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Abstract The geospace, or the space environment near
Earth, is constantly subjected to changes in the solar wind
flow generated at the Sun. The study of this environment
variability is called Space Weather. Examples of effects
resulting from this variability are the occurrence of powerful
solar disturbances, such as coronal mass ejections (CMEs).
The impact of CMEs on the Earth’s magnetosphere very
often greatly perturbs the geomagnetic field causing the
occurrence of geomagnetic storms. Such extremely variable
geomagnetic fields trigger geomagnetic effects measurable
not only in the geospace but also in the ionosphere, upper
atmosphere, and on and in the ground. For example, dur-
ing extreme cases, rapidly changing geomagnetic fields
generate intense geomagnetically induced currents (GICs).
Intense GICs can cause dramatic effects on man-made tech-
nological systems, such as damage to high-voltage power
transmission transformers leading to interruption of power
supply, and/or corrosion of oil and gas pipelines. These
space weather effects can in turn lead to severe economic
losses. In this paper, we supply the reader with theoretical
concepts related to GICs as well as their general conse-
quences. As an example, we discuss the GIC effects on a
North American power grid located in mid-latitude regions
during the 13—14 March 1989 extreme geomagnetic storm.
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That was the most extreme storm that occurred in the space
era age.
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1 Introduction

The space environment in the Earth’s vicinity, or the
geospace, is directly affected by the flow of charged parti-
cles generated at the Sun, named the solar wind plasma [27].
Solar wind particles and the embedded magnetic field, com-
monly called interplanetary magnetic field or IMF, interact
directly with the Earth’s magnetic field, and carves out a
region in space called the magnetosphere (see Fig. 1). The
speed and flow direction of the solar wind along with the
IMF orientation controls the shape and size of the mag-
netosphere [56]. When such solar disturbances encounter
the terrestrial magnetosphere, a myriad of effects may arise
both in the geospace and on the ground [27, 29]. Studies of
these interactions and their subsequent effects are subject of
a discipline named Space Weather [12, 27].

The IMF is attached to the solar wind due to frozen-
in conditions [57]. If the north-south component of the
IMF is directed downwards, i.e., B, < 0, more solar wind
energy and momentum are allowed to enter the magneto-
sphere [10]. This process is called magnetic reconnection
[18]. As aresult, energized plasma coming from the magne-
tosphere may generate geomagnetic effects detectable in the
geospace [67], upper atmosphere [48, 60], ionosphere [39,
43,45, 60], and on the ground [20, 25, 40].

The most geoeffective solar disturbances are named coro-
nal mass ejections (CMEs) [19, 59]. When CMEs strike
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Fig.1 The Earth’s
magnetosphere and its current
system. Figure downloaded
from http://www.mssl.ucl.ac.uk/
www_plasma/main.php

Solar Wind

Earth, the first most dramatic effect that takes place almost
instantaneously is the storm sudden commencement (SSC),
which is the signature of a sharp geomagnetic field increase
resulting from the sudden magnetosphere compression. This
phenomenon is usually associated with shock waves driven
by the CME leading edge or CME shock/sheath region [3,
33-35, 44, 46, 47]. CMEs carry magnetic structures with
them, frequently named magnetic clouds. Magnetic clouds
have intense magnetic fields whose north-south component
rotates at high rates while CMEs travel in the interplane-
tary space [19, 59]. The B, component then interacts with
the north-ward dayside geomagnetic field causing magnetic
reconnection to occur [61]. As a result, magnetic reconnec-
tion occurs whose intensity will closely depend upon how
negative B, is and how long it is sustained throughout the
storm period [16, 17].

Modern technological infrastructures, such as power
grids, oil and gas pipelines, and communication systems,
are often affected by severe solar disturbances. For exam-
ple, the impact of CME:s as described above on the Earth’s
magnetosphere can generate geomagnetically induced cur-
rents (GICs). GICs result from highly variable currents in
the magnetosphere-ionosphere system that induce an elec-
tric field on the Earth’s surface [5, 25, 37, 50, 51]. The
effects of GICs are notable not only in high-latitude regions
[42, 54, 65, 66], but also in mid-low latitudes and equa-
torial regions [1, 8, 9, 38, 40, 68, 69]. Although GICs can
be highly intensified during severe storm times, the impact
of shocks followed by compressions have been of interest
since a growing number of electric power infrastructures
are located in several regions at different latitudes, includ-
ing equatorial regions [4, 8, 14, 68]. Such effects have led
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policy makers to initiate measures to assess risks and pro-
tect human-made assets not only on the ground, but in space
as well (see, e.g., [22], and references therein).

The main goal of this paper is to provide the basic theory
and observational concepts associated with GICs, supported
with several references to guide the reader. In Section 2,
we discuss the nature and nomenclature frequently used in
regarding geomagnetic storms, focusing on extreme events.
Section 3 shows the most important theoretical concepts
used to calculate GICs with a summary of the most impor-
tant GIC equations. As an example of an extreme and rare
event, we choose the 13—14 March 1989 geomagnetic storm
to illustrate its effects on the GIC production in the ground.
Section 4 discusses the storm and GIC effects. Finally,
Section 5 summarizes and concludes the paper.

2 Nature and Classification of Geomagnetic Storms

As previously discussed in the introductory section above,
CME-driven geomagnetic storms are characterized by the
interaction of two distinct regions with the Earth’s magne-
tosphere. First, the CME leading edge whose impact causes
the horizontal field component to increase, or an SSC. This
is the initial phase of the storm. When the magnetic structure
arrives at Earth, due to magnetic reconnection, this hori-
zontal field component is highly depressed in a time frame
of one to a few hours, or even a few days, until its recov-
ery [28]. This characterizes the storm main phase and storm
recovery phase. The depression in the horizontal magnetic
field measured at the ground is caused by an intensification
of the ring current (10-3000 keV electrons and ions coming
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from the magnetosphere) that flow around the Earth in the
dusk-dawn direction.

Geomagnetic storm intensities are measured by a very
popular index called disturbance storm index, or Dst. The
Dst index has a time resolution of one hour and is compiled
from measurements obtained by ground magnetometers at
stations located in middle latitudes. Although Dst is still
commonly used today, another index which seems to be pre-
ferred to capture shorter time scale magnetosphere dynam-
ics is the symmetric ring current index, or SYM-H. This
index is similar to the Dst index, but with a finer time resolu-
tion of one minute, as first suggested by Iyemori [21]. Both
Dst and SYM-H index data can be downloaded from the
website of the World Data Center located in Kyoto, Japan
(http://wdc.kugi.kyoto-u.ac.jp/index.html). In this paper, we
will use the term Dst as a general term to describe geomag-
netic activity. The SYM-H term will be used when referring
specifically to the one-minute time resolution index.

Geomagnetic storms are frequently classified according
to their intensity as quantified by the minimum value of the
Dst index occurring at the end of the storm main phase.
There are several different ways to classify storms. These
storm classifications may differ among the space science
community depending on the study. For example, what one
would consider a moderate storm, another one would con-
sider an intense storm, and so on. Perhaps the most used
nomenclature was suggested by Gonzalez et al. [16] and
will be used here. A weak storm usually has a minimum
Dst of — 30 nT; in the case of a moderate storm, — 50 nT
< Dst < —30 nT; and intense storms, — 100 nT < Dst
< —50 nT. Storms with these intensities occur very often
throughout a solar cycle. Superintense geomagnetic storms
(=500 < Dst < — 100 nT) are relatively rare. Here the term
extreme event is reserved for storms with Dst < — 500 nT.
For example, only one extreme storm occurred during the
space age era, namely the storm of 13—-14 March 1989 [2].
The most intense extreme event that exists on record is the
Carrington event which occurred in the period 1-2 Septem-
ber 1859. According to modern estimates [62], that storm
had an SSC with amplitude of ~ 120 nT with an unprece-
dented maximum H-component depression magnitude of
~ 1600 nT at a low latitude station. The main phase of that
extraordinary storm lasted for ~ 1.5 h, which is typical for
extreme events [28]. General properties of extreme events
estimated by historical data can be found in the literature
[28, 62, 63]. Table 1 summarizes the storm nomenclature
used in this paper, along with their correspondent minimum
B, components.

In spite of being rare, the occurrence of extreme storms
could be catastrophic to modern day technology. It is widely
considered that a Carrington-like storm could cause severe
damage to human assets not only in space, but also on
the ground, as discussed in the literature [28, 31, 41, 62].
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Table 1 Nomenclature often used in classifications of geomagnetic
storms

Storm Minimum Minimum Time
Classification Dst (nT) B, (nT) Duration
Weak —-30 -3 lh
Moderate —-50 -5 2h
Intense — 100 - 10 3h
Superintense —500 —-50 >3h
Extreme < —500 <—50 <3h

However, a recent study has shown that such an event or
even a stronger event might occur with probability 3—-10%
in the next 100 years or so [55].

3 Generation and Computation of GICs

Basically, GICs on the ground occur at the end of a complex
space weather chain of events triggered by solar erup-
tions. The dynamic interaction between the disturbed solar
wind and the Earth’s magnetosphere causes intense vari-
ation of near-space electric current systems that produce
rapid changes in the surface geomagnetic field.

Fundamentally, the physical concept of the flow of GICs
is associated with Faraday’s law of induction, i.e., changing
magnetic fields induce electric currents in conductors. This
law can be expressed mathematically as

0B
VXxE=—-— 1
x 37 ey

thereby relating the temporal variation of the geomagnetic
field to the formation of the geoelectric field. The induced
geoelectric field inside the Earth then drives GICs in ground
systems according to Ohm’s law J = o E. This induced
geoelectric field is independent of the technological system
but primarily depends on the magnetosphere and ionosphere
currents along with secondary effects introduced by the
Earth’s geology [49].

Computation of GIC flowing through a particular net-
work node involves a two-step approach [50, 51]. The
first step is of geophysical nature requiring the estima-
tion of the geoelectric field based on the knowledge of the
magnetosphere-ionosphere currents and ground conductiv-
ity structure. The second step is the engineering part in
which the currents flowing in the system are estimated based
on the determined geoelectric field and detailed information
about the particular ground system.

Since the geoelectric field controls the currents that flow
on ground-based systems, it is therefore the primary quan-
tity that determines the magnitude of GICs. The simplest
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geoelectric field model assumes that a plane wave is propa-
gated vertically downwards and that the Earth is a uniform
(or a layered) half-space with conductivity o [7].

If we adopt a single frequency w and a reference frame in
which the X and Y axes lie in the horizontal plane, the hori-
zontal geoelectric field components can be given in terms of
the perpendicular horizontal geomagnetic field component
By x as
Eqy=+ |2 ¢T B, )

Ho O
where (o is the permeability of free space. To eliminate
significant attenuation of external electromagnetic fields,
the layer of air between the ground and the ionosphere is
assumed to have zero conductivity.

Equation (2) is the “basic equation of magnetotellurics”
that stipulates the basis for deriving the Earth’s conductiv-
ity using electric (or telluric) and magnetic measurements
recorded at the surface. The plane wave method is a well-
established and commonly used method in GIC applications
[4, 38, 40, 51, 54, 66].

Once the E-field is known, it is relatively straightforward
to carry out the engineering step for any ground system (e.g.,
[37, 50]). Treating the geoelectric field as spatially constant
and if the network coefficients are known, then the GIC can
be calculated according to the equation

GIC (1) = a Ex (t) + b E, (1) 3)

where a and b are the network-specific coefficients at each
network node depending only on the resistance and geo-
metrical composition of a system [65]. Equation (3), widely
referred to as the “GIC equation,” is a purely engineer-
ing task requiring an accurate description of the system
parameters. For further details regarding this step, interested
readers are encouraged to consult Lehtinen and Pirjola [30]
and/or Viljanen and Pitjola [65], and references therein.

4 The 13-14 March 1989 Extreme Event
4.1 Storm SYM-H Profile

The 13—14 March 1989 geomagnetic storm is the only storm
event that took place in the space age era that agrees with
our definition of extreme storms, as expressed by Table 1.
Unfortunately, for this storm, there are neither solar wind
nor IMF data available because there were no spacecraft
upstream of the Earth to measure the solar wind and IMF
properties. The only data available for that storm come from
measurements obtained by ground magnetometers.

Figure 2 shows the SYM-H profile of the 13—14 March
1989 geomagnetic storm. The time range of that plot goes
from 0000 UT of 12 March 1989 to 0000 UT of 15 March

13-14 March 1989 extreme geomagnetic storm
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Fig. 2 Three-day range of SYM-H data, in nT, for the 13—-14 March
1989 geomagnetic storm. The highlighted region corresponds to the
complex developing of the storm main phase which occurred mostly
on the 13™ of March. The non-highlighted regions corresponds to the
quite time (mostly during the 12 of March), and the recovery phase,
(mostly during the 14" of March). The abrupt change in SYM-H seen
a few minutes after 0200 UT (day 13) marks the onset of the storm
initial phase, or the occurrence of an SSC event

1989. Needless to say, this storm presented a very inter-
esting and complex behavior. The storm can be divided in
the following phases: the quiet time, mostly on the 12" of
March; the storm main phase, mostly on the 13™ of March,
highlighted in the figure; and storm recovery phase, mostly
on the 14™ of March. The minimum Dst value was ~ — 589
nT, and the minimum SYM-H value was ~ — 710 nT, which
occurred approximately at 0100 UT on 14 March 1989 cor-
responding to the end of a long and complex main phase
with duration of almost 24 hours. From the GIC standpoint,
it is important to note that the intensity of GICs is closely
related to the rate of change of the geomagnetic field, as
expressed in (1), rather than the peak value of the Dst index.

The storm initial phase occurred at ~ 0200 UT on the
13™ of March, starting with an abrupt increase in the SYM-
H index before reaching an amplitude of about 40 nT,
probably due to the impact of a high-speed CME. Among
other minor SSC events, another major one took place,
with magnitude ~ 80 nT, presumably due to the impact of
another fast CME. The sequence of several CME impacts
causes the SYM-H index to decrease throughout the 13™ of
March. For example, several deep negative excursions can
be identified during that day: ~ 0230-0900 UT (minimum
SYM-H of — 150 nT; ~1100-1200 UT, minimum SYM-
H —260 nT; a complex multi-main phase period occurs
between ~ 1800-2200 UT with several decreases of the
SYM-H index which are most likely related to CMEs with
strongly negative B, components. Approximately at the end
of the storm main phase, SYM-H decreases sharply in the
period of ~2300 UT of the 13™ of March to the ~ 0100
UT of the 14" of March with an amplitude as strong as 350
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nT, when SYM-H reached its minimum value. After ~ 0100
UT of 14 March 1989, the magnetosphere starts gradually
to recover and it takes over a day to return to its steady state.
As aresult, the overall and complex main phase of the storm
was a result of the combination of several main phases pre-
sumably generated by a sequence of the impacts of several
high-speed CMEs on the Earth’s magnetosphere.

Based on the theoretical framework presented in the pre-
vious section, it is clear that the extreme storm of 13-14
March 1989 caused extreme effects on the ground due to the
induction of GICs. In the next section, we will discuss those
effects.

4.2 GIC Effects

The March 1989 storm is definitely the largest geomag-
netic storm of the space age. The resulting GICs caused
widespread space weather effects. It is reported that in North
America, these effects appeared at six different times dur-
ing the entire storm period [6, and references therein]. The
most serious impact of the storm occurred at 0245 EST
on March 13 when large amplitude GICs caused failure of
Hydro-Quebec power network grid. The power outage was a
result of broad transformer saturation producing harmonics
that in turn caused tripping of several static VAR compen-
sators (e.g., [5, 6], and references therein). For an in-depth
discussion on the impact of GICs on electric power utilities,
readers are encouraged to consult Molinski [36].

Usually GIC effects are investigated for individual
ground stations around the globe. Ground magnetometer
data of individual stations can be found, with time resolution
of 1 minute, at the SuperMAG collaboration website (http://
supermag.jhuapl.edu and supermag.uib.no) and the United
States Geological Survey (USGS) website (https://geomag.
usgs.gov/products/downloads.php).

Although the prompt and most dramatic GIC effects
occur in power transmission systems located in high lati-
tude regions, it is important to note that this extreme storm
did in fact also affect power transmission systems in mid-
latitudes. As reported by Carter et al. [8], GIC enhancements
in mid- and low-latitude regions are also important due to
high increase in the number of power transmission lines in
those regions located mainly in developing countries.

Shown in Fig. 3 is a response of the recorded horizontal
geomagnetic field Bx and By components and the rate-of-
change dH/dt for Fredericksburg station (Latitude 38.20°
N, Longitude 77.32° W) in USA for the 13 Mar 1989
extreme storm. This figure covers the main phase and recov-
ery phase of the storm. During the development of the storm
main phase, some variations in Bx and By are seen pre-
sumably resulting from multiple impacts of CMEs on the
13 Mar 1989, as seen in Fig. 2 for the SYM-H response.
The horizontal magnetic field variation presents a few peaks
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ranging from 50 nT to approximately 330 nT during the
13 of March, well timed with enhancements in By and
By, in random time intervals of 2-6 hours. In addition, at
approximately 2000 UT of the 13™ of March, By is strongly
enhanced, and a By enhancement follows within near 1 hour.
The corresponding dH/dt data also contain intense varia-
tions during this interval, which are quite extreme for this
typical mid-latitude station. However, this scenario is not
surprising during extreme storms like 13—14 March 1989
when auroral current, which is one of the major drivers of
GICs, can expand to lower latitudes (see e.g., [11, 24, 40,
41)).

One of the main GIC effects on ground-based equip-
ment occurs on power grid transformers. During times of
intense GICs, transformers can be seriously damaged and
even completely destructed by intense heat caused by the
flow of GICs. As widely reported in the literature, the shape
and size of transformers control the local heat and subse-
quent increase in temperature in vital functional areas of
transformers (see, e.g., [13, 23, 52]).

An example of direct effects caused by GICs induced
at a mid-latitude power grid station is shown in Fig. 4,
extracted from Kappenman [23]. This figure shows internal
heat effects on a transformer located at the Salem Nuclear
Plant in Lower Alloways Creek, N.J. That was a large trans-
former connected to the 500 kV grid transmission of the
Salem station. The image on left shows the transformer
under natural conditions. The two images on right show a
picture of some of the transformer’s components after the
13—14 March 1989 extreme geomagnetic storm. The intense
GICs caused a severe melting down of the transformer paper
tape winding insulation themselves, even though they were
immersed in oil for cooling and insulation (for more tech-
nical detains, see [23]). Therefore, intense GIC enhance-
ments can destroy power grid equipment and lead so severe
economic losses. For more details on the assessment of
GIC impacts on power grid distributions and the subse-
quent economic consequences in recent years, see Schrijver
et al. [58].

Finally, we would like to mention another period of
intense geomagnetic activity caused by the impact of fast
CMEs on Earth, namely the Halloween storms [32]. These
storms occurred on the period of 29-31 October 2003, with
minimum Dst around — 400 nT [64]. As reported by Kap-
penman [26], in spite of their classification as super intense
storms, the Halloween events caused modest variations in
the horizontal magnetic field, leading to unexpectedly low
GIC intensifications, at least in the North American sec-
tor. Indeed, these storms caused blackout in Sweden [53]
and severe damage to power grids in South Africa [15].
Kappenman [26] attributed such modest GIC variations to
the use of similar geomagnetic indices to compare geomag-
netic effects in different regions. As a result, the prediction
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Fig. 3 Geomagnetic field
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Fig. 4 Transformer damaged by an intense internal heating caused by
the superintense 13—14 March 1989 geomagnetic storm. Left image:
transformer under normal conditions. Two right images: details of
the components whose melting down was caused due to severe GIC
increases. Figure taken from Kappenman [23]

of GIC effects based on such analysis would lead to
overestimated GIC intensifications and subsequent power
grid consequences. A detailed comparison between the GIC
effects of the Halloween storms and the 13—14 March 1989
extreme event is performed by Kappenman [26].

5 Summary and Conclusion

In this paper, we reviewed some basic ideas of the effects
resulting from solar-terrestrial connections, with emphasis
on geomagnetic storms. We presented some equations to
illustrate the theoretical basis of GIC calculations. Our main
focus was on the basic principles of GIC generation on
the ground and their threats and consequences to modern
technology.

As an example for discussion, we chose the extreme
geomagnetic storm of 13—14 March 1989. That storm was
the largest storm in the space era, with minimum SYM-H
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index of approximately — 710 nT at the end of its complex
and intricate 23-h main phase. Although there are no solar
wind/IMF data available for that particular storm, due to
its SYM-H profile, it is speculated that storm event was
caused by the impact of successive fast CMEs on the mag-
netosphere. The storm took over a day to recover from that
extreme event.

The ground effects caused by that extreme geomagnetic
storm were analyzed in some details to a particular mid-
latitude location. The horizontal geomagnetic field com-
ponent, By, showed a gradual increase at 2000 UT of 13
March, and the By component showed a sharper increase
around the same time as well. Due to this high variability,
intense GICs were created within approximately 2 h. As a
result, as illustrated by Fig. 4, the transformer of the Salem
Nuclear Plant in Lower Alloways Creek, N.J undertook
severe damage. The transformer’s paper tape winding and
the winding themselves melted down due to an extremely
high GIC peak that was associated with a geomagnetic rate-
of-change magnitude of ~400 nT/min, even though the
whole system was immersed in oil used for cooling and
isolation.

Finally, we emphasize the importance of the study of
Space Weather not only as an academic discipline, but also
as a branch of science with great importance in assessing the
protection to assure integrity and long useful life of human
assets in space and on the ground.
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