analyzed (see fi igure’ below) ‘This decision . was made<
because it paralleled the analysis: ‘approach- of the original report and. ‘because’ the E1 field levels and
time characteristics-were similar.to those'of the conventional HPM threat values: However; the: signals‘%
.generated by geomagnetic phenomenon can be-hundreds of seconds or more in duration’and’ contain.
field Iévels.on the-order of 10 V/km. Because’ these characteristics more closely:s resemble the: Late'Time,,
‘or E3; ‘portion. of the HEMP threat,the- HEMP E1'and E2 signals: and: the conventional HPM threat sngnals;
-will not be‘inclisded in'this: analysts For’ completeness, ‘HEMP-E2 signals:are. considered to:be:similar’in
-strength’and duration ta-a" Ilghtnlng strike.
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2. THE EMTHREATS

2.1 The Magneto-Hydrodynamic (MHD) Threat

As mentioned above, an.EMP threat signal is created when a nuciear weapon is detonated:at an altitude
of-125-250+ miles above the.earth. The resulting HEMP E1 fields can produce transient voltages on
miles of exposed electrical conductors, either above or below ground level, propagating and building to
a. peak intensity .of thousands of volts but with-a much longer duration (tens of microseconds): These
transient voltage signals can generate:large transient currents (hundreds to thousands of amperes) that.

‘will be’transmitted Into-facilities through penetration points; propagating through pathways normally

used by power.genérating equipment,:computers, communication equipment, .etc., untij reaching and

‘damaging electronic devices that may be sensitive-ta such signal-induced stress. This was the primary
focus of the previous report.

Additionally, a- threat signal is also;created by the variation induced in the Earth’s magnetic. field in
response ‘to the nuclear detonation: This late-time EMP' energy is also known as.the ‘magneto-

hydrodynamic (MHD). pulse, ar E3 signal. The equation for the electric field arising from the.time
.changing magnetic field at the:£arth's surface Is given below in Equation 1 [4, p. 3]. This equation is for

a single layer model of the ‘Earth with a constant conductivity, . Multi-layered models require an

-additional complex term inside the integral to represent more realistic earth conductivity models. Also,

an accurate description of the magnetic field is still required to evaluate this expression.

i 88, '
E(t) —vﬁa_“,f_wm TR {1)

Using this equation, very complicated. coupling calculations would.be performed next to-determine the
currents Induced in overhead and buried cables. This is the same approach that was used ‘in -the
‘previous report and those-equations can be found there. However, most attempts.at analysis simplify

this p'_rocess: by first considering the underlying physics of the detonation, and the overall shape and.
magnitude of the resulting waveform;.

Physically, there are actually two subcomponents of the E3 signal, the. first is called the’ blast-wave.

component and the second is. the-atmospheric heave component. The blast-wave component can‘be

modeled as:a quasi-static.problem, with a brief, intense magnetic dipole located at the detonation
location acting as a perturbation to the overa,ll, geomagnetic field. The second component:is similarto.
the first, but it is generated as the heated ionized air from the detonation tries to return to its original-
state. Both components generate fields of comparable levels; an the order of a few volts per kilometer

depending on the conductivity of the ground below, with the first component starting-immediately-and’
lasting a few seconds and the. second _component starting about ten seconds after the detonation and.
lasting a few hundred seconds, see Figure:2. While it might not seem intuitive, frequency analysis

-confirms that most.of the energy Is:located below 1Hz, which means in comparison to power systems it.
is quasi-DC and therefore the threat signal Is often treated as a constant. This means that basic: DC
-circuit modeling concepts can be used to perform any further analysis of the problem. Most: published
-rasearch uses. simple DC currents on the order of S0A to 200A when testing the effects of MHD on

power system components [4, 5].
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The- HEMP E3 energy- faotprint on the.surface of the Earth, see:Figure3, is distributed dnfferently than
the’ typlcal *smile”.diagram, see Figure 4, described in the previaus reports, its much smaller and farms
-simple elliptical patterns.of varying intensity.. its polarizationtends to. be.orientated more stronglyiin the
east to west direction [184]; Still, it is- large enough that a significant DC current wiil be induced vihen a
long power-distribution ling is’ iluminated by an electric field with a strength of anly afew.tens, of valts
per kilometer if it.is oriented in roughlv the same direction.

Peax £
% ot Max
e 0%
75%
R X TFvRy 50%
RS 25%
IS 4
@ berco CHy. . @5en Juan 1000 kilometsr
100 agy AW L ae -
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Figure 2: Time Domain Behavior of MHD vs; Condnctivity [4]

The HEMP E3. energy: footprint on'the surface of. the Earth, see Figure:3; is-distributed dufferently than:
‘the typiml “smile” diagram, see Figure'4, descnbed in the:previous reports.. It is: much-smaller and forms:
‘simple elliptical patterns.of | varying:intensity. Its polarization tends t0 be‘orientated more. strongly'in the-.
‘east-to west direction [184]. ‘Still, it'is far, rge enough that a significant DC current will be induced when a.
Jlong power:( distribution line is |Ilum|nated by-an: electric.field-with a. strength of only-a few tens: of volts.
sper kilometer-if it is onented in roughly the same direction;
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2.2 The Geomagnetic Induced Current (GIC) Threat

2.2.1 Space Weather

‘Geomagnetically. induced Currents: (GICs) are‘the: byproduct of.an mcredubly -complex-and multnstage-
‘interaction process:between the’ Earth:and the Sun. The process starts:at. theiSun.with'its own volatile:

and variable magnetic field and its praduction of a steady stream.of particies being continuously ejected

into space; commonly known :as:the. solar: wind.. :Added to this. mixture are the more sporadic. solar-
events. hke flares and coronal fnass ejections. (CMEs) ‘that can. throw large, relatwely dense: clouds of

: speeds mteract :

‘environment that.the Earth encounters:is often called Space-Weather.

‘Space‘Weather interacts with the Earth’s. magnetic: field, creating.the:magnetosphere; 3 regionfarmed.
as the: Earth’s. own magnetlc- fuel{ rles 1o balance rtself agamst the mterplanetary envnronment and,

;'prevents thls protectwe layer from bemg completely umpenetrable and energrzed plasma from the solar"
-wind finds.several; ways to-couple:into:the magnetosphere.. The magnetosphere responds:by changing:

.and: flowlng in’an:attempt to reach a.new point-of internal. equrllbnum and'external balance: These

-‘changes wrthm the magnetosphere are fundamentally nothlng ‘more- than plaSma currents andl

zionosphere The |onosphere is the sphencal reglon around ‘the Earth beneath ‘the: magnetosphere.

‘where'ions and electrons created by solar radiation exist in the largest densities.

ith. each . other during thenr ourney away from. the Sun; : producmg countlessf
- .combinations ‘'of :$ofar wind: conditions -when they finally reach. the Earth several days liter. These:
conditions Include the speeds, densities-and temperatures. (kinetic energies) of.the solar.wind, pamcles'
ay well as the. strengths -and' onentatuons of its ‘electric.and magnetic ﬁelds This overall mterplanetary«




‘The-motions of these:charged- particlés generate additional-currents and fields. which cah’interact:with:
:the magnetosphere above and the Earth below. Theionosphere’i$-also theiregion from which particles:
-can:precipitate into the polar reglons of the: earth and -generate aurorae. The conditions: produced in
‘the“ionosphere-induce fields and ciirrents -at the surface.of the Earth, ‘with.a strength that varies
‘depending on‘the condutctivity of the.Earth to hundreds of kilometers ‘below:the surface: These fields
-are finally the-source; of GICs, ‘as Iong ‘conductors .grounded in at: least: two.-locations. provide a. low-
.resistance, path for currents. tg: , ‘Three graphlcal dep:ctlons of this sequence :and ‘the:.various
interactions:that take: ‘place are. shown below..

Flgnre 5:C Geomagnetic Induction in’ Power Systems 17, P 5411
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~ :Figure 6: Space Weather Chain'of Cause and Effect [8; p. 8]




“Figure 73 Detailed Diagram of Space Weather Interactions (9 p. 3841
2.2.2 Geomagnetic Storms.and Substorms

Thigre arestill-a lot-of issues-not wéll_understood or agreed upon' by:the sciéntific community. that:
mofitors, studies and’ models the Space: Weather phenomenon ‘For example;. some- use ‘of the term:
Space "Weather ‘as; described above, while. others:use: the: term to; reference all the. near-Earth-
interactions. and - ‘changes between. the. mterplanetary environment, the magnetosphere, and the-
mnosphere One-of the few.points that do seemfairly ' well.established is-that:there are also'two basic.
‘types.of.geomagnetic: ‘évents-that regularly. occur-and have the potential to_produce noticeable effects
-on'the'surface of the Earth; these are.called geomagnétic storms.and:substorms..

2.2.2:1 Geomagnetic:Storms

“Geomagnetic stormis. are caused by-the more sporadic events, such as when the plasma: cloud from a.
{CME"or when_a Corotatlng Interaction Region (CiR} reaches the’ Earth A CIR"' formed when a. -faster-
:moving; section of the: solar wind: catches up to'a.siower moving portion of the:solar wind.and leading:
‘edge and trailing; édge shock waves are:generated as:they interact. ‘This Usually happens.at distances
-.greater than’ the rth’s . orbit; but 'does occasionally’happen close enough to:the sun that'there is a
:chancethe Eanth: wnll'experience this:event,




‘Gepmagnetic storms; also generate shack- waves when: they inferact with the magnetosphere and
generally’have erough énergy-to-compress or - reduce the size of the niagnetosphere on:the: sunward
;side of the Earth; causing increased; plasma-densities, temperatires and pressures in this reguon The -
fmagnetosphere reacts to'these: changes by trv[ng to, rednstnbute the energy;around thie Earth and dawn
‘{nto:other regions or zones of Earth's atmosphere. This:reaction can induce. large voltage: ‘potentials at:
lthe surface -of the Earth and, depending’on the conductivity-in the region;.very large. currents as-well;
5ee Figure 7.. -Assuming: that the' 'anges in"the magnetic fields: of the ionosphere can bé determined,
‘the electri¢ fields’ mduced ‘at the surface:can be-found from ‘Equation 2140,:p. 4-5.

Bty =~ g, e 2y, () ov @

Assuming that:e/a is'very/small.in-comparison to time constants related to geomagnetic ‘phenomenon,
.the'Bessel function can-be replace with.its asymptotic. large-argument expression to.getthe-following..

510 = - o o

“This- equationis-very similar to’ equatlon (1), essentially-differing:only ina thange of variables-and the:
related change in the lower limit- of mtegrauon In a similar response-to the complexity:of- modehng and.
analyzing the complex waveformiof the HEMP E3.induced currents, the:GIC wavefarms are also-often:
:described as “quasi-DC™signals-and:analysis and- valnerability. studies' are:frequentty. performed: usirig-a:
‘DC:ciirrent on:the order.of ~100A, The similarities between the HEMP'E3 electric: fieldsdnd the electric:
-_éflelds thatiinduce a GIC can: clearly be sean:in ‘the. figure.below:
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‘Figure 8; Comparison of MHD and GIC Waveforms [4, p: 15]




Some ‘of the fields that generate GICs are distributed primarily In a geomagnetically referenced, east-to-
‘west. directed ring shaped -area around the polar regions: of ‘the earth They can’ be. measured:as a
change in the Earth’s undisturbed magnetic fiéld strength of approximately 30,000 nanoTeslas (nT). The'
‘issue of where the maiimuim field values lie is primarily a function of the intensity of the solar wind, the
‘magnitude of the plasma energy.coupled:into the ionosphere, and.the time of year. The area‘orauroral

20ne also changes and evolves over a period of hours or sometimes.days. as the.various:space weather:
.mechanisms ‘continue 1o inject energy and particles into the magnetosphere and:-the magnetosphere:

reacts and compensates for. these changes.

‘Figure 9: Percent Probability of an Hour with.dB/dt in Excess of 300aT/min [7, p. 524| :

2.2:.2.2 Geomagnetic Substorms

Geomagnetic substorms, on.the other hand, occur when the conditions between the “background” solar
wind and the magnetosphere interact under specific conditions. ‘Although substorms generally.occur

more often, if not daily, they.usually produce weaker effects at the Earth’s surface. Equations (2) and (3}
would still be used to find the electric fields induced:at the Earth’s surface by a substorm, but the.

expression for. the .changing magnetic-field withinthe integral would be. different. A substorm is
:specifically created when the magnetic field of the sofar wind.aligns predominantly northward or
southward in relation to the magnetic field of the Earth in the sunward direction, that is; at‘the point of
the magnetosphere where the solar wing first comes into contact with it.

‘If the-solar wind’s. magnetic field is aligned predominantly. northward, the field {ines will wrap around

‘the- magnetosphere.and reconnect with the magnetosphere’s field lines just past the. poles--(anti.-:
‘sunward} at high: northein and southern latitudes, see Figure 10. The fact that the reconnéction process:
.occurs, is widely accepted, even if the specific physics of this phenomenon are still under debate. The.

reconnection -allows some ‘of the solar wind .plasma. to couple .into the sunward side of the




magnetasphere, gaining energy:as’ the magnetic field lines: shorten:and relax:into shape.. As the overall
magnetosphere: reacts to this, input:of magnetic’ field Imes and energetic, plasma, fleld: aligned. currents

flow.into_and:out:from the polar regions.into‘the:magnetosphere’s. tail and the Earth's:equatorial Ring’

~ Current: incredses.. -All -of these ‘effects.can; generate fields.and voltages at:the surface. that could-

,potentlally mduce GICs. ‘This situation, however; is really.more of ‘3 lesser:substorm: compared to. whenf

the solar:wind.is: alrgned predominantly in the southward-direction.

Interplanetary Field Northward

North.

Solar.
‘Wind

occurs:at the:point where the solar-wind. ﬁeld lines.and- the magnetosphere s fleld lines ﬁrst ‘meet; at the-
‘most- sunward point.. This creates ‘two_open fleld lines; attached-to-the’ northern and southern: Polar’

Regions; which: then convect:araund thé:Earth to the- magnetosphere’s tail, where: they reconnect with.

the magnetosphere’ again;.see Figure. 11:. This’ pr0cess couples a.lot more of thesolar wind’s plasma;
deep into- the tail region. of the magnetosphere, ‘where external solar-wind' pressures. and mternal"
‘reconnection:processes ‘can’ hlghly enerelze the plasma .As the reconnection. process: completes, SQIME!
of the newly energized plasmais: ejected away. from the Earth and deeper into the tail as the newly:
reformed solar-wind. magnetrc field lines.continue their interplanetary journey. ‘The rest is injected into-
lower.altitude regions of the nlghttrme magnetosphere, as newly formed field lines shorten: and:relaxin.
a:manner; srmnlar to the. dayslde field lines of the previous example. As:this-high energy, hlgh density
plasma’is added:to.the nightside magnetosphere, it causes the aurorat regions to'strengtien and.expand:

‘towards the-equator. This:also causes magnetic convection  towards the daysrde as the' magnetosphere‘

‘tries to return to-equilibrium,: generating: relatrvelv weaker field:aligned. currents. flowing:into_ and-out:
) olar:Regions:into.the' magnetosphere’s tail and. relatwely stronger increases in the; equatorial;
;Rlng Current compared to, the nosthward directed substorm.: The niore highly: variable interaction-
‘between the magnetosphere’s ‘tall and:'the. solar wind; - influencing where and-when this :second’
‘fegonneéction:event-oceirs; leadsito greater extremes in the lonospheﬂcxand surface effects’ produced by:

‘the southward. directed’ substorm -Additionally; because of the greater: couplmg of solar wmd plasma,

ithe mcreased energizing. ‘of ‘this plasma by-the ;relaxing magnetic field lines and the non-symmetric:
nature’of a dayside to nightside reconnection pattern-versus 3 near-simultaneous: north: pofar: and south:
polar reconnection pattern; the southward directed .substorm-generating solar wind has’ received:
~substantrally ‘more -attention_ in ‘the:form of measurements, analysis: and :modeling than _has. the:

‘northward directed substorm:
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Figure 11: Magnetic Field Reconnection for a Southward Interplanetary Magnetic Field |11, p.'37|

2:2,3 FactorsAffecting Geomagnetic Events.

The likelihood-of the solar wind’s magnetic field being aligried with.the magnetosphere’s field is affected-

by a large number-of constantly changing factors. The Earth’s magnetic 'ﬁeldais‘?hot’:.a’ligned with-its. axis
of rotation. Assuming that-the field is: similarto that:of a magnetic dipole; which. is-a fairly decent
around the,‘Eér’t}h;_s"tax.is..‘ The Earth’s'axis is also tilted about 23° with respect to its otbital plane, meaning
this rotating dipolewill present a different directional aspect of itself towards the sun at.different times
of the year. This fact is clearly shown in Figure 12.
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The Sun also rotates-around-an axis:that is'tiited about 7° from the: ecliptic‘ “the plane’in which all the -
planets rotate. The rotational: penod of the sun varies; from about- 25 days-at:the equator to:about-35

days at:the’ po!es Rs’ magnetic field'is less like a dipole’ field than the Earth’s but:can still-be: modeled as

ax dxpole in the simplest discussioris; with. additional quadrupole terms-added if*additional accuracy i

erequnred Variation of its: rotational. speed is: suspected of- mcreasmg the:complexity of: the ‘agnetic
;ﬁeld generating: processes-withiin: the sun, creatmg an increasing: nufmber.of sunspots, flares:and snmllar.
features in-a periodic manner. At:the ‘end: of thus ‘eleven: year-cycle, the direction of the': dlpole«»
icomponent of the Sun’s magnétic field reverses, and: the pracess begins. again; see.Figure 13.
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Figure 13 “Storm: Variitions and Sunspot:Activity Averages Baseéd on Data from. 1868-1996: (11, p.543|

The solar'wind is primarily generated in‘reglons where local- magnetic field strictures on the surface of’
:the Sun cause the magnetlc fleld Imes to extend outward mto mterplanetary space rather than curve
strongly conductmg pIaSma, the magnetlc fneld lmes -are "frozen mto the plasma m ihls orlentatlon -
‘whichiinitially. leads to.the expectatlon that all'interplanetary field lines should:be directed.radially: from:
‘the Sun. -However; when the varymg rotational . speeds ‘and.the -varying speeds of the solar wind
travelling away: from the sun are: consldered the resulting interplanetary- magnetic fleld lines-get cu rved‘
into a -spiral-or pinwheel shape,. :and.when the-tilt of the sun and the underlymg dipale: f‘eld are.
‘considered, the northward:and southwird companents .are added to generate.a 3D interplanetary field-
‘that is-described as reseémbling the twirling skirt‘of a dancer.[12):




3 Analysis Methods and Results
3.1 Coupling:Analysis

‘HEMP'E3 and: Glcgenergies produced outside a facility-can only interact’ wrth the.safety systems msrde a.
nuclear power plant: if the:threat. energy. can find a:means to ‘enter the. famhtv and also be. coupled and.
deliveréd to the vuinerable ‘components;of the systems. -As described jn"detail in the previous report;
‘there:are only two realistic.methods for signal transmission:: 1), for the:source field to couple:with:
external elemerits ‘of the- NPP bou ndary’ systems,. such as .above -and ‘below" ground: ‘conduits;.
:pbwer/r.‘ignél cabies, and structural features that can then be c‘o’nductive!y‘ ‘carried into’ the:facility’s-
ifternal'structures’and components’by the internal systems themselves, or 2) for the'fields to penetrate’
;the facility dlrectlv ‘without a distinct,: clearly Identlfrable conductive mechanlsm -and:then: couple fo.
.corresponding interior: :elements of the systems.. The-fact that the field levels:in both potential threat’
‘mechanisms.being’ reviewed.in this: report are-approximately:a-million‘times: weaker-than‘the:HEMP. E1
and -HPM fields: prevrously analyzed:allows for the second delivery. optron to .be ignored:in this report..
Thus, the. threat calculations: perfarmed for this: assessment were: focused onlv ‘on the: external ‘coupling:
.and. transmlsslon scenario. Flnally, because coupling to buried:cables and pipes’is-a. much ‘more’ Iossy’
process, and mare conceriied with issues. of torrosion:rather than.current generation, only overhead-
‘line:effects. will' be considered..

The: models used‘to: determine the magnitude of the HEMP£3 induced currents coupled.into’ overhead‘
power- lines: are dependent on a‘few:key-variables that all have:a:specific'value:at the moment of:
-detonation; the. yleld ‘of the weapon, the:height of the burst,.the latitude of: ground zero, etc: Obviously,-
;gomg into; greater detail'on this potentidlly sensitive topic.is beyond:the scope of this: unclassified.report.
fortunately, most: ‘of the: work has:already been done and documented, as seen‘in Figure: :15-and_Figure:
.16. Note:that the maximum current increases with increased line: valtage. This: is*because: higher
voltage lines usually have lower resistances’to reduce loss..
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Figure 15; MAD Tnduced Carfent Magnitude vs. Length for Three Line Classes {4 . 25]




'MHD ‘induced current: magmtud
:determines-the: size of the:MHD’s,
‘length:and-orientation of the: ‘transmission lines: illiminated: ‘Similatly, the GIC's currént: magnitiide is:
‘dependent on the relative intensity‘of the storm; the'degree to which the'ionospheric currents react and'
‘the: auroral zone; evolves, and the Jength:and orlentation of:the transmission lines: luminated.
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Figure16: MHD' lndneed Curreut Mngmlude V8. Llne Voltage |4, p:26]

‘On‘the other-hand, the: magnitude:of the GICs:is dependent on many more variables.that are continually
‘changingiand: dependent on'each.othér:in non-linear and-poorly-understoad rélatianships. Thishas lead

to several decades of research and analysis: in a constant attempt to develop increasingly, accurate:
;,models and’ predlctlon technlques Not. unlike: attempts ‘to.model and predict; atmospherlc ‘weather
.events, the- analys:s of’ space. weatherand GICs has:the benefit:of long term statistical databases for-
:model constcuction:and: companson :Data:that relates to.geomagnetic events.has been.recordéd for
aver150-years; albeit:-when many of thé garllest data was callected; its:applicability to this:field had not:
yet, been recogmzed ‘Also;; as mentmned earher the regular daily occurrence: of substorms, mast of
which are'too low:in mtensity to be.of any serious.concern, allows for'additiona) data to'be constantly:
collected and for. the- improvement of models and-pradiction technigues..

;Accordlng to Price. [14]; GIC currents of up to 200A-in;the neutral line of.a three phase power-
transmission ‘system have been-reported in Fintand and Sweden, but values of 10 to: 15A are more-
typical-in England ‘Models of the 400KV, national. power grid in'Finland developed by Pirjola; [15] predict:
‘currents: in the range of 50A. ta' 100A per-V/km of lactric field. V‘I;anen angd; Pluola also state that ‘the:

largest GIC eéver.measured in Finland was. 201A, for:a.one minute average, suggesting that the:peak was

‘certainly: hrgher. Also; the largest electric fueld they, measured was 4.7 V/kmn,-which led. them ‘10 5tate.
‘that:a 200A.to 300A GIC-was possnble These values:are in the same range:as.the measurements:taken

‘on’ the ‘power:grid: in Kazakhistan.during seven periads of high' geomagnetlc activity [16]. -In Canada; a’
-model ‘of the:500kV’ Hydro One power grid alsa predicts GIC current; values inthe: ZSA Y0 100A per’ ka:a-
rrange for:north-south orlented electric fields, but also: predicts values of 10Ato 200 per V/km for-east:

:west oriented fields [17]

It isdifficult to- deﬁmtrvely compare their: relative, magmtudes of GIC:and MHD.induced currénts:. The
isi a functlon not: only: of the ‘weapon'.size, and altltude. whlch:
footprint, but-also the location-of iground 2ére and the peesence,




3.2 Prabability.of GIC:Occurrence:

‘Not-only has the decades of geomagnetu: data: collected worldwide. been analyzed to: pre_dlct ‘the .

possible strengths of GIC inducedinta’ the. overhead lines -of power transmission. systems, it-has also

‘béen:studiedto-help inderstand the frequency and: likelihood. of severe storm.occurrence. Sensors:and.
recording equipment. around the’ world;; and: ‘even In’ outer-space, have -been put into place over‘the’
years to measure:and; record magnetic-and electric feld fluctuations “The: next two figures:are:just. two:
iof:the many:statistical results:that:have.been developed: using this. data For-additional. examples and:
descriptions; more information-has:been:included’in Appendix A.

This:next figure: provudes an‘estimate for.the- number of times a GIC current.canbe -axpected to exceed a:
given current: value for a-minimumi 'of 10:seconds:in: any given year, and even goes so.far as:toiexpand.
'thls predtction based on whether |t isa quiet. average or actlve year in terms of solar actlvity. Accordlng;

150

‘Carvent /A

Figure 17: Theoretical Estimatés of Aniual Number.of 10s Currents vs. ‘Amplitude[9, P '403)
Note:Lower Dashed Line is for Quiet Years, Upper Dashed Line'is for. Active Years,
and Center tine'is for Average Yéars in Terms of Solar Activity.

i a'similar analysis, the histogram-below. (Figure 18) shows the. distribution.of the leagths of time that

over.one hundred “andseventy. of the most severe recorded GIC everits lasted. Storm categories and’
.indices are described in-more detailin Appendix -A, but-a:severe storm Is defined as.one that.generates
“suiface currents of 100A:or more and-has-a K:index.of seven:or more on'a scale from zero to nine. This:
.chart:only includes evénts. havlng ‘currents exceeding-400A and a:X Index of 9 and’while- the graat.

;majonty of them lasted less:than a minute; there. have been-3 few cases where: th&se ‘everits-have lasted:

- OVET: flve mmutes.
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Figure 18: Number of GIC Occurrences vs. Duration in Seconds [8; p. 53]

3.3  Analysisiof MHD and'GIC Effects

Research performed: over the last two idecades suggests.that transformiers.at:the ends or ricdes of a.
transmission line grid’ absorb the brunt-of the: damage: The DC nature of the current alters:the.
operatmg charactenst-cs of. the. transformer, generating: half-cycle:) rectification. effects that- manifest as
1higher order harmanics on.the:other side of the line. This-can lead 1o an increase- in the: reactwe ‘power:
demand, tripping. compensators.‘designed to protect the overall system: [7] Additionally, the DC:
currents can-saturate the transformer, generating magnetu: flux in-structural- components that were'not’
designéd: to handle flux: and’ react.by: ‘heating. ‘Over: time, ‘heating ‘of ‘métal-parts and other: structural’
components can-weaken them: and-make them: more prone.to, fail. It can also ‘cause bubbles to-be:
generated -in transformer oils that sensors ‘can :misinterpret as a defect-or fallure. -Saturation of

transforméers. occurs faster wheén the transformer is- operated closer:to its:maximum:load [S]: Often,

effects like, the generation.of harmonics and reactive: power demand can change:so-fast: ‘that’ human.
‘monitors of: the ‘power- grid. cannot react fast:enough'to understand. and adeSt the systemin time to:.
prevent problems, wihile effects like:heat damage can build slowly over long times without’ any warning.

‘until failure.occurs:

34 POt.entfiLalﬁc:gns.equenjces.,.-‘:bf"M.HD atNep

‘While transformers rmay:absorb-the brunt-of the damage caused:by the MHD. or GIC signals, thiéy:might:
ients including: high frequency harmonics with sufficient ‘strength to be.a concern of:

. ‘also: paiss: transi

-damage-to:sensitive- electronics. The analysis performed in the previous report 113 determmed rhat the;
.susceptnbility levels -of NPP- Instrumentation .and: momtormg ‘equipment <were ‘most ‘often: 10A, as-
deteriniined by various: government: Staridards: The magmtude of -the ‘cutredts-induced.-on overhiead.
lines: is- comparable: in magnitude to: the currents. Induced on ‘buried lines. by: the. early:time;, Ei
icomponent of ‘the: HEMP-‘generated fields-and-at least: an-order, of magnltude less than'the €1 currents’
mduced n overhead Iines ln both cases, as the threat SIgnals propagated through the vanous eiectnr.al

i




4  CONCLUSIONS-AND RECOMMENDATIONS'

. In-addition to recernit-effarts to.consider'the vulnerability of sensitive electronic equipment at:Nuclear

‘Power Plants to the very short, high rntensity threats posed by nuclear HEMP-events.and conventional

ingh Power Mlcrowave devices; an. effort was. undertaken to perform a srmilar analysis of ‘the long

duration; low intensity threats. posed: by HEMP.MHD field and- Geomagnetlc storm’ mduced currents;

‘Based on"decades. of research:and. over:150. years.of measurement data, thé: ‘scientific: ‘community--has

‘gained 'sufficient ‘understanding: of ‘Geomagnetically Indiiced: Currents to-allow for:a more statistical

analysls.rather than'the analytic anaiysis of the:earlier effort.- Based on this: research it-is-reasonable to

.conclude that the magnitude of MHD and GIC currents are approxumateiy the same, with both bemg

transmission svstems Consldering aII of the variabies that affect each current generating mechanism,

f‘;the MHD: and GIC are fair :;comparable in. magmtude, with their primary-difference being: that GIC,
currents are:of greater duration Depending onthe time of 'year-and.the: tlme of day,as wellas the'
relative. level of solar-activity, Currénts:of a few: amperes ‘can-be expected- frequentlv, tens of amperes

ioften and.hundreds-of amperes.occasionally.. After'a quick comparison. with the threat currents and

safety. margins. analyzed and:calculated in the previous report, it:is considered unlikely that. theserthreats

will do-any; harm:to the NPP systems: of interest.. In fact, the likeliest consequence will be:the
disconnéction’ of the” NPP from’ the:local .electrical grid-dueito transformer failures: if not:a greater"
‘collapse of the transmission line network:
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APPENDIX-A: Statistical Data Regarding Geomagnetic:Storms

Séveral differeit rating. systems: ‘have’ developed over the years t6' measure or-describe the’ mtensnty of
3eomagnet|c storms. Whena storm induces a strong. equatorial ring current; ﬂowing from East to West,
it: will in.turn Induce a magnetic field that ‘opposes-the :natural field: of the Earth. The.change in'the
magiietic fi field is measured hourly at:four locations near the: ‘equator and:these four: valesare’ averaged
to- generate a'single:value called, the Disturbance. strength, or Dst; in nanoTeslas (nT); ‘The: K-index-is:a
quasr-loganthmic scale with its: value determmed by measurements centered -out: of Boulder, Colorado.
\t'has.arange: .of 0'to:9 and is based on:the maximum honzontal component of the, Earth's magnetic field
‘measured over each thiee-four penod The Kp-index is basically the same, but is averagéd over a
rietwork:of"24. magnetometers:around. the: globe at-locations of 44: degrees to:60" dégrees latitude,
Because the K-and'K fimdrces -are nonlinear, they have been. converted 10-a linear ap. Index and when’
enght Ap values are: averaged ‘giving a daily value, the resu&t is_the: Apiindex; ‘There Is.also.an Auroral .
E'ECfrOjet (AE) index that. averages:the readings from seven.auroral zone:magretometers 24 times every.
hour: ‘There:are’ probably as:many more- indices that haven't béen listed here as thoseithat -have: been..
,Geomagnetrc ‘storms have also been stratified into: categonesbof intenisity. Figure 19 is one example:
comparingtwo:storm indices;: their actual‘magnetic field -amplitude: ‘ranges- and 3 four-trer :category: of"
‘storii: severity, levels. ‘For’ comparison, :the “undisturbed magnetic: field. :strength of the Earth .is.
approximately.30,000nT::

' ‘Measired Deviatici®

‘0=19.0T

70-119 2T

120-1990'!'
200-500+ 6T

Figure 19 Compnnson of Indices and Associdted Magnenc Field Levels (18, p: 4|

According to- another category,-a.magnetic: storm is-considéred to be“Weak®'if the.Dst index is.between
‘07and -50nT, it-is:called ‘“Modérate”-if:it. ranges:fram: -50nT-10: -100nT; “Intense” ‘when the:value falls:
‘between: -100nT ta:-500nT,and “Super-intense” when it exceeds -500nT [19); ‘Clearly, there.is no one.
-accepted list of storm categorles justas: there:is no-one storm: mdex widely. accepted by.the geomagnetuc-
commaunity.. Several additional fngures aré shown below that.indicate the probabihty of: geomagnetic‘
‘storms:of - varymg levels of intensity or daration based on.various indices: described above:




Figure 20 displays data that suggests storms 2.140nT can be expected, on-average, once:a year while
storms 2 300nT can be expected,- on average, orice every ten years. Figure 21 displays. data that
suggests-storms ‘with a Kp index of.5-or more can be expected'to accur: less than once a month while
‘storms with a Kp index of 8 or more:can be- expected to occur less than once. every year, The' data In
Figure 20°suggests storms with.a Dst $-200nT-can be expected to occur. 10%of the:time in every three

week period. .
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Figure 21:-Probability of Annual Storm Occurrence vs. Size of Storm (Kp) [20, p..114]
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‘Figure 22; Probability of Storm Size (D) in:any Tweaty Day.Period [21, p. 84]

‘The:data' plotted in; Figure 23; Figure 24, and figure 25 shows the; .correlation between: various storm
indices'and the cycle and magnitude of recorded sunspot-activity,

+Frocumncy of aw.> 80 1Y [dkys b yew]
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Figure 23: Correlation of aa > 80nT with Sunspot Activity from 1868-2005 [22, p. 141]
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Figure 24::Correlation of Dst-<-100nT with Sunspot:Activity from 1957-:2005 (22, p. 141]
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Figure25: Correlation:of AE>600nT with Sunspot Aetivity from, 1958-2005 [22; p.-141]




DISTRIBUTION

‘R. B. Sydnor

‘L. A. Hardin, Jr:

©)Xe [

:::::

06231
m’l N

‘USNRC

USNRC

01653
01653
05443
05443
05443,







