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Abstract.

Geomagnetically induced currents (GICs) represent a significant space weather
issue for power grid and pipeline infrastructure, particularly during severe
geomagnetic storms. In this study, magnetometer data collected from around
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CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM

the world are analyzed to investigate the GICs caused by the 2015 St. Patrick’s

Day storm.

While significant GIC activity in the high-latitude regions due

to storm-time substorm activity is shown for this event, enhanced GIC ac-

tivity was also measured at two equatorial stations in the American and South-

East Asiﬁ'-iﬁlors. This equatorial GIC activity is closely examined, and it

is shown present both during the arrival of the interplanetary shock

at the sfoim sudden commencement (SSC) in South-East Asia and during

the main

asg of the storm ~ 10 hours later in South America. The SSC

caused magngtic field variations at the equator in South-East Asia that were

agnitude of those observed only a few degrees to the north, strongly

twice the m
indicatingﬁ the equatorial electrojet (EEJ) played a significant role. The

large equaﬁ magnetic field variations measured in South America are also

examined m

of the sEanges in the EEJ ~ 10 hours into the storm. From this anal-
ysis it i ed that sudden magnetopause current increases due to in-

creases in ghe solar wind dynamic pressure, and the sudden changes in the

resultant

tospheric and ionospheric current systems, are the primary

drivers of efiffforial GICs.

Aut

DRAFT

October 11, 2016, 7:46pm

This article is protected by copyright. All rights reserved.

he coincident solar wind data are used to investigate the causes

DRAFT



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

X-4 CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM

1. Introduction

The March 17, 2015 geomagnetic storm has been the largest in more than 10 years
(minimum SYM-H of -234 nT), and some key aspects of this storm have attracted signif-
icant res&iﬂittention. For example, the resulting ionospheric storm phases have been
thoroughl ined [e.g., Astafyeva et al., 2015; Fagundes et al., 2016; Zhong et al.,
2016, amdudaaacsponse of the equatorial ionosphere to prompt-penetration electric fields
and distum%nce dynamos has been investigated [e.g., Ramsingh et al., 2015; Tulasi Ram
et al., 201@7’1567“ et al., 2016; Huang et al., 2016; Joshi et al., 2016; Zhou et al., 2016;
Kakad et mlﬁ; Huang et al., 2016].

Geomagnetidhlly induced currents (GICs) represent a significant challenge for society,
given our ftrong dependence on stable electricity supply [e.g., Knipp, 2015; Gaunt, 2016,
and refermtherein]. GICs arise from induced geoelectric fields that are caused by
magneti uctuations in the near-Earth space environment via Faraday’s Law [e.g.,
Viljanen, ; Pirjola, 2000]. GICs are well-known to occur during severe geomagnetic
storms, particularly those caused by coronal mass ejections from the Sun.

Reports%?ed with providing economic impacts of severe space weather events have
generally focused on one particular country/region (e.g., NAOS report!, Lloyd’s
reportQ)Eugh, a recent analysis using a global economics model has shown that a
10% redudtion in electricity supply to Earth’s most populated and highly industrialized
regions d a severe geomagnetic storm can impact the global economy on the same

scale as{and global financial crises [Schulte in den Bdumen et al., 2014].
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CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM X-5

These serious consequences are based on lengthy power supply loss due to the failure
of expensive transformers that take a long time to replace (NAOS report). However,
some recent results have shown that catastrophic failures are not necessarily required in
order to have a detectable economic impact because of the way that wholesale electricity
marketsﬂﬂﬁ‘e. Forbes and St. Cyr [2008] studied the impact of space weather on 12
geographi%parate locations around the world and demonstrated that real-time mar-
ket conditjons were statistically related to local magnetic field fluctuations. In another
study, Schgijegr et al. [2014] found that insurance claim rates for industrial electrical
equipment_aggoss North America rose significantly on days with elevated geomagnetic
activity. Te@e;ore, even if power infrastructure hardware is not lost during severe space
weather e ; GICs in regional power grids can still have broad flow-on effects through-
out the glEconomy, which highlights the continuing need for better understanding of
the space @nmen‘c and its effects on our infrastructure.

PrevE&rCh attention has been focused on quantifying and modeling the effects

of GIC high-latitude region, which is appropriate given that GICs are known to
be the moltiltense in the auroral regions, beneath the auroral electrojets [e.g., Pulkkinen
et al., 20 d references therein]. Some recent studies have shown that the equato-
rial bound f the high GIC threat region lies between 50° and 60° magnetic latitude
[Pulkking., 2012; Ngwira et al., 2013; Love et al., 2016).

The mi low-latitude regions have also received some research attention [e.g., Kap-
penman, 2003.2005; Trivedi et al., 2007; Watari et al., 2009; Marshall et al., 2011, 2012;

Zhang et 0™ 15, 2016] due to the magnetic field variations that are observed during

sudden impulses (SIs), which are caused by sudden changes in the solar wind dynamic
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X-6 CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM

pressure [e.g., Russell et al., 1994]. When the solar wind dynamic pressure suddenly in-
creases, the magnetopause current suddenly changes, and this results in a global magnetic
field signature [e.g., Araki, 1977, 1994; Russell et al., 1994; Shinbori et al., 2009]. The
magnitude of the resulting magnetic field fluctuation varies significantly with location on
the groqu generally more pronounced effects between 60° and 70° magnetic latitude
[Fiori et @] due to the location of the auroral ionospheric currents at the moment
of the ST _

The glangnetlc field signature caused by Sls has been the subject of a lot of re-
search. A mogel for SIs (also referred to as “sudden commencements (SCs)”) first proposed
by Araki gﬁw% | separated the magnetic field signatures measured on the ground into
compone glnatlng from the magnetosphere (i.e., the magnetopause current and the
ﬁeld—alignﬁrren’cs) and the ionosphere. The sudden increase in the magnetopause
current dIs launches an inward compressional magnetospheric wave that carries a
polariza rent on the wave front. As the compressional wave propagates inwards,
it unde ode conversion upon reaching a steep gradient in the Alfven speed, and
this inﬂuelcithe field-aligned currents flowing in and out of the ionosphere. Numerical
modehng magnetosphere has been shown to well replicate these effects over the
few—mmute scale that these effects occur [Fujita et al., 2003a, b]. These field-aligned
currentsseﬂ;posmwe and negative electric potential on the dusk and dawn sectors,
respectlve ich drives a two-cell Hall current system in the high-latitude ionosphere
e.g., K@kuchz d Hashimoto, 2016]. The equatorial ionosphere is effectively connected to
the high- e two-cell Hall current system via Pederson currents at mid latitudes [see

Fig. 1 of Araki et al., 2009]. As a result, the Cowling effect at the magnetic equator causes

DRAFT October 11, 2016, 7:46pm DRAFT

This article is protected by copyright. All rights reserved.



89

90

91

92

93

o4

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM X-7

a sudden response of the equatorial electrojet (EEJ) to the SI event. Recently, Piersanti
and Villante [2016] developed a technique to extract the magnetospheric (DL) and the
ionospheric (DP) origin fields from a ground signal during a SI. They evaluated the DL
field by a comparison between magnetospheric field observations and Tsyganenko and
Sitnov [Wodel predictions. The DP field is extracted by subtracting the estimated
DL field l@round observations.

In the c@t of GIC research, the EEJ has been suspected to play a significant role
in the gengramon of GICs at equatorial latitudes during geomagnetic storms, much like
the aurora, ctrojets at high latitude regions [Pulkkinen et al., 2012; Ngwira et al.,
2013; Mo%and Tsu, 2016]. Recently, Carter et al. [2015] confirmed that the EEJ
caused en d GIC activity during SI events. Importantly, their analysis showed that
equatorialﬁactivity was not limited to geomagnetic storms, but was also evident for
interplanemhock arrivals that did not precede geomagnetic activity. While 14 years
of SI ev e analyzed by Carter et al. [2015], the physical mechanism connecting SIs
to enha atorial GIC activity was not explored in detail.

In this w an analysis of the magnetic field variations observed on the ground, and
the associ GICs, for the 2015 St. Patrick’s Day storm (March 17-18) is presented.
Of particul cus are the magnetic field variations observed at the magnetic equator in
associatgn perturbations in the EEJ current caused by the storm. High-resolution

magneto ata collected from all over the world allows an investigation into the

physical Conn(fition between SIs and equatorial GICs.

2. Global magnetometer observations
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X-8 CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM

Ground-based magnetometer station data are primarily used in this analysis. Several
magnetometer networks exist around the world, and this study uses a subset of them.
Due to its global coverage, the International Real-Time Magnetic Observatory Network
(INTERMAGNET) [Love and Chulliat, 2013] magnetometer data is predominantly used.
This da‘m*ﬁdsupplemented by the data collected from two South-East Asian stations
in Phukeangkok, which are recent additions to the African Meridian B-Field
EducatignEResearch (AMBER) network | Yizengaw and Moldwin, 2009] to extend its
longitudingd ceyerage. The observations collected at the magnetic equator by the AMBER
Phuket statiqm are particularly important in this study.

Figure 1 shows the locations of the stations used in this analysis. The blue trian-
gles show ocations of the stations from INTERMAGNET, and the orange triangles
are the tvmjsen stations from the AMBER network. The black dots in the North
American@n are stations from several networks that include: Athabasca University

THEME Magnetometer Network (AUTUMNX); Canadian Array for Real time

Investi f Magnetic Activity (CARISMA) [Mann et al., 2008]; Canadian Magnetic
Observatowtwork (CANMOS), magnetometers in Greenland that are operated by the
Technical @ersity of Denmark, Geophysical Institute Magnetometer Array (GIMA),
Magnetimﬁrray for Cusp and Cleft Studies (MACCS) [Engebretson et al., 1995],

Mid-continent MAgnetoseismic Chain (McMAC) [Chi et al., 2013], the Solar and Terres-
e —

trial Physi TEP) chain, the THEMIS ground magnetometers [Russell et al., 2009],

and US Geologjcal Survey (USGS) stations, and are used to produce ionospheric current

strength 1 ation. The dashed lines indicate the locations of the 0° and +50° magnetic

latitudes estimated using Baker and Wing [1989]’s model.
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CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM X-9
3. Results and discussion

3.1. Geomagnetic activity summary

Before the analysis of the magnetometer data, a brief overview of the 2015 March 17-18
storm is given. Figure 2, from the top panel to the bottom, shows the SYM-H index
and the 1g@;ﬂu’ciom of the magnetopause (MP) current to the SYM-H index (blue), the
temporal {@ es in the SYM-H index and the MP current contribution (blue), the solar
wind dyR MM Pressure measured by the Wind spacecraft, shifted in time to the bow shock,
the AU (thjckgand AL (thin) indices and their temporal variations (blue), and finally the
interplanetary electric field (IEF = —V x B,) calculated from Wind data, which has
also been @d to the bow shock. The MP current contribution to the SYM-H index
has been c:ated in the same way as Carter et al. [2015], using the empirical formula
given by Rurton et al. [1975]; Gonzalez et al. [1994]. The time axis is storm time taken

from 0445@1& March 17, 2015, which is when the initial interplanetary shock arrived

(i.e., st(Ee = UT - 4.75). The AU and AL indices use magnetometer data from

several atitude stations to quantify the eastward and westward auroral electrojet

activities, iefctively [Kamide and Akasofu, 1983], and are used as a simple indicator of
substorm geksagity in this study.

At the storm sudden commencement (SSC, 0445 UT on March 17, 2015), there is an
abrupt &in the SYM-H index that coincides with the initial interplanetary shock in
the solar vy ynamic pressure. The change in the SYM-H index is close to 30 nT /min.
For this f;ﬁ there is a gap in the solar wind data, but the data shortly after the shock

shows tQMP current has substantially increased as a result of this shock arrival; the

SYM-H increase at SSC is almost fully accounted for by the MP current contribution. The
DRAFT October 11, 2016, 7:46pm DRAFT
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X-10 CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM
storm’s entire main phase lasted approximately 18 hours, followed by a recovery phase
that lasted at least 25 hours.

The SYM-H index and the MP current contribution show several temporal fluctuations
during the storm’s main phase, some of which coincide well with several abrupt changes
in the seﬂnﬂld dynamic pressure. The AU and AL indices do not become large until
close to after SSC. Importantly, it is also during a period of high substorm
activity that the largest variations in the AL index were observed, some reaching close
to 500 nT@. Finally, the IEF data shows periods where penetration electric fields
are expected £o influence ionospheric plasma drifts in both high-latitude and equatorial
regions. In particular, crossings from negative IEF to positive IEF indicate interplanetary
magnetic ;z crossings from northward to southward, and thus prompt-penetration

electric ﬁe@PEFS), which are known to influence equatorial ionospheric plasma drifts

le.g., Fejem., 2008; Tsurutani et al., 2008; Abdu, 2012].

3.2. Glob agnetic field fluctuations

Figure 3 shows the largest temporal variation in the magnetic field, dB/dt, as a function
of magnetmmde for the March 17-18, 2015 storm. In Fig. 3a, the points are colored
according storm time at which the plotted dB/dt value was observed during the
storm, arnﬂig. 3b the points are colored according to the corresponding local time of
the Stati.Q‘_E‘ist, it is worthwhile to note that the latitudinal distribution of maximum
dB/dt, Wi@s‘can‘cially larger values at latitudes higher than 50°, is similar to those
reported j past for combined storms [e.g., Ngwira et al., 2013; Love et al., 2016], and

for individual Storms [Pulkkinen et al., 2012].
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Interestingly, the maximum dB/dt values in Fig. 3a correspond to three groupings in
terms of the storm time; (1) black points that correspond to the SSC, (2) blue points
that correspond to ~ 10 hours into storm, and (3) yellow/red points that correspond to
~ 40 hours into the storm. The mid- and low-latitude stations primarily compose group

1), wheudpemidl high-latitude and one equatorial station compose group (2). The third
grouping responds to ~ 40 hours after SSC consists of stations in the highest
latitude.loia_fns in the northern hemisphere.

Figure o shows some noteworthy groupings; (1) stations measuring their largest
dB/dt durjpgghe late evening/early morning hours, which are predominantly in the high-
latitude regions, and (2) stations measuring their maximum dB/dt values during the local
daytime h:,which are predominantly located at mid-to-equatorial latitudes.

TogetheEs. 2 and 3 provide indications about which phases of the St. Patrick’s Day
storm WGI@UOSt favorable for GIC generation. The low- and mid-latitude stations were

most VLEJEO GICs at the moment of SSC, whereas both the equatorial- and high-
e

laitutd s were most susceptible during the elevated auroral electrojet/substorm
activity S(fe_l() hours into the storm. In the context of space weather prediction for power
grid opera@these timings are important and provide a demonstration that forecasting
severe subs s le.g., Tsurutani et al., 2015] is important for predicting large GIC events.
In termg low- and mid-latitude stations, the solar wind data from the Lagrange
point L1 wal for accurately forecasting the arrival time of the storms’ initial shock

e SSCly and also their severity in terms of dB/dt on the ground, which can be

estimate the solar wind dynamic pressure observations, see Fig. 2.
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X-12 CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM
3.3. Equatorial GICs in South America

Given that many studies have investigated the generation mechanisms of severe GICs in
high-latitude regions, we focus our attention to the largest dB/dt values observed in the
equatorial region, particularly those observed by the station at Huancayo, Peru (HUA);
the poinvjuimed /dt ~ 100 n'T/min at 0 ° in Fig. 3. Figure 4 shows the time series of
the geomc summary presented in Fig. 2, but between 13 and 16 UT (between
approxiﬁla&e-ﬂZS and 11 hrs storm time). During this interval, HUA observed its largest
dB/dt valgeswgredominantly in the x-direction (i.e., northward), which are displayed in
the lower of Fig. 4.

The largest dB/dt value plotted from HUA in Fig. 3 corresponds to the negative
dBx/dt s:t 10.7 hrs after SSC in Fig. 4. At this time, unfortunately, there is a
gap in thEr wind data, which complicates efforts to understand what role, if any,
the solar @ﬂayed in this equatorial dB/dt enhancement. Fortunately, another large
dB/dt Eﬁon occurred at 9.2 hours after SSC; a time when the solar wind data are
comple m 1B /dt spike was largest at 9.2 hours after SSC, but it began close to 9.1
hours thupt increases in both the solar wind dynamic pressure and the SYM-H
index wer erved. There is a notable time difference between the SYM-H increase

and the ﬁnd dynamic pressure increase at 9.1 hrs, but this difference is most likely

due to a shgnt inaccuracy in the propagation of the solar wind data to the bow shock.

{

Another imsisgéion of a slight propagation inaccuracy is the fact that the d(SYM-H)/dt

U

and d(MP)

/digspikes observed close to 9.1 hrs are similar in magnitude, but slightly

shifted. correlation analysis found that the highest correlation was achieved by

A

delaying the solar wind data by a further 4 mins.
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Importantly, just before the moment of the HUA spike at 9.2 hrs after SSC, the IEF
shifts from negative to positive, and is a prime moment for an eastward-directed PPEF
at the equator on the dayside. When acting alone, such an electric field would enhance
the equatorial electrojet in the eastward direction and E x B drift the ionospheric plasma
Verticallynliﬁﬂs equator on the dayside [e.g., Fejer et al., 2008; Tsurutani et al., 2008].
In the maeter data, this would correspond to a sudden increase in the northward
componeny O the magnetic field due to an eastward enhancement in the EEJ strength
above tha@ion in response to the PPEF. However, a sudden decrease in the northward
magnetic field is shown in Fig. 4. The increase in the Bx just prior to the negative
excursion may indeed be due to the PPEF, but the negative excursion itself is simply in
the Wrong‘cion to be caused by the PPEF in this instance.

In orderﬁtter understand how enhanced dB/dt activity at the magnetic equator can
be related@dden changes in the solar wind dynamic pressure, we later shift our focus
to the 445 UT on March 17, before other magnetosphere and ionosphere current
systems chance to develop; such as ring current and the counter-electrojet current.

While sonf previous studies have researched SSCs with 1-min resolution data [e.g., Carter

et al., 201@e high-frequency variations during SSCs are much better captured using

1-sec resolﬁm.

3.4. EMal GICs at storm sudden commencement

Figures ba af§d b are the same as Figs. 3a and b, but 1-sec data is used, for the stations
where it vailable. Overall, these figures exhibit similar features to Figs. 3a and
b. Stations at higher latitudes than 50° exhibit much higher dB/dt than lower-latitude

stations, and these larger dB/dt variations correspond to times when significant auroral
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X-14 CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM

activity was present, as discussed earlier. Figure 5c¢ shows the geoelectric field calculated
from the 1-sec magnetometer data in the same manner as Pulkkinen et al. [2012]. It can
be seen that geoelectric fields got as high as 3.3 V/km in the high-latitude regions and
0.5 V/km in the equatorial region. The overall latitudinal pattern is similar to the 1-min
data prosfusslin Fig. 3.

One sutrence between Fig. 5a and Fig. 3a is the timing of the equatorial peak;
ie., 10.%@@“ SSC in Fig. 3a versus at the moment of SSC in Fig. 5a. The peak in Fig.
oa actuallaies from the equatorial AMBER station, PUKT (orange triangle on the
magnetic e or in Fig. 1). It should be noted that HUA did not have 1-sec data available
for this event, hence why it is missing from this plot. This equatorial enhancement at
SSC prese; significant opportunity to investigate the physical mechanism behind the
enhancemm GIC activity at the magnetic equator.

Figures d b show the time series of the dBx/dt at the moment of SSC for the

PUKTEF@I station) and BANG (off-equatorial station). The Bx component for

each st ver-plotted. The maximum dBx/dt measured by PUKT is approximately
twice tha@sured by BANG. Interestingly, the PUKT data also shows a negative
deviation to the main pulse, but the off-equatorial station BANG only observed a
positive dB spike. As shown in Fig. 1, these two AMBER stations are close to each
other and should therefore measure similar magnetic field variations, with the obvious

—t—

exception ﬁose caused by the EEJ current, which only PUKT is close enough to

measure. Thig :lnagnetometer configuration has been used extensively in the past in order

to isolate agnetic field fluctuations caused by the EEJ [e.g., Anderson et al., 2002;

Yizengaw et al., 2012, 2014]. The basic idea is to simply take the difference in the strength
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of the Bx component measured off the equator from the Bx component measured at the
equator, and the difference is taken to be due to the EEJ.

Figure 6¢ shows this difference during the SSC. Prior to the SSC, the EEJ is steady at
approximately 65 nT. At the moment of the SSC the EEJ abruptly drops to near 0 nT,
and thehﬁﬁﬁlo almost 100 nT. A small decrease to ~ 80 nT then occurs, followed by
a gentle iup towards 100 nT. This data indicates that the largest dB/dt at the

equator'or!!glna!ces from the sudden increase in the EEJ strength following its initial drop

to 0 nT. O

3.5. Ionmric current response to SSC at high and equatorial latitudes

While CE et al. [2015] connected the interplanetary shock arrivals to increased GIC
activity af, equator, the physical mechanism was not explored in detail. The high-
resolution magnetometer data available for the March 17, 2015 storm allows such an
exploratiocﬂnis instance. As mentioned earlier, many previous studies have investigated
the global m2mmetic field signatures of interplanetary shock arrivals [e.g., Araki, 1977, 1994;
Araki et al., 2009; Shinbori et al., 2009, and references therein|. The datasets available for
this analyhgﬂitate a direct comparison between the high-latitude ionospheric currents
in both dd dawn hemispheres, in addition to the dayside EEJ.

To im@e how the major ionospheric current systems responded to the March 17,
2015 SSWionospheric current strengths in the North American and European regions
are analyz@

The mgjedMonospheric currents systems over North America are calculated using the
spherical eleméhtary current systems method [Amm and Viljanen, 1999; Weygand et al.,

2011]. This technique uses singular value decomposition to invert the ground magnetome-
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ter magnetic field fluctuations and determine the ionospheric current system. Figures 7a,
b and ¢ show the ionospheric current strength vectors across North America using this
technique at 0445, 0446 and 0447 UT on March 17, 2015, respectively. These figures show
that there was a reduction in the ionospheric current strength from 0445 UT to 0446 UT,
followedwcovery at 0447 UT. This reduction in ionospheric current strength is most
obvious o&Alaskan/Western Canadian regions. Figure 6d shows the time series of
the iono‘sp@ current amplitudes in the North American (dusk) sector for four loca-
tions; (61. 120.3°W), (59.0°N, 120.3°W), (61.9°N, 147.9°W) and (61.9°N, 141.0°W).
The eastwardgionospheric current strength significantly decreased and then increased to
a stronger eastward current in response to the SSC. Interestingly, this auroral current
variation ilar to, and coincides with, the EEJ strength above South-East Asia, see
Figure 6C,Eite the large distance between these phenomena.

The io@ric current above the European (dawn) sector is also investigated by the
use of t anti and Villante [2016] technique for the extraction of the DP fields from
ground meter observations. The ionospheric contributions towards the magnetic
field in thlrirthward and eastward directions as measured by the magnetometers across
Europe a thern Africa is plotted in Figs. 6e and f, respectively. Each color represents
a separaf@n. The first feature worth noting is that the majority of stations measure
a suddel‘l-llrﬁ;z'ise in the northward component of the magnetic field, which corresponds
to an incrjn the auroral electrojet in the eastward direction at the moment of SSC.
A high-latitudg station actually observes the opposite. One more interesting feature is
the slight between the response observed in the European sector compared to the

South-East Asian equatorial region and the North American region.
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According to Araki [1977, 1994]’s model for SSC, a two-cell Hall current system forms
in the high-latitude region; one cell each in the morning and evening sectors. The evening
cell effectively connects the auroral region to the equatorial region, and as such, the
changes in the evening auroral electrojet and equatorial electrojet currents due to the
SSC Sho*-h&e the same polarity. The morning sector cell, which is not connected to
the daysiorial region, has the opposite polarity and thus has the opposite SSC
response. @ll, the SSC model described by Araki [1977, 1994] appears to be well sup-
ported by ghewmgbservations reported here. At the moment of SSC the auroral electrojet in
the evenin tor and the dayside EEJ experience a sharp westward surge, followed by
another abrupt eastward enhancement to above pre-SSC levels. This observation suggests
a conduct:k between the evening auroral electrojet and the equatorial electrojet in
response G field-aligned currents generated by the interplanetary shock arrival at
SSC. In t(e@rning sector, however, the opposite is observed; a sudden increase in the
eastwar 1 electrojet followed by a return to pre-SSC levels. A more complete pic-
ture of ics in SSCs could be obtained from global field-aligned current maps, for

example those provided by AMPERE (Active Magnetospheric and Planetary Electrody-

namics R, e Experiment) [Anderson et al., 2000], however fully capturing the spatial

and temﬁria‘cions during SSCs is a significant challenge.

4. Sum‘ﬂgryland conclusions

In this athe GICs caused by the 2015 March 17-18 storm, the largest so far in the
current @cle, were examined. The largest magnetic field variations were observed
in the high-latitude regions approximately 10 hours after the storm’s commencement. At

middle and low latitudes, however, the magnetic field variations were reduced compared

DRAFT October 11, 2016, 7:46pm DRAFT

This article is protected by copyright. All rights reserved.



331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

X-18 CARTER ET AL.: GICS DURING THE MARCH 17, 2015 STORM

to those at high-latitudes, but they occurred at the moment of the SSC, predominantly
on the dayside. At equatorial latitudes, enhanced GIC activity was observed both at
the moment of SSC and approximately 10 hours into the storm, at similar times to the
largest perturbations in the high-latitude regions. Our analysis of both instances of high
GIC acti-h—i the equator suggests that the magnetospheric and ionospheric current
perturbat@ociated with a sudden increase in solar wind dynamic pressure were
responsﬂ‘ﬂ@ that prompt-penetration electric fields only played a subsidiary role. A
Comparisocijween the EEJ and auroral electrojet strengths in both the morning and

evening se%supports Araki [1977, 1994)’s model for SSCs.
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Figur [The locations of the INTERMAGNET (blue) and AMBER (orange) magne-

6

tomeﬂons used in this analysis. The black points indicate the locations of North
Americin sgptions used in a later analysis. The dashed lines indicate the magnetic lati-

tudes 07 antg +50°.
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Figure 2.cueomagnetic activity summary for 2015 March 17 storm, including SYM-

H index and™gse magnetopause (MP) contribution towards the SYM-H index (blue), the

\

temporal variations in the SYM-H index and the MP contribution, the solar wind dynamic
pressure ahahulated using the Wind spacecraft data, the AU (thick) and AL indices and
their temariations (blue), and finally the interplanetary electric field also calculated
using Wil spacecraft data. The x axis is in storm time, which commences at 0445 UT

on Marclfdatad®015 (i.e., storm time = UT - 4.75).
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Figur (a) Maximum dB/dt as a function of magnetic latitude using 1-min magne-

tometef{ ditd, colored according to the number of hours into the storm when the maximum

S

dB/dt was geasured. (b) Same as (a), but colored according to the local time at the sta-

u

tion Wte maximum dB/dt was measured.
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Figure 4° milar to Fig. 2, but between approximately 8.5 and 11 hours after storm
commencemtygs. The bottom panel shows the time series of dBx/dt measured by the

equatorial station HUA.
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Figur (a)-(b) Similar to Fig. 3, but using 1l-sec magnetometer data. (c) The

calcula oelectric field for each station versus magnetic latitude.

Us
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Figure 6@—(@ The dBx/dt data for PUKT and BANG stations during the SSC event
on March{LF, J015. The blue lines show the Bx data for each station. (c) The difference
between t@( measured by PUKT and BANG, or effectively the EEJ strength, as a
function cc (d) The ionospheric current magnitudes for four selected locations across
North Amereg see text for details. (e) The contribution of the ionospheric current to
the H COImHt (northward) measured by several magnetometers located across Europe

and North a. (f) The same as (e) but for the D component (eastward).
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e

—

Figure@(a)—(c) The ionospheric current vector fields across North America using the

sphericil entary current systems method [Amm and Viljanen, 1999; Weygand et al.,

S

2011] for 5 UT, 0446 UT and 0447 UT on March 17, 2015. The solid line indicates

the lon of local midnight.
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