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[1]

Extreme space weather events are known to cause adverse impacts on critical modern day

technological infrastructure such as high-voltage electric power transmission grids. On 23 July 2012,
NASA’s Solar Terrestrial Relations Observatory-Ahead (STEREO-A) spacecraft observed in situ an

extremely fast coronal mass ejection (CME) that traveled 0.96 astronomical units (~1 AU) in about 19 h.
Here we use the Space Weather Modeling Framework (SWMF) to perform a simulation of this rare
CME. We consider STEREO-A in situ observations to represent the upstream L1 solar wind boundary
conditions. The goal of this study is to examine what would have happened if this Rare-type CME was
Earth-bound. Global SWMF-generated ground geomagnetic field perturbations are used to compute

the simulated induced geoelectric field at specific ground-based active INTERMAGNET
magnetometer sites. Simulation results show that while modeled global SYM-H index, a
high-resolution equivalent of the Dst index, was comparable to previously observed severe
geomagnetic storms such as the Halloween 2003 storm, the 23 July CME would have produced some of
the largest geomagnetically induced electric fields, making it very geoeffective. These results have
important practical applications for risk management of electrical power grids.
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1. Introduction

[2] Space weather is a major concern for modern day
society because of its adverse impacts on technologi-
cal infrastructure such as power grids, oil pipelines, and
global navigation systems. Earth directed space weather
events such as coronal mass ejections (CMEs) are the
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main drivers of the most extreme geomagnetic storms in
the near-Earth space environment. The threat of adverse
impacts on critical technological infrastructure like power
grids has prompted renewed interest in extreme geomag-
netic storms in order to further our understanding of these
events [see, e.g., Thomson et al., 2011; Pulkkinen et al., 2012;
Ngwira et al., 2013, and references therein].

[3] Historically, the coupling of fast moving CMEs to
planetary magnetospheres through the solar wind has
been a subject of intense study [e.g., Baker et al., 1996;
Gombosi et al., 2000; Palmroth et al.,, 2004; Pulkkinen et
al., 2010; Guo et al., 2012, and references therein]. First
principles physics-based three-dimensional (3-D) global
magnetohydrodynamics (MHD) models play a critical
role in simulating the large-scale dynamics of magne-
tospheric systems and represent a very important com-
ponent of attempts to understand the response of the
magnetosphere-ionosphere system to varying solar wind
conditions [e.g., Groth et al., 2000; Gombosi et al., 2000].
Upstream L1 solar wind observations are normally used
as driving conditions for many global simulation models
of the large-scale magnetosphere-ionosphere system.
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[4] Understanding of the magnetosphere and iono-
sphere dynamics during extreme solar wind driving is still
a major challenge mainly because of a lack of data during
time intervals when the magnetosphere is being strongly
driven [see, e.g., Ridley et al., 2006]. Therefore, complete
or good quality solar wind measurements from observed
extreme space weather events can provide vital informa-
tion for the study on the Earth’s response to extreme
space weather, particularly in relation to geomagnetically
induced currents (GIC) that are a threat to the safe and
efficient operation of high-voltage electrical power trans-
mission systems.

[5] On 23 July 2012, a CME was hurled away from
the Sun’s active region AR1520 with a Rare speed (R-
type) of approximately 2500 + 500 km/s [Baker et al.,
2013]. The R-type CME typification is based on a recent
report by Evans et al. [2013]. This particular CME was
not Earth directed, but was the fastest ever observed in
situ by NASA’s STEREO-A (Solar Terrestrial Relations
Observatory-Ahead of Earth in its orbit) spacecraft [Kaiser
et al., 2008]. A detailed account of the interplanetary prop-
erties of this CME is given by Russell et al. [2013]. Also, this
unusual space weather phenomenon produced the high-
est flux ever recorded by STEREO-A with a solar energetic
particle (up to 100 MeV) event estimate of ~ 4.52 x 10* pfu,
where pfu = proton flux unit = particles/sr cm? s. Events
such as the 23 July 2012 CME event offer an unprece-
dented opportunity to explore the effects of extreme
space weather.

[6] For the purpose of the present study, we consider
NASA’s STEREO-A spacecraft in situ observations to rep-
resent the upstream L1 solar wind boundary conditions
that are used as driving conditions for the global magne-
tospheric MHD model. Our primary goal is to examine the
geomagnetically induced electric field response that this
R-type space weather event could have generated had it
hit the Earth.

2. MHD Modeling Process

[7] In this paper, the modeling process is performed
using the Space Weather Modeling Framework (SWMF)
developed at the University of Michigan [Toth et al., 2005].
The MHD simulations were performed using the facili-
ties available at the Community Coordinated Modeling
Center (CCMC) operating at NASA Goddard Space Flight
Center. SWMF is a flexible framework that integrates
various physics-based numerical models into a high-
performance coupled model via a standardized inter-
face and a highly efficient parallel coupling toolkit. The
SWMF creates an environment where simulations that
were impossible with individual physics models can be
performed. The core design and implementation of the
SWMEF is described in-depth by Toth et al. [2005].

[s] In the MHD model, the ground magnetic pertur-
bations are computed by integrating over all the magne-
tospheric, ionospheric, and gap region current systems
within the near-Earth space environment using Biot-
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Savart [see, e.g., Yu et al., 2010]. Also, the modeled Dst
index is calculated by solving the Biot-Savart integral for
all the electric currents within the global magnetospheric
simulation domain from the inner boundary outward and
taking the magnetic field disturbance along the z axis at
the center of the coordinate system. In the present simu-
lation, the ring current energy injection is estimated using
the planetary SYM-H index, which is essentially a high-
resolution (1 min) model equivalent of the Dst index. The
ring current dynamics are simulated in a realistic fash-
ion using the Rice Convection Model (RCM) coupled to
BATS-R-US [De Zeeuw et al., 2004].

[¢)] The SWMF simulation performance is well cali-
brated from previously observed events, and a number
of validation works have been widely reported [see, e.g.,
Yu and Ridley, 2008; Pulkkinen et al., 2009; Yu et al., 2010].
For instance, Pulkkinen et al. [2009] showed that the model
results can be slightly overestimated but were gener-
ally comparable to the ground magnetometer observa-
tions. In addition, Yu et al. [2010] reveals that SWMF
generated ground perturbations can be more accurately
modeled by inclusion of magnetospheric driven current
systems within the near-Earth space environment. This
is all in agreement with work by Pulkkinen et al. [2011]
which demonstrates that increasing the global SWMF
spatial resolution and the inclusion of the ring current
dynamics is seen to improve the SWMF capability to gen-
erate more realistic ground magnetic field fluctuations.
Therefore, all these works discussed above demonstrate
that the SWMF modeling is reliable and sufficient for
our applications.

[10]] The SWMF predicts in a self-consistent manner the
dynamic response of the large-scale magnetosphere to
changing solar wind conditions using the block-adaptive
tree solar wind Roe-type upwind scheme (BATS-R-US)
global MHD code [Powell et al., 1999]. Here the global mag-
netosphere cavity is simulated in a moving computational
box defined by dimensions -224 Rg < x < 32 Rg, -128 Rg <
y < 128 Rg, -128 Rg < z < 128 Rg, where R is the Earth
radius, with the Earth placed at the center. The dipole tilt
in the simulation is set to update throughout each run so
that it is dependent on the day of the year and the time
of the day. The simulation was carried out on a block-
adaptive grid having a sparse resolution of 1/4Rg, resulting
in about 1 million global MHD model cells. We set inter-
planetary magnetic field (IMF) Bx = 0 for this simulation
to keep divergence-free condition. Generally, SWMF sim-
ulations at CCMC suggest that the results are not very
sensitive to Bx, but to some extent, this condition may lead
to a slight modification in the progression of events, as
there is no magnetic rotation along the x axis [see, e.g.,
Groth et al., 2000]. However, this condition does not have
a significant bearing for our applications because the geo-
magnetic strength is largely controlled by Bz component.
Furthermore, magnetopause currents are mapped at 3 R,
while the inner magnetosphere boundary is set at 2.5 Rg.
It should be noted that inner magnetosphere currents also
map into the ionosphere.
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Figure1l. Solar wind in situ observations from the STEREO-A spacecraft. From top to bottom
are: the IMF By, IMF Bz, plasma bulk speed (Vsw), the velocity Vy (solid) and Vz (dashed)
components, the solar wind density (Np), and the temperature (Temp). Note that the density
(red trace) is derived using the WSA-ENLIL 3-D MHD heliosphere model due to challenges

in extracting the PLASTIC density data.

[11] The BATS-R-US inner boundary couples to an
ionosphere model represented by a height-integrated
potential solver [De Zeeuw et al., 2004; Ridley et al., 2004].
The low-latitude boundary of the ionosphere based on
the mapping from the MHD inner boundary is imposed
at 10° latitude. A fixed density of 28/cm? is used at the
inner boundary with the temperature (or pressure) and
magnetic field allowed to vary to the given solution. The
auroral conductance (realistic oval) is driven by a solar
EUV component with a solar flux F10.7 of 99.8 and field-
aligned electric currents. The dayside processes and struc-
ture of the thermosphere and ionosphere are determined
by solar illumination, while the nightside “starlight” and
polar cap Pedersen conductance are assumed to be 1 mho
and 0.25 mho, respectively. The high-latitude particle pre-
cipitation in the MHD code is fully dependent upon the
local field-aligned currents (FACs), which forms a coarse
auroral oval structure, although there is little conductance
near midnight due to the weak FAC [Ridley et al., 2004].

3. Data Sources and Methods

[12] NASA’s STEREO mission is comprised of two twin
spacecraft in heliospheric orbit, with one spacecraft trail-
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ing the Earth (behind) and the other leading (ahead),
with the objective of understanding CME initiation and
propagation. Unprecedented CME observations can be
made using a combination of STEREO/SECCHI (Sun
Earth Connection Coronal and Heliospheric Investiga-
tion) coronagraph [Howard et al., 2008], and L1 Lagrange
point coronagraphs such as the SOHO/LASCQO, SOlar
and Heliospheric Observatory/Large Angle Spectroscopic
Coronagraph, respectively [Domingo et al., 1995; Brueckner
et al., 1995], thereby furthering our understanding of how
space weather affects the entire solar system.

[13] On 23 July 2012 the STEREO spacecraft had a sep-
aration of 123.88°, and the STEREO-A spacecraft had a
heliographic longitude of 121.26° and latitude of 1.74°. The
CME became visible in SOHO/LASCO C2 at 02:36 UT and
was detected in situ at STEREO-A at 20:55 UT [Russell et al.,
2013]. Baker et al. [2013] determined the three-dimensional
CME parameters to be 2500 + 500 km/s with a direction
of 125°*%" longitude, 2 + 10° latitude (HEEQ coordi-
nates), and a full width of 140° + 30°. Additionally, the
CME parameters were derived by the NASA Goddard
Space Weather Research Center at the CCMC in near-real
time (with only STEREO-A and SOHO images available)
to give a CME speed of 3435 km/s in the direction of
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Figure 2. Example simulated cross section of the magnetosphere at 22:50 UT on 23 July 2012.
The plot shows the current density, J, in color; solar wind velocity, Vx, arrows; and mag-
netic field, Bx, field line traces. The IMF and magnetic field line traces can be system defined

(B field lines) or user selected.

144° longitude, -15° latitude, and a full width of 160°
[Baker et al., 2013].

[14] In situ solar wind plasma and magnetic field data
are measured respectively by the PLASTIC (Plasma and
Suprathermal Ion Composition) and IMPACT (In situ
Measurements of Particles And CME Transients) inves-
tigations on board the STEREO spacecraft [Galvin et al.,
2008; Acuiia et al., 2008]. Figure 1 exhibits the solar wind
upstream boundary conditions that were used as input
to the SWMF model. STEREO-A observations from the
IMPACT (level 2) and PLASTIC instruments are shown.
The figure displays from top to bottom: the IMF By compo-
nent, IMF Bz component, plasma bulk speed, Vsw, which
is used as velocity Vx input, the velocity Vy (solid), and Vz
(dashed) components, and the solar wind density (Np), i.e.,
blue trace for STEREO-A observations and red for WSA-
ENLIL 3-D MHD numerical heliospheric model [see, e.g.,
Arge and Pizzo, 2000; Odstrcil et al., 2004]. The temperature
(Temp) is shown in the bottom panel.

[15] WSA-ENLIL is a time-dependent 3-D MHD helio-
sphere model used to study temporal and spatial evolu-
tion of large-scale space weather events [see, e.g., Arge et
al., 2004; Taktakishvili et al., 2009, and references therein].
WSA (Wang-Sheeley-Arge) models the global magnetic
field between the Sun and the bounding spherical sur-
face and considers the magnetic field to be radial [Arge and
Pizzo, 2000]. These data are the basis for the ENLIL model
[Odstrcil et al., 2004]. ENLIL also accepts inputs from the
cone model [Xie et al., 2004], which provides the halo CME
parameters and the propagation through the interplane-
tary space, determined using coronagraph images. Note
that as a first-order approximation, the density data from
the real-time WSA-ENLIL cone model simulation carried
out at the STEREO-A location by the SWRC forecasting
staff is used in the present case. This is due to ongoing
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challenges in extracting good PLASTIC density data, as
the PLASTIC instrumentation can suffer from saturation
effects during very severe storm conditions, thereby lim-
iting the accurate determination of solar wind parameters
[Galvin et al., 2008]. It should be mentioned that the WSA-
ENLIL MHD model can sometimes overestimate the den-
sity, therefore, this data is only used for analysis of the
worst case scenario had this CME been Earth directed.

[16] Also, the observations in Figure 1 show strong neg-
ative Bz with a peak of ~-49 nT and an even larger
northward amplitude of ~84 nT. This CME traveled nearly
1 AU in about 19 h (if we consider the eruption time of
~02:05 as seen in EUVIimages) with a maximum observed
in situ bulk speed of 2300 + 100 km/s, as estimated from
the most recent calibration performed by the PLASTIC
team at the time of this writing. Generally, this CME had
large velocity Vz values that can affect the orientation of
the magnetotail and possibly some of the dynamics, which
in turn can enhance the asymmetry in the North and
South polar cap. On the other hand, the temperature val-
ues are consistent with other severe CMEs such as the
October 2003 Halloween storm.

[17] From the SWMF-generated magnetic perturba-
tions, using the solar wind inputs described above, we
determined the geoelectric fields using the plane wave
method [see, e.g., Cagniard, 1953; Pirjola, 1982]. The model
generates magnetic field perturbations at locations of
active INTERMAGNET (www.intermagnet.org) mag-
netometer sites. The geoelectric field components E., can
be computed in terms of the perpendicular geomagnetic
field components B, , as
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Figure 3. The SWMF-derived global SYM-H index and an example of the model ground
magnetic perturbations and the calculated geoelectric field response at the Brorfelde high-
latitude ground magnetometer site. The Brorfelde station had the largest geoelectric fields

for this simulation.

where i is the permeability of free space and o is the
effective conductivity. The resistive-end Quebec ground
conductivity model was applied [see Pulkkinen et al., 2012],
since our interest is in extreme event cases. Strictly speak-
ing, the plane wave method is not directly applicable
here, because the method assumes that the magnetic field
signal includes both external and internal contributions.
However, this will not introduce significant errors in the
modeled geoelectric fields as the internal contribution is
relatively small compared to the external.

4. Simulation Results and Discussions

[18] Ilustrated in Figure 2 is a cross section of the mag-
netosphere’s response to the simulated CME in the Y = 0
plane at 22:50 UT on 23 July 2012. The figure shows an
enhanced current density, ], with stretched closed field
lines (red). This period roughly corresponds to the time of
the first SYM-H index minimum, as exhibited in Figure 3.
Figure 3 shows the SWMF-derived global SYM-H index,
and an example of the modeled geomagnetic pertur-
bations and the calculated ground-induced geoelectric
field (E, and E,, respectively) response at the Danish
Brorfelde (BFE: 55.45°N, 98.37°E, geomagnetic) high-
latitude magnetometer site. The results reveal that the
SYM-H response pattern had two negative excursions,
with the first excursion on 23 July reaching a minimum
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of 201 nT at about 22:50 UT followed by a quick recov-
ery period, while the second excursion on 24 July started
after 00:45 before reaching a minimum of about -300 nT
around 02:42 UT and was followed by a long recovery
period. This long recovery phase can be related to the IMF
Bz component which remained southward for a long time
as revealed in Figure 1. Evidently, the two main phases are
separated by a strong positive SYM-H (150 nT) response,
which is associated to the reversal of the IMF Bz com-
ponent from southward to northward orientation with a
maximum of ~84 nT near 23:49 UT on 23 July.

[19] On the basis of the SYM-H index amplitudes,
this storm could be classified as a “common” severe
event in comparison with the strength of previously
observed events, e.g., the 31 March 2001 or the Halloween
29 October 2003 storms with minimum SYM-H values
around -387 nT and -383 nT, respectively. However, the
computed maximum induced geoelectric fields for the
present event are slightly larger, as will be demonstrated
below. It should be mentioned here that a recent investi-
gation of the 23 July CME using an empirical Dst model
suggests that the Dst response could have been consid-
erably stronger (above 500 nT) under optimal coupling
conditions [see Baker et al., 2013].

[20] Figure 4 depicts the maximum induced geoelec-
tric fields at all the individual ground sites used in
this study. The figure shows two simulation results, i.e.,
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Figure 4. The maximum-induced ground electric field (blue) simulated using STEREO in
situ density and (red) simulated using WSA-ENLIL model density. Note that the time of the
maximum field varies from site to site. The red and blue dashed lines show the locations
of the transition regions between middle and high latitudes, which are related to the auro-
ral electrojet current system and is described in-depth by Pulkkinen et al. [2012] and more

recently by Ngwira et al. [2013].

geoelectric field simulated using STEREO in situ real-time
density (blue) and the other using WSA-ENLIL model
density (red). As mentioned earlier, our interest is in a
worst case scenario, therefore, we only discuss results sim-
ulated using the WSA-ENLIL density. Here the latitude
threshold boundary (red dashed line) is located around
50° MLAT and is consistent with observations for severe
geomagnetic storms [e.g., Thomson et al., 2011; Pulkkinen et
al., 2012; Ngwira et al., 2013]. The location of these transi-
tion regions between middle and high latitudes is related
to the dynamics (strengthening and widening) of the auro-
ral current system [Ngwira et al., 2013]. For a higher den-
sity, this region can be shifted to much lower latitudes
due to enhancement and expansion of the auroral current
that can be linked to stronger region-2 Birkeland currents
[e.g., De Zeeuw et al., 2004], as more solar wind plasma
becomes available in the magnetosphere. Additionally, we
believe that the auroral current system expansion could
also be driven by the compression of the magnetosphere
as the pressure front hits the magnetopause boundary,
leading to an increase of the dayside magnetic field and
the Chapman-Ferraro current [Zesta et al., 2013].

[21] We also note that the geoelectric fields calculated
for midlatitude stations in this study are significantly
higher (two to five times) compared to values reported
by Pulkkinen et al. [2012] and Ngwira et al. [2013] for
observed extreme geomagnetic storm events. For instance,
the peak geoelectric field at Hermanus Observatory (HER:
42.3°S, 84.4°E, geomagnetic) is ~1.50 V/km for the present
case and about ~0.29 V/km from results reported by
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Ngwira et al. [2013]. Furthermore, the current version of
the MHD model includes the ring current dynamics; how-
ever, it does not include the equatorial electrojet (EE]) and
solar quiet (Sq) current systems, which could explain the
small values of the geoelectric field around the dip equa-
tor and low-latitude regions. Ngwira et al. [2013] showed
that during selected geomagnetic storms, ground-induced
geoelectric fields can be enhanced on the dayside dip
equator due to intensification of the EE]J current system,
which is in turn driven by the cowling conductivity effect.

[22] Lastly, the present results show that the largest
simulated induced geoelectric fields were observed on the
nightside in the European high-latitude sector. One of the
interesting features of the result in Figure 4 is the value
of the maximum ground-induced geoelectric field with a
peak value of 14.38 + 2.86 V/km occurring at the Bror-
felde magnetometer station [see Figures 3d and 3e]. This
value is 3 V/km higher than the value determined for pre-
viously observed events during the period 1989 to 2005 (0.2
to 11.4 V/km), as reported in a recent study by Ngwira et al.
[2013]. From that study, the maximum-induced geoelec-
tric field value of about 11.4 V/km was reported to have
occurred during the Halloween 2003 storm, whereas two
cases presented in the present study have maximum geo-
electric field values above 13.5 V/km. These large geoelec-
tric fields are associated with the auroral current system,
which is in turn driven by substorm-related activity, as fur-
ther discussed below. Figure 5 demonstrates that there are
sharp changes in the magnetotail magnetic field compo-
nents X and Z at about 22:48 UT, as marked by the vertical
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Figure 5. Plot showing the (top) geomagnetic field components and (bottom) their respec-
tive rate-of-change for a selected location (X = -12Rg, Y = 0 and Z = 4 Rg) in the magnetotail.

purple line. This is roughly the same time that a plas-
moid feature (see supporting information) is released in
the tail region. The corresponding rate-of-change compo-
nents show rapid variations at the same instance.

[23] Plasmoids, which are associated with substorm
onset, are large magnetic structures that are formed by
separating closed plasma sheet field lines in the near-
Earth magnetotail through magnetic reconnection [e.g.,
Moldwin and Hughes, 1993; Baker et al., 1996]. As the plas-
moid grows, a magnetic neutral point forms in the near-
Earth region, then the plasmoid is pushed tailward at
high speeds, and some amount of plasma is accelerated
toward the Earth, causing intensification of the auroral
current at Earth’s high-latitude nightside and accompany-
ing geomagnetic disturbance [e.g., Baker et al., 1996]. As
demonstrated in Figure 5, the most noteworthy changes
in the magnetotail region during the disturbed period can
be related to the large changes in the geoelectric field on
the ground at about 22:50 UT. This further reinforces our
assertion that the largest geoelectric fields are related to
substorm activity.

5. Conclusion

[24] In this paper, we considered STEREO-A in situ
observations to represent the upstream L1 solar wind
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boundary conditions that were used as driving condi-
tions for the global MHD model. Our results show that
the largest simulated induced geoelectric fields were
observed on the nightside in the European high-latitude
sector. Further investigation reveals that this is related to
magnetospheric substorm activity, as simulated plasmoid
features were observed in the magnetotail around this
same time period (22:50 UT).

[25] Generally, higher levels of geoelectric fields can
drive large GIC in Earth conductors such as power grids,
and therefore are a source of concern for power grid oper-
ators [e.g., Pulkkinen et al., 2005, and references therein].
Consequently, had the 23 July CME hit Earth, there is
a possibility that it could have produced comparable or
slightly larger geomagnetically induced electric fields to
those produced by previously observed Earth directed
events such as the March 1989 storm or the Halloween
2003 storms. The implication is that, power systems could
have been exposed to high levels of electric currents
with the potential to drive large amplitude GIC, thereby
increasing their susceptibility to GIC risks. It is important
to emphasize here that a power system’s response to geo-
magnetic disturbances is governed by several factors, and
the geoelectric field amplitude is only one part of the full
power system impact analysis [North America Electric Reli-
ability Corporation (NERC), 2012]. Lastly, we would like to
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point out that much more detailed investigations of the 23
July CME are still ongoing, including the effects of chang-
ing the CME magnetic field structure orientation seen by
the magnetosphere that may amplify the storm strength
from that presented here.
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