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With the approaching of the 24th solar cycle peak year (2012-2014), the impacts of super solar storms on the geospace envi-
ronment have drawn attentions. Based on the geomagnetic field observations during Carrington event in 1859, we estimate the
interplanetary solar wind conditions at that time, and investigate the response of the magnetosphere-ionosphere system to this
extreme solar wind conditions using global 3D MHD simulations. The main findings include: 1) The day-side magnetopause
and bow shock are compressed to 4.3 and 6.0 Re (Earth radius), and their flanks are also strongly compressed. The magneto-
pause shifts inside the geosynchronous orbit, exposing geosynchronous satellites in the solar wind in the magnetosheath. 2)
During the storm, the region-1 current increases by about 60 times, and the cross polar potential drop increases by about 80
times; the reconnection voltage is about 5 to 6 times larger than the average storms, which means a larger amount of the solar
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wind energy enters the magnetosphere, resulting in strong space weather phenomena.
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Solar activity can result in extreme changes of the Earth’s
space environment, and thereby affect the spaceborne and
ground-based high-technology systems of aerospace, com-
munication, navigation, positioning, and electric power sys-
tem. With the approaching of the 24th solar cycle peak year
(2012-2014), the impacts of super solar storms on the geo-
space environment are getting more concerned. Historically,
the first recorded solar flare occurred on September 1, 1859.
Two British astronomers witnessed and recorded a series of
progresses caused by that solar flare, and Lord R. C. Car-
rington was one of them. In fact, the white light flare ob-
served by Carrington was only a part of the series of
large-scale solar activities and terrestrial effects. This solar
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flare and subsequent extreme geospace disturbances are
called the “Carrington Event”, which was the first and
strongest space weather event caused by violent solar activ-
ities, and was linked to a series of terrestrial responses.
During the event of this superstorm, the Dst index declined
to below —1500 nT, and strong aurora also appeared unusu-
ally in the low latitudes. The Dst index is derived by aver-
aging the hourly values of the horizontal components of the
magnetic field variation from four ground stations evenly
distributed in different longitudes near the magnetic equator.
Usually, the Dst index for a magnetic storm is greater than
—200 nT. The Carrington event seriously affected the tele-
graph services at that time. A significant portion of the
world’s 200000 km of telegraph lines was adversely affect-
ed, many of which were unusable for eight hours or longer,
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which had a great economic impact [1-3]. However, hu-
mans did not enter the space era in 1859, and their depend-
ence on space was not as much as today’s society. If a storm
similar to the Carrington Event occurred in the modern so-
ciety, Odenwald et al. [4] estimated that the potential eco-
nomic loss was about $70 billion.

The earth’s magnetosphere-ionosphere system is an im-
portant component of the geospace environment. The posi-
tion and shape of the bow shock and magnetopause are al-
ways the most concerned issues of the large-scale structures
in the magnetosphere. Based on the satellite observations,
empirical formulas about the bow shock and magnetopause
were proposed [5, 6]. All the empirical formulas were ob-
tained by statistically analyzing crossing events of the bow
shock and magnetopause by satellites. However, such
events were very rare under the conditions of intense mag-
netic storms. So the descriptions of the bow shock and
magnetopause under the conditions of intense magnetic

storms are basically not of statistical significance. Shue et al.

[7] gave the position and shape of the magnetopause as a
function of solar wind dynamic pressure (Py) and southward
component (By) of the interplanetary magnetic field (IMF).
Owing to the lack of events with IMF B; < —20 nT, Shue et
al. [7] could not give a reasonable fitting curve from the
data. When IMF B; < —20 nT, Shue’s empirical model
would even fail. The IMF B during the Carrington Event
was estimated to be under —60 nT. As a result, the relevant
empirical formulas of the position and shape of the bow
shock and magnetopause were not applicable any longer.
On the other hand, due to the restrictions of satellite orbits,
crossing events of the bow shock and magnetopause were
concentrated in the day-side low-latitude regions. The ob-
servations of the bow shock and magnetopause were rare in
the high latitudes. Except for magnetospheric large-scale
structures, the large-scale current systems in the magneto-
sphere-ionosphere system play an important role in affect-
ing the magnetic field in geospace environment, which has
distinct properties under extreme interplanetary conditions.
For example, under normal interplanetary conditions (with
solar wind bulk speed of about 400 km/s, and IMF B, of
about —5 nT), the region-1 field-aligned current (FAC) is
closed through the magnetopause current, and the magne-

topause can be regarded as a “dynamo” of the region-1 FAC.

However, recent numerical simulations show that the re-
gion-1 FAC increases, while the magnetopause current de-
creases under the conditions of magnetic storm with a
strong southward IMF B;. At that time, the bow shock con-
tributes to the region-1 FAC, and provides a channel for the
solar wind to impact the ionosphere directly [8]. Therefore,
using the numerical simulation to analyze the earth’s mag-
netosphere-ionosphere system under extreme interplanetary
conditions is the most effective research approach. Ridley et
al. [9] studied the responses of the magnetosphere and iono-
sphere to an extreme large interplanetary shock and coronal

mass ejection (CME) event similar to the Carrington Event,
by using the global 3D MHD model (BATSRUS) [10] de-
veloped by the University of Michigan. Their main con-
cerns were the propagation and interaction progresses of the
disturbances in the magnetosphere-ionosphere system. They
did not quantitatively describe the changes of near- earth
space environment key parameters, such as the magneto-
spheric large-scale structure, region-1 FAC, cross polar po-
tential drop, and so on. In this work, we will start with ge-
omagnetic observations of the Carrington Event in 1859,
estimate the interplanetary conditions, and study the re-
sponses of the earth’s magnetosphere-ionosphere system to
the extreme intense solar storm by analyzing the simulations
of our global 3D MHD model. Quantitative variations of the
earth’s large-scale structures, region-1 FAC and cross polar
potential drop in the ionosphere would also be presented to
improve our quantitative understanding of the consequences
of extreme adverse space weather events.

1 Estimating the interplanetary conditions of
the Carrington Event

Satellites were not available when the Carrington Event
occurred, therefore there were no interplanetary solar wind
data available. But the geomagnetic observations on the
ground had a very long history. Based on the ground geo-
magnetic observations, we can estimate the interplanetary
conditions under some theoretical assumptions.

According to the magnetometer records for the 1-2 Sep-
tember 1859 Carrington Event at Colaba Observatory in
Mumbiai, India, the Dst index first increased to its peak val-
ue of about 120 nT, and then depressed to under —1500 nT
[11]. By using an updated Dst prediction model from Li et
al. [12], Temerin and Li [13] reproduced the evolution of
the Dst index of the Carrington Event quite well. In their
calculation, the solar wind density was 40 cm™ after the
arrival of the shock, and then it sharply increased to 1800
cm™; the solar wind bulk speed quickly increased to 1200
km/s from 450 km/s first, and then slowly increased to 1750
km/s; during that period, the southward IMF B; reached to
—68 nT. Based on the ground magnetic observations, Wang
et al. [14] estimated the change of the square root of solar
wind dynamic pressure across an interplanetary shock.
Their statistical analysis showed that there was a good cor-
relation between interplanetary shocks and variations of the
Dst index. The empirical formula of the amplitudes of sud-
den impulses (ASYM-H) and the change of square root of
solar wind dynamic pressure (APy) was summarized as

A\/Fd = 0.056xA SYM-H(nPa'"?). The change of square
root of solar wind dynamic pressure for the Carrington

Event was estimated to be 6.7 nPa'?, similar to the result
calculated from the solar wind parameters estimated by Li



et al. [12]. Taking the above estimations as a reference, we
select the following solar wind parameters to mimic the
interplanetary conditions of the Carrington Event, as shown
in Figure 1: (1) Initial solar wind conditions. B; =2 nT, N =
5 cm”, Vy = =450 km/s, T = 0.91 x 10°K. (2) Storm-time
solar wind conditions. B = —60 nT, N = 40 cm™ , Vy =
~1500 km/s, T= 14 x 10°K.

2 Numerical simulations

Using our self-developed global 3D PPMLR-MHD model
[15], we investigate the responses of the earth’s magneto-
sphere-ionosphere system to the above super solar storm,
focusing on the changes of geospace environment parame-
ters, such as the large-scale structures, region-1 FAC, and
cross polar potential drop in the ionosphere.

The numerical scheme adopted by PPMLR-MHD model
is of three-order spatial precision and two-order temporal
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Figure 1 Estimations of the interplanetary conditions for the Carrington
Event. (a) The IMF Bz, (b) solar wind number density, (c) solar wind bulk
speed, (d) tempreature.

precision, with a very small numerical dissipation. A shock
or a discontinuity front can be captured within two grids.
We take a Cartesian coordinate system with the origin at the
Earth’s center and the x axis pointing to the Sun. The simu-
lation box extends from 30 Rg to —300 Rg in the x direction
and from O Rg to 150 Rg in the y and z directions. The
Earth’s magnetosphere-ionosphere system is assumed to be
symmetrical to the noon-midnight meridian and equatorial
planes. The whole domain is discretized into 160 x 80 x 80
grids: a uniform mesh is laid out in the near-Earth domain
of =10 < x < 10 Rg, 0 < y, z < 10 Rg, with 0.4 Rg in
spacing; the grid spacing outside increases according to a
geometrical series of common ratio 1.05 along each axis.
The inner boundary is set to be at r = 3 Rg, and the electro-
static model is adopted to consider the coupling of the inner
boundary and ionosphere. For simplicity, a uniform conduc-
tivity model for the ionosphere is used in this case, and the
Pedersen and Hall conductances are of 15 S and O S, re-
spectively. The interplanetary conditions can be adjusted
through the front inflow boundary at x = 30 Rg while free
outflow conditions are applied for the outflow boundary at
x = =300 Rg. The calculation process is divided into two
steps: first, we fix the initial solar wind conditions, and let
the calculation continue until a quasi-static magnetosphere-
ionosphere system is reached; at the second step, we intro-
duce the storm-time solar wind conditions shown in Figure
1 into the inflow boundary at x = 30 Rg.

Figure 2 shows the magnetospheric large-scale structures
in the noon-midnight meridian plane obtained from our
simulation. The colors represent the distribution of the x
component of plasma speed (Vy). Figure 2(a) shows the
typical magnetosphere structure under the background solar
wind conditions before the arrival of the super solar storm.
The yellow circle represents the Earth, the dash dot circle in
red represents the geosynchronous orbit, and the dashed and
dotted lines in red represent the fitting curves of the mag-
netopause and bow shock, respectively. The magnetopause
and bow shock cut the x axis at 8.5 and 12.0 Rg, respective-
ly, which are in agreement with the results calculated from
Shue-98 empirical formula [7].

Figure 2(b) shows the corresponding magnetospheric
large-scale structures at about four minutes after introducing
the interplanetary conditions of the super solar storm. Due
to the rapid enhancement of the solar wind dynamic pres-
sure and southward turning of IMF By, the magnetopause is
strongly compressed. At the same time, the geomagnetic
field at the dayside magnetopause is also extremely eroded.
The magnetopause and bow shock along the x axis are at 4.3
and 6.0 Rg, respectively, implying that the dayside magne-
topause and bow shock shift earthward of the geosynchro-
nous orbit (about 6.6 Rg from the center of the Earth).
Based on the statistical analysis of 211 magnetic storms, Li
et al. [16] found that the 360° panoramic views of geosyn-
chronous By signature for storms of different intensities



Bow shock

-20 -10 0 10 20
Y(R)

Bow shock

XR)

1000
1500

-500

I-1c|m
1500

-20 -10 0 10 20
YR

Figure 2 Magnetospheric large-scale structures in the noon-midnight
meridian plane (contour plot of the x component of plasma speed, Vx). (a)
Under the typical interplanetary conditions; (b) about four minutes after the
arrival of the super solar storm.

differ significantly from each other. For small to moderate
storms (=100 < Dst << =50 nT), the distribution of By is
similar to a bell-shaped Gaussian distribution, peaking on
the noon side and reducing to the night side. For the super-
storms (Dst < =300 nT), the Gaussian-like distribution
even reverses, mainly because the dayside magnetopause is
compressed and eroded inside the geosynchronous orbit
during super solar storms. During a very intense magnetic
storm, the dayside magnetopause commonly shifts earth-
ward of the geosynchronous orbit. The geostationary orbit
satellites are therefore directly exposed to the solar wind,
and thus more vulnerable to the sun cosmic ray due to the
lack of the magnetosphere’s protection. Meanwhile, the
franks of the bow shock and magnetopause are also com-
pressed strongly. The intersections of the bow shock and y,
z axis both reduce from 21.5 Rg to about 12 Rg. The inter-
sections of the magnetopause and y, z axis reduce from 13.0
Rg and 13.5 Rg to 6.5 Rg and 7.7 R, respectively. As for
the compressions of the franks, the estimations from
Shue-98 empirical formula do not match those from the
simulations. For example, the magnetopause cuts the y axis
at 9.1 Rg from the empirical formula, which is much larger
than that of 6.5 Rg from the simulation. Owing to the lack of
the samples under very intense magnetic storms, the posi-
tion and shape of the magnetopause under extreme solar

wind conditions from empirical formula cannot fully reflect
the real situations.

The strong compression effect of the super solar storm
will cause a rapid enhancement of the magnetopause current
to balance the extreme solar wind pressure. This will also
cause a great increase of the ionospheric current and a series
of aurora activities. When the situation gets worse, the au-
rora activities would even extend to the low latitudes [17].
In this simulation, the peak current density of the region-1
FAC is 0.15 pA/m?, and the amount is 0.22 MA before the
extreme solar wind conditions. After the arrival of the super
solar storm, the region-1 FAC increases rapidly, with the
peak current density and amount reaching 7.43 pA/m” and
13.08 MA, respectively, about 60 times larger than the pre-
vious values. Meanwhile, the aurora extends to the low lati-
tudes. Because of the extreme southward IMF B, and
high-speed solar wind, the region-1 FAC increases rapidly,
while the enhancement of the magnetopause current cannot
provide sufficient support. At this time, the bow-shock cur-
rent closes with the region-1 FAC, and becomes a “power
source” of the region-1 FAC. It is estimated that more than
50 percentage of region-1 FAC comes from the bow shock.
Under extreme solar wind conditions, the solar wind-
magnetosphere-ionosphere system can directly input the
electromagnetic energy into the ionosphere through this
current system.

Magnetic reconnection is a major approach of the solar
wind-magnetosphere coupling. The reconnection rate can be
quantitatively described by the tangential electric field
along the reconnection line, and equals the total potential
drop along the reconnection line (reconnection voltage). In
the view of ideal MHD, the magnetic field line can be re-
garded as equipotential; therefore, the cross polar potential
drop in the ionosphere equals the reconnection voltage, and
thus be directly used to measure the reconnection rate by
some researchers [18]. In this case, the cross polar potential
drop in the ionosphere has increased by more than 80 times,
from 10.6 to 868.2 kV. The Joule heating has also increased
by more than 480 times. Siscoe et al. [19] made some ex-
tensions about Hill model of the transpolar potential [20,
21], obtaining the relationship of the cross polar potential
drop on the solar wind parameters and the Pedersen con-
ductance in the ionosphere. They pointed out that the satu-
ration level of the cross polar potential drop was positively
correlated with the solar wind dynamic pressure, whereas it
was negatively correlated with the Pedersen conductance in
the ionosphere. Assuming the Pedersen conductance to be
15 S during this superstorm, we estimate the cross polar
potential drop to be 860.8 kV under the solar wind condi-
tions mentioned in section 1, which is consistent with our
numerical simulation. The Carrington Event was accompa-
nied by a strong solar proton eruption. The polar ionosphere
was influenced directly by solar particle events, and thus
affected the distribution and amplitude of the conductance
in the ionosphere. For simplicity, we do not consider the



influence of the fine structure of the ionosphere, for we
emphasize the large-scale structures and their variations of
the magnetosphere. Due to the extreme solar wind condi-
tions, the saturation level of the cross polar potential drop
for this event (about 2000 kV) is much larger than the value
for a typical magnetic storm (about 150-250 kV). The sim-
ulation shows that the reconnection voltage for the Carring-
ton Event is 5 to 6 times higher than that for a normal storm,
resulting in a large amount of solar wind energy to enter the
inner magnetosphere and thus causing strong space weather
phenomena. In the magnetotail, magnetic reconnection oc-
curs in the central plasma sheet under the impact of the
strong southward IMF B;. As shown in Figure 2(b),
high-speed flows in opposite directions appear at X = ~ —9
Rg, where is the outflow region of a magnetic reconnection.
The earthward high-speed flows carry large quantities of
solar wind energy into the inner magnetosphere, and there-
by affect the convection structure of inner magnetosphere
and relevant electrodynamics in the magnetosphere-
ionosphere coupling region, and further influence the iono-
sphere and geomagnetic activities.

3 Discussion and summary

When the Carrington Event occurred in 1859, humans were
not as much dependent on the space-borne and ground-
based high-technology systems as they are today. At present,
the drastic changes of geospace environment caused by so-
lar activities can affect aerospace, communication, naviga-
tion, positioning, and electric power system, etc. With the
approaching of the 24th solar cycle peak year (2012-2014),
the impacts of super solar storms on geospace environment
have drawn more and more attentions. Super solar storms
are low probability, but are high risk space disasters. Owing
to the lack of events under superstorms, the relevant empir-
ical formulas about geospace environment elements usually
do not apply to such extreme conditions. In this work, we
start with the geomagnetic observations of the Carrington
Event in 1859, to estimate the interplanetary conditions at
that time. Taking those parameters as input, we quantita-
tively analyze the responses of the earth’s magneto-
sphere-ionosphere system to such an extreme intense solar
storm by adopting the global 3D PPMLR-MHD model. The
relevant values of geospace environment parameters like the
magnetospheric large-scale structures, region-1 FAC, cross
polar potential drop are summarized and listed in Table 1.
For comparison, we calculate the parameters for the situa-
tions before and after the impact of the super storm. The
main findings include: 1) the dayside magnetopause and
bow shock are compressed to 4.3 and 6.0 Rg, and their
flanks are also strongly compressed. The magnetopause
shifts inside the geosynchronous orbit, exposing geosyn-
chronous satellites in the solar wind in the magnetosheath; 2)
during the storm, the region-1 FAC increases by about 60

times, and the cross polar potential drop increases by about
80 times; the reconnection voltage is about 5 to 6 times
larger than the average storms. This means that a larger
amount of the solar wind energy enters the magnetosphere,
and results in strong space weather phenomena.

Table 1 Geospace environment elements before and after the superstorm

Before  After

Xm 8.5 43
Position of mag-
netopause (Rg) Yu 13.0 6.5
Zn 135 7.7
Xwm 12.0 6.0
Position of the
bow shock (Rg) Yy 215 12.0
Zn 21.5 12.5
. Current density maximum (uA/m?)  0.15 7.43
Region-1 FAC
Current amount (MA) 0.22 13.08
Cross polar potential drop (kV) 10.6  868.2
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