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Identification of end-user needs
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End-user needs

• If we acknowledge space weather as 
the societal dimension of 
heliophysics, understanding the
impacts and associated end-user 
needs are the foundation of the field.

• Our space weather work must be 
informed by those needs and strive 
toward generating information that is 
actionable. 
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End-user needs – power transmission 
industry
• While also predictions are of interest, 

the main U.S. focus right now is on 
hazard assessments.

• To enable hazard assessments, space 
weather extremes need to be 
communicated to the end-user in the 
form of benchmarks.
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GMD benchmark requirements

• Science side needs to provide information about a physical 
parameter that is directly applicable/actionable to further 
engineering analyses. (geoelectric field)

• We need to address the following key characteristics of the 
extreme geoelectric fields:

i. Amplitude.
ii. Spatial structure.
iii. Temporal waveform.

• Full 1-3 day storm characterized.
• 1-10 s sampling to capture rapid enhancements that may 

compromise voltage stability.
• Longer duration enhancements necessary for thermal heating-

related problems.

• Science analyses also need to characterize the occurrence 
rates of i-iii.
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Marti et al. (2013)

in Figure 8. The model is built based on a DC-mapping of
Dominion’s high-voltage transmission network. Typically,
due to the scales associated with the GIC phenomenon,
DC models should include the 500 kV and the 230 kV
networks; a few key 115 kV transmission lines are also
considered in this particular model. Since the geoelectric
field is assumed spatially uniform across the system,
transmission lines between the transformers can be
represented as straight lines. At each system inter-tie, a
system equivalent is approximated as a low resistance to
ground (0.1 W).
[47] The calculation of GIC flows in Dominion’s high-

voltage transmission system is performed by using the
matrix formulation derived by Lehtinen and Pirjola [1985].
In general, GIC flows are a function of system topology,
line resistances, geospatial orientation, transformer type
and winding resistance, grounding resistance, series line
compensation, and of course, geoelectric field. Figure 8
shows a snapshot of GIC flows at each transformer, on a
per-phase basis, caused by the maximum amplitude of the
geoelectric field in the scenario shown in Figure 7c. The
selection of the storm scenario is based on Dominion’s
geomagnetic latitude (below the threshold latitude) and
ground conductivity (resistive ground). To demonstrate
that the approach provides a time series of GIC through-
out the system over the entire storm scenario, Figure 9

shows times series of modeled GIC flow in one of
Dominion’s transformers. Note that the approach provides
corresponding time series for any location in the high-
voltage transmission system.
[48] To put the results for Dominion Virginia Power in

context, Figures 10 and 11 show corresponding results for
GIC flowing in a simplified model of the U.K. high-voltage
system. As described by Thomson et al. [2005] and Turnbull
[2011], the U.K. system (here a model for year 2008) is a
highly complex system of 26,670 km of 132 kV, 275 kV and
410 kV line connecting around 680 transformer substa-
tions. Modeling considerations for the U.K. system are
discussed further by Thomson et al. [2005] and Turnbull
[2011] as well as by Beamish et al. [2002].
[49] The model used here is of the 275 kV and 410 kV

part of the U.K. grid. One simplification we have adopted
is that all lines share the same resistance. Similarly, all
earth nodes have a common resistance, different from that
of the line resistances. One line is also assumed to connect
neighboring nodes in the network. In reality nodes may be
connected by single or double circuits and each node may
contain different number of transformers, each carrying
three phases of current. Thus estimated per-node GIC is
subdivided, in practice, between transformers and phases,
depending on the relative resistances of each component.
[50] The U.K. differs from Virginia in that it is AC-

isolated from neighboring national grids, though there
exists DC interconnections to Europe and Ireland. Also in
contrast to Virginia, U.K. is an island. In this study, how-
ever, we have disregarded the influence of the surround-
ing conducting seawater, which serves to enhance
geoelectric fields near the coasts, and may enhance mea-
sured GIC at nodes of the network at coastal sites. That is,
we assume that the extreme geoelectric field applies across
a region bounding the U.K. mainland. In Figures 10 and 11
we show results where we have split the United Kingdom
north and south at approximately 50! of geomagnetic lat-
itude. North of the 50! boundary we assume the scenario

Figure 8. Modeled geomagnetically induced current
(GIC) distribution in Dominion Virginia Power’s high-
voltage transmission system for hour 6.17 in the sce-
nario shown in Figure 7c. Green, blue and red lines
indicate 500 kV, 230 kV and 115 kV transmission lines,
respectively. The black arrow indicates the direction
and magnitude of the horizontal geoelectric field, and
blue and red circles indicate the magnitude of GIC
flowing from the ground to the grid and from the grid
to the ground, respectively. For auto-transformers, an
effective GIC value is used [Albertson et al., 1981].
System equivalents—i.e., inter-ties to other systems—
are represented by squares.

Figure 9. Time series of the modeled GIC in one of
Dominion Virginia Power’s high-voltage transmission
system transformers for the extreme geoelectric field
scenario in Figure 7c. The configuration of the transmis-
sion system is shown in Figure 8. Only maximum
amplitude GIC taken over 10-min windows are shown.
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(Element 2) 

System size ~500 km

Line lengths ~100 km

(Element 3) 
Response scale 
~5-10 min.



GMD benchmark requirements

• The geomagnetic induction process that generates the geoelectric 
field is dependent on external and internal factors:

iv. Many different near space electric currents systems contribute to driving of 
geomagnetic induction. The effect of the geomagnetic latitude, and 
possibly local time, needs to be taken into account.

v. The local ground conductivity dictates the ground response. Local geology 
needs to be taken into account.
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End-user needs –
human spaceflight

• While low-inclination LEO (ISS orbit) is fairly 
benign from the space radiation perspective, 
deep space environment experienced in the 
Artemis program poses a much more 
significant challenge.

• The key problem is ionizing radiation: > 10 
MeV ions for EVAs and > 100 MeV ions for 
the crew inside the vehicle.

• Primary sources for energetic ions 
contributing to possible problems include 
galactic cosmic rays, SEPs and inner radiation 
belt – only the SEP component discussed 
here. 
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End-user needs – human spaceflight

• Due to the SEP challenge, 
Artemis will have storm 
shelter as a part of the ops. 
The shelter needs to be 
deployed in 30 min from 
(Townsend et al., 2018) è
Predictive capability plays a 
critical role in the ops.

• We need to have information 
about elevated, likely mostly 
CME shock-driven, energetic 
ion fluxes at the location of 
the vehicle.
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Inform the crew about 
predicted evolution of the 
event (~1-day forecast)

Post-eruption SEP 
timeline forecasts

Flare onset
(~10-minute SEP 
onset and peak flux 
forecast)

Post-eruption 
forecasts

All clear/
Not clear
(1-day 
forecast)

Pre-eruption 
forecasts

End-user needs – human spaceflight
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Time

SEP flux (> 
10 MeV)

Event over



Addressing the end-user needs
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GMD benchmark(s) – spatiotemporal 
representation per the NERC standard
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!𝐸 𝑥, 𝑦, 𝑡 =
𝐸((𝑥, 𝑦, 𝑡)
𝐸+(𝑥, 𝑦, 𝑡)

≈ 𝐸-./0(𝑥, 𝑦)
𝑓( 𝑡 𝑔((𝑥, 𝑦)
𝑓+(𝑡)𝑔+(𝑥, 𝑦)

!𝐸 𝑥, 𝑦, 𝑡 depends on:
• External excitation 

!𝐵.(4 𝑥, 𝑦, 𝑡
• Ground response 

dictated by 𝜎(𝑥, 𝑦, 𝑧)

≈ 𝐸-./0(𝑥, 𝑦)
𝑓((𝑡)
𝑓+(𝑡)

7 1

Assume spatially 
homogeneous field

≈ 𝐸9 7 𝛼(𝑦) 7 𝛽(𝑥, 𝑦)
𝑓((𝑡)
𝑓+(𝑡)

7 1

Factorize & approximate the 
primary dependencies

Latitude dependence Ground response 
dependence



GMD benchmark(s) – regional vs localized 
enhancements
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Fig. 1 Computed geoelectric field distribution on November 24, 2001 at 07:32 UT. The colored circles show the three station groups used in spatial
averaging: blue, green, and red groups. The green group generates the largest average geoelectric field magnitude of 2.8 V/km. Note that the
maximum geoelectric field amplitude indicated in the top of the figure refers to a single station maximum, not to group average. Corrected
geomagnetic coordinates and Oblique Mercator map projection are used

spatial scale of the order of 500 km. These are referred to
as spatially averaged geoelectric fields. It is noted that the
five stations in the green group in Fig. 1 are a subset of
all available stations in the corresponding latitude band.
The subset was selected visually to provide approximately
uniform station distribution and about 500-km span.
Figure 5 shows the ten largest spatially averaged geo-

electric field magnitudes per year, and Fig. 6 shows the
occurrence distributions of the spatially averaged elec-
tric fields as the number of occurrences per 100 years.
Since only time instants that had data for all stations that
are part of the group were used for the statistics, the
data points in Fig. 6 cannot fully cover the entire 1993–
2013 period. The gray lines in Fig. 6 indicate rough visual
extrapolation of the statistics to the occurrence of one
10-s value per 100 years. The gray lines bound 1-in-100-
year spatially averaged geoelectric field magnitudes of 3–8
V/km.
We note that there is a deviation of the tail of the

red station group distribution in Fig. 6 from the general
downward slope. The deviation is associated with the data
from the October 29–31, 2003 geomagnetic storm. We

attribute the feature to finite-size effects of the statistics
and to the fact that the October 29–31, 2003 geomagnetic
storm is possibly less frequent than a 20-year event. We
show in the next section that based on the extreme value
analysis, 4.0 V/km average fields can be expected to occur
about 1-in-50 years.

Extreme value statistics
We carried out extreme value analysis to provide robust
extrapolation of the statistics in Fig. 6 to the expected
range of 100-year field magnitudes (for more details on
extreme values analysis, see Coles (2001)). In particular,
we are concerned with estimating the 95% confidence
interval for the 100-year return period.
From the daily maxima for spatially averaged fields of

the three station groups discussed in the “Data and analysis”
section, the allover maximum values for all three groups
have been selected to create a single time series for the
entire domain. As can be seen from Fig. 5, both the ampli-
tude and standard deviation of extreme geoelectric fields
depend on the solar cycle. The data clearly exhibits het-
eroskedasticity and an 11-year seasonality in the mean.
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Fig. 3 Same as Fig. 1 but for October 30, 2003 at 16:49 UT. A station in the blue group experiences the largest single station geoelectric field
magnitude of 5.7 V/km. The spatially averaged field magnitudes for blue, green, and red groups are 1.5, 0.6, and 0.1 V/km, respectively

While spatial correlations are clearly present in the form
of alignment of the computed field vectors in Fig. 3, the
magnitude in one of the locations is about five times larger
than at the nearby sites at about 240- and 280-kmdistance.
While this specific example is quite extreme in terms of
local field enhancement, it does illustrate that localized
features are observed during extreme storm conditions.
In contrast, when spatial average is used to identify the
maximum geoelectric field, as in Figs. 1 and 2, the geoelec-
tric field structure is much more coherent over regional
scales. We note that using spatial average as a metric does
not imply coherence or uniformity of the field. However,
as can be seen from Figs. 1 and 2, in these two cases that
are the most extreme in the utilized data set, extreme spa-
tial averages are associated with fairly uniform fields over
regional scales. This indicates that spatial average is capa-
ble of capturing regional-scale geoelectric field features
and is thus applicable measure for characterizing spatially
uniform or coherent fields.
As is seen from Fig. 6, the spatially averaged distribu-

tions do not decrease monotonously as a function of mag-
nitude and thus the most likely magnitude is non-zero.
This illustrates the fact that the high-latitude geomag-
netic field is constantly varying and the rate of change of

the field rarely vanishes. Correspondingly, there is a non-
zero geoelectric field at high-latitude locations most of the
time. We also observe a systematic shift of the most likely
geoelectric field magnitudes to lower values in Fig. 6 at
more southern station groups. This shift indicates that
on average, the geoelectric field has larger magnitudes at
higher latitudes. However, the tails of the distributions in
Fig. 6 converge, which is most likely caused by the fact
that during major storms, auroral oval “sweeps” across
the IMAGE array, thus exposing all stations to similar
geomagnetic and geoelectric field conditions.
Visual extrapolation and rigorous extreme value analysis

of spatially averaged high-latitude geoelectric fields indi-
cated that the expected range for 1-in-100-year extreme
events for the Quebec reference ground model, in a sense
of single 10-s value, is 3–8 V/km and 3.4–7.1 V/km,
respectively.We thus conclude that the two extrapolations
are in good agreement and provide reasonable expected
range for spatially averaged field magnitudes of a 100-year
event.
Many different solar wind-magnetosphere-ionosphere

processes can drive large geoelectric field and GIC events.
The examples in Figs. 1, 2, and 3 correspond to a wide
range of local times that reflect a variety of different

Pulkkinen et al. (2015)

𝐸9 quantified with a spatial average

E-field applied regionally

𝐸9 quantified with individual stations

E-field applied locally



NERC GMD 
benchmark white 
paper
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GMD benchmark(s)

• Element 1: amplitude 𝐸0

• Element 2: spatial structure
• Element 3: reference temporal waveform 𝑓(𝑡)
• Element 4: geomagnetic latitude dependence 𝛼(𝑦)
• Element 5: dependence on the local ground conductivity 𝛽(𝑥,𝑦) 
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SEP prediction approaches
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All clear/pre-eruption forecasts

Post-eruption forecasts

Models available at iswa.gsfc.nasa.gov & ccmc.gsfc.nasa.gov

Post-eruption timeline forecasts
Mays et al. (2017)



Conclusions

• From the space weather standpoint, end-user impacts and needs are 
the fundamental driver for identifying i) actionable physical 
parameters of interest, ii) relevant spatiotemporal scales.

• “Unfortunately” it is often necessary to address a blend of global and
local spatial scales and a wide range of temporal scales – space 
weather challenges our understanding of the heliophysics system.

• Empirical, first-principles, handwaving etc. approaches all being used 
– the nature of the approach does not matter as long as it works.

• It is not all about predictions: In some applications general 
characterization of extreme environments is currently of greater
interest.
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