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Sta1s1cs	
•  In	the	proposed	Benchmark	GMD,	

both	visual	extrapola1on	and	
rigorous	extreme	value	analysis	
(peaks	over	threshold)	were	used	
to	extrapolate	the	computed	
geoelectric	fields	to	1-in-100	year	
occurrences	(Pulkkinen	et	al.,	
2015).	
–  The	results	from	the	two	agree	very	

well.	

•  In	the	extreme	value	analysis,	both	
daily	maxima	and	de-clustering	
were	used	to	ensure	sta1s1cal	
independence	of	the	samples.	
–  Also	solar	cycle	modula1on	was	taken	

into	account.	

Pulkkinen	et	al.	(2015)	
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Figure 2. Example of global geoelectric fields showing localized enhancements at Eskdalemuir and Brorfelde
geomagnetic stations in Europe and at Fredericksburg in USA during 13 March 1989 event. The vector scale in this
figure is different from Figure 1 to clearly illustrate the enhancements.

geomagnetic observations. The baselines were derived by taking the quiet time mean values during the
postmidnight period between 02 and 03 local time. In Figure 3 we present time series of the geomagnetic
X component perturbations (top row), its rate of change (middle row), and the computed geoelectric fields
(bottom row) for selected locations during the event on 13 March 1989. For this midlatitude case associated
with the image in Figure 2, the sites shown are located at (Figure 3, left column) Lerwick (LER), ESK, Hartland
(HAD), BFE, and Wingst (WNG) in Europe (nighttime) and (Figure 3, right column) Ottawa (OTT), St. John’s
(STJ), and FRD in North America (near sunset). Appearance of localized geoelectric field enhancements at 50∘
geomagnetic latitude (at FRD) shows that the events are not completely restricted to high-latitude auroral

Figure 3. (top row) Geomagnetic field X component perturbations, (middle row) X component rate of change, and
(bottom row) calculated geoelectric fields at selected ground magnetometer sites on 13 March 1989. The magnetometer
stations are drawn from (left column) European sector and (right column) North America sector. The data in this figure
at 21:46 UT correspond to the results shown in Figure 2.
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Source	spa1al	scales	
•  Due	to	the	complex	source	structure,	

the	most	extreme	dB/dt	and	calculated	
geoelectric	field	enhancements	are	
observed	to	oRen	be	spa1otemporally	
localized	(Pulkkinen	et	al.,	2015;	Ngwira	
et	al.,	2015).	
–  Consequently,	it	is	not	appropriate	

to	apply	single	sta1on	extreme	
values	over	large	areas.	

•  One	needs	to	avoid	bias	caused	by	
localized	enhancements	in	wide-area	
extreme	event	analyses.	
–  Spa1al	average	can	be	used	as	a	

measure	to	characterize	the	field	
strength	over	wide	areas.	

–  Averaging	is	consistent	with	
geomagne1cally	induced	currents	
(GIC)	being	propor1onal	to	an	
integral	opera1on	of	the	geoelectric	
field.		
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Geomagne1c	la1tude	scaling	
•  While	we	know	that	auroral	boundaries	move	

during	the	storm	1mes,	we	also	observe	
satura1on	or	stoppage	of	the	expansion	at	
peak	1mes	(Thomson	et	al.,	2011;	Pulkkinen	et	
al.,	2012;	Ngwira	et	al.,	2013).	
–  Satura1on	seen	for	all	extreme	storms	

since	1980s	in	both	ground-	and	space-
based	data.	

–  The	boundary	lies	approximately	
between	40-60	degrees	of	geomagne1c	
la1tude.	

•  Satura1on	of	some	of	the	key	polar-auroral	
ionospheric	parameters	is	a	known	
characteris1c	of	geospace	(e.g.,	Ridley,	2005;		
Xiong	et	al.,	2014).	

•  Global	observa1ons	are	required	to	detect	the	
boundary	loca1on	at	any	given	1me.	
–  One	cannot	determine	the	loca1on	from	

a	single	measurement.	
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Ground	model	dimensionality	
•  1D	–	varia1ons	only	as	a	func1on	of	depth.	

2D	–	varia1ons	as	a	func1on	of	depth	and	
single	lateral	dimension.	3D	–	varia1ons	in	
all	direc1ons.	

•  While	approximate,	1D	ground	models	have	
been	the	workhorse	of	GIC	studies	for	
decades	across	the	globe	(e.g.,	Viljanen	and	
Pirjola,	1994,	Kappenman	et	al.,	2000;	
Boteler,	2001;	Thomson	et	al.,	2005;	
Pulkkinen	et	al.,	2007).	
–  Demonstrated	to	work	well	in	many	situa1ons	if	

accurate	effecBve	1D	representa1on	of	the	
ground	is	available.	

–  Well-suited	also	for	hazard	assessments.	
•  The	science	is	advancing	and	full	3D	

modeling	of	both	the	source	and	the	ground	
response	(e.g.,	Puthe	et	al.,	2013;	
Bendrosian	and	Love,	2015)	will	be	
beneficial	also	for	the	future	GIC	science.	
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Fig. 7. Validation of the ground-induction modeling accuracy has shown the
ability to replicate GIC flow through transmission networks for storm events
with reasonable accuracy over an extended time history, even when driven by
local geomagnetic field observations as shown in this example. (Add 5 h to
obtain time in UT.)

the GIC flow in every line and transformer in the power network.
Once the GIC is determined throughout the network and in each
transformer,additionalcalculationscanbemadetoprovidepower
systemoperating staffwith precise system impact estimates such
assystemandregionalreactivepowerdemands,numbersoftrans-
formers in saturation, and other important system impact visual-
izations [18].With the use of current PC technology, it is possible
to perform the entire set of computations from the electrojet to
a 1000 transformer network in less than 10 s. This speed is well
within the demanding 1-min time-budget constraint required for
a continuous forecast computation.
While the set of approximations made in these solutions may

seem substantial, experience with end-to-end benchmarks has
been very good. For example, modeling of a specific storm in
the Minnesota region is presented in Fig. 7. Note that the com-
puted and measured current flowing at a particular point in the
network compare very well. Agreement on the order of a factor
of two is certainly reasonable given the goal of providing ad-
vanced warnings to utilities of an impending geomagnetic storm
that could impact the normal operation of their power grid.

VII. USER DISPLAYS OF FORECAST INFORMATION

Space weather, unlike terrestrial weather, is not easily sensed
by the available human senses. Therefore, one of the most im-
portant challenges is to present forecast disturbances in a clear
and descriptive manner to impacted users of the data. The pre-
sentation of the information must not only be accurate but to
the point. The operators of these impacted systems have no de-
sire to fully comprehend all of the space-physics. Therefore, tai-
loring the data in a manner in which the operator is provided a
clear picture of expected impacts is important. Fig. 8 provides
an example of presenting the conditions of exposure of a bulk
power system in a way that is readily intuitive without inun-
dating the operator with superfluous details. In this example,
the storm conditions are displayed over England and Scotland.
The 400-kV and 275-kV transmission system is displayed with
small circles indicating the magnitude (circle size varies) and
polarity (circle color changes) of the GIC at each transformer.
Also shown are the vector icons of the magnitude and direction
of the local magnetic field during the storm which is responsible

Fig. 8. The storm visualization shown above is designed to provide a clear
and concise picture of the location and intensity of storm impacts across the
transmission network. The circles indicate magnitudes of GIC flow at each
transformer in the network, and the vector icons depict the intensity and
direction of changes in the horizontal magnetic field. In this example, the storm
conditions are displayed over England, Wales, and Scotland.

for the GIC flows. Text and graphic summaries can also be pro-
vided on system or region reactive power demands, numbers
of transformers in saturation, and other important system im-
pact details. This calculation is made in a forecast and nowcast
mode, and both are recalculated on a 1-min cadence. The fore-
cast mode utilizes data from the electrojet model output and ef-
fectively provides a nominal 45-min warning of storm impacts.
The nowcast mode utilizes locally sensed magnetic field data
and provides a system-wide assessment of current conditions
[5].
These data visualizations mimic the familiar terrestrial

weather projections that most power system operators cur-
rently use and are quite familiar with in the management and
operation of their networks. The primary difference amounts
to supplanting the ordinary weather imagery with the pertinent
space weather equivalent of a weather-radar tracking system.

VIII. CONCLUSIONS

Power system operators and designers will have to acquire
new skills and employ new tools to successfully manage the
ever-present risk posed by the space environment. Nature has
presented a number of difficult challenges with space weather

Time	domain	1D	by	Kappenman	et	al.	(2000)	1004 A. PULKKINEN et al.: OPTIMAL GIC MODELING

Fig. 5. The measured (black line) and the modeled GIC at Mäntsälä. Time
is UT hours from the beginning of July 15, 2000.

model is shown in Fig. 4, and the apparent resistivity and the
phase given by the model are depicted in Fig. 3. The model
is seen to agree with the observed apparent resistivity and
phase quite well. In general, the derived ground model is
reasonable, and we see evidence for the existence of a con-
ducting layer at depths of about 30–50 km. Importantly, the
same conductor has been indicated in a GIC-based (400 kV
transmission line) MT study of the same region by Pal’shin
(1998) and also by other standard MT studies (see Korja et
al., 2002). The similarity of the derived ground model to
ones obtained in earlier MT studies is a clear indication that
GIC observations can be used to supplement standard MT
data sets.

Finally, to see how well the derived system parameters
and the ground model generate the measured GIC, we used
the plane wave method to compute the modeled GIC from
geomagnetic field observations at NUR for the “Bastille
Day” storm event of July 15–16, 2000. From Fig. 5, which
shows the measured and modeled GIC, we see that the op-
timized modeling procedure generates the measured GIC
very accurately. We note that in comparison to earlier
studies where more simple ground models were used, the
layered structure derived here gives a more accurate mod-
eled GIC over the wide frequency band involved with the
GIC phenomenon. To investigate the overall improvement
in GIC modeling accuracy obtained by the methods intro-
duced here, we also computed GIC by using the system
parameters and the ground model for the Finnish pipeline
GIC used by Viljanen et al. (2006). Viljanen et al. (2006)
used a = −70 A km/V and b = 88 A km/V and a two-
layer ground with resistivities 38.5 ! m (upper layer) and
0.385 ! m (terminating half-space). We then computed
the difference between the modeled and the measured GIC
and derived the corresponding error distributions which, are
shown in Fig. 6. As is seen, the new system parameters
and the ground model provide clear improvement to the
modeling accuracy: the number of large errors is especially
greatly reduced. We also computed relative errors defined
as (GICmeasured − GICmodeled)/GICmeasured for both modeled

Fig. 6. Error distributions for modeled GIC (GICmeasured − GICmodeled).
Blue curve shows the distribution for GIC modeled using the system
parameters and the ground model by Viljanen et al. (2006) and the
black curve shows the distribution for GIC modeled using the system
parameters and the ground model derived here.

GIC to enable direct comparisons to model validation re-
sults presented by Viljanen et al. (2006). Only values cor-
responding to |GICmeasured| > 1 A were used in the analysis.
The relative error also shows a clear improvement: median
error of the modified model setup is 35% while the model
used by Viljanen et al. (2006) gives a median error of 59%
for the used event.

As previously highlighted, often there are no magnetic
field observations available from the immediate vicinity of
the GIC measurement site. Thus, it is of interest to investi-
gate how quickly the derived ground model becomes unreli-
able when the distance between the GIC and magnetometer
sites increases. We again utilized IMAGE magnetometer
array data from stations HAN, OUJ, SOD and SOR. The
computations were repeated using magnetic data from each
station separately for the period of October 24–November
1, 2003. In addition, to investigate the effect of the rel-
atively short time series used to derive the ground model,
we repeated the computations with data from NUR for the
60-day period of September 22–November 21, 2003. The
results of the inversions are shown in Fig. 4. It is seen
that though the model obtained by using 8 days of data is
slightly more conductive, the models derived using 8 and
60 days of data from NUR are very similar: 8 days of data
from geomagnetically active period is in this case enough
to build an optimal ground model for GIC calculations. The
ground model derived using data from HAN deviates from
the NUR models. Namely, there is a systematic bias to-
ward higher conductivities at smaller depths which most
likely results from the higher amplitudes of the magnetic
field variations at HAN: higher conductivity is required to
generate the same GIC. However, the correlation coefficient
between the measured GIC and the GIC calculated using the
HAN ground model and HAN geomagnetic data for Octo-
ber 24–November 1, 2003 is 0.7 which can be considered
satisfactory in the context of complex geophysical signals.
The surface impedances derived using data from OUJ, SOD

Frequency	domain	1D	by	Pulkkinen	et	al.	(2007)	
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Bo^om	line	
•  The	science	is	mature	enough	for	us	to	take	ac1on	now.	
•  The	scien1fic	research	will	go	on	and	future	observa1ons,	

models	and	new	understanding	of	the	GIC	physics	will	help	
to	refine	the	assessments.	

•  Some	of	the	key	ongoing	community-wide	research	
ac1vi1es	with	connec1on	to	GIC:	
–  Na1onal	Space	Weather	Strategy	and	Ac1on	Plan	(NaBonal	
Space	Weather	Strategy,	2015).	

–  NASA	Living	With	a	Star	Ins1tute	GIC	Working	Group	(NASA	LWS	
InsBtute,	2015).	

–  EarthScope	(h^p://www.earthscope.org	-	project	mapping	the	
detailed	geology	of	the	US).	
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