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[1] The behavior of the cross polar cap potential, �PC,
under strong solar wind conditions is studied using global
MHD simulations. Simulations using two typical values
of the ionospheric Pedersen conductance in agreement with
others show that the cross polar cap potential is reduced
compared to the corresponding potential in the solar
wind due to the stagnation of the magnetosheath flow and
the existence of parallel potentials. However, it is the
ionospheric conductance that affects the value of �PC the
most: the transpolar potential saturates only for high enough
ionospheric conductance. A mechanism in which the
ionospheric conductance changes the properties of the
magnetosheath flow is proposed. This mechanism
assumes mapping of the electrostatic potential in the ideal
MHD system and yields a self-consistent response of
the reconnection and transpolar potentials to changes in
the ionospheric conductance. INDEX TERMS: 2736

Magnetospheric Physics: Magnetosphere/ionosphere interactions;
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1. Introduction

[2] The cross polar cap or transpolar potential plays a key
role in the solar wind-magnetosphere-ionosphere (SW-M-I)
coupling. This potential, �PC, is the difference between the
extrema of the electrostatic potential in the high-latitude
ionosphere. Since electric fields are mapped onto the
ionosphere along the magnetic field lines from the magne-
topause and magnetotail, the transpolar potential is an
important indicator of the coupling among the chain of
events from the solar wind to the ionosphere.
[3] Recent observations indicate that the cross polar cap

potential saturates when the convective electric field in the

solar wind, Ey, exceeds �5 mV/m level (for southward
interplanetary magnetic field (IMF)) [Russell et al., 2001;
Hairston et al., 2003]. For moderate solar wind activity �PC

scales linearly with the solar wind convective electric field.
However, for stronger solar wind Ey, �PC shows almost no
dependence on the solar wind conditions. The mechanisms
for this effect are not fully understood at present. The recent
model of the transpolar potential saturation [Siscoe et al.,
2002a] is based on the Hill model [Hill et al., 1976; Hill,
1984] of magnetospheric convection and the role of the
ionospheric conductance. In this model the saturation of the
cross polar cap potential is attributed to the feedback from
the region 1 current that limits the reconnection rate at the
dayside magnetopause. In addition, Siscoe et al. [2002b]
suggested a paradigm of a previously unrecognized storm-
time magnetosphere in which the region 1 current rather
than the Chapman-Ferraro current is dominant on the
dayside magnetopause. In this model it is the region 1
current that balances the solar wind ram pressure and thus it
cannot exceed the level required to resist the solar wind.
Global MHD simulations by Raeder et al. [2001] indicate
that there is a significant change in the shape of the
magnetosphere under strong solar wind conditions: the
lobes swell outwards shading the reconnection region, thus
preventing the flow from reaching it. As pointed out by
Siscoe et al. [2002a], these simulation results are in fact
strongly interlinked because it is the current reconfiguration
that leads to the change in the magnetopause geometry.
[4] Global MHD simulations are a natural tool to study

�PC saturation. Despite the lack of reconnection physics
underlying the SW-M-I interaction these simulations can
reproduce many global phenomena of the system and its
geometry. The saturation of the cross polar cap potential is
in many respects a matter of geometry: the magnetopause is
an obstacle in the way of the solar wind and changes in the
geometry of the obstacle will naturally influence the prop-
erties of the flow around it.
[5] In this paper we present results of global MHD

simulations of the SW-M-I system to study the transpolar
potential under various solar wind conditions. The emphasis
here is on the effect of the ionospheric conductance on the
saturation level of the transpolar potential. A mechanism by
which the ionospheric conductance can regulate the effi-
ciency of the coupling in the system is presented.

2. Global MHD Simulations

[6] The Lyon-Fedder-Mobarry (LFM) global MHD code
[e.g., Fedder and Lyon, 1995] is used to study the behavior
of the cross polar cap potential under strong solar wind
conditions. The latter were idealized: the velocity had only a
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horizontal component which was kept constant throughout
the runs and equal to 400 km/s and the magnetic field was
purely southward with values from �10 nT to �40 nT.
These conditions correspond to a solar wind convective
electric field, Ey , in the range from 4 to 16 mV/m. It should
be noted that the position of the bow shock depends
strongly on the magnetosonic Mach number, Mms, of the
solar wind flow and for low enough Mms (lower than 2 for
this code) one can find the bow shock well outside the
boundary of the grid located at about xGSM = 24 RE. Since
Mms reduces when the magnetic field is increased we had to
alter the density so that Mms was above 2. The solar wind
parameters used in the runs are listed in Table 1.
[7] To examine the dependence of the cross polar cap

potential on the ionospheric conductance and to facilitate
the interpretation of the results the conductance was taken
as a uniform Pedersen conductance, �P. All runs were
repeated for two values of �P equal to 5 and 10 mhos.
The constant solar wind conditions were held long enough
(typically 5 hours) so that the system evolved into a steady
state and the typical two-cell convection pattern was formed
in the ionosphere. The results presented here correspond to
a typical instant during the steady state.

2.1. Cross Polar Cap Potential and Reconnection
Potential

[8] In the ideal MHD model and under steady state solar
wind conditions the electrostatic potential is projected from
the dayside magnetopause and from the magnetotail onto the
polar ionosphere almost completely. The presence of non-
ideal effects results in a relatively small potential attenuation
due to the development of parallel electric fields along the
magnetic field lines. Thus, the values of �PC and the recon-
nection potential are strongly related, and the two should be
studied together. In a global MHD code the determination of
physical quantities at the magnetopause is complicated due to
the problem of locating the magnetopause, the absence of
reconnection physics, and contamination with numerical
noise. These difficulties are overcome, at least in part, by
using the following technique. The extrema of the electro-
static potential are located inside the convection cells in the
polar ionosphere. These points are on the boundary separating
regions of open and closed magnetic field lines, and thus the
field lines originating there connect to the ends of the
reconnection line on the dayside magnetopause. The idea is
to trace these field lines from their ionospheric footprints to
the solar wind and to integrate parallel electric field along
them. Then, taking the difference between two corresponding
points on the field lines the potential drop between them can
be computed. It should be noted that the parallel electric fields
in the ideal MHD code are of numerical nature and therefore
the specific magnitudes of the parallel electric fields obtained
from the code may not be interpreted directly in terms of
physical processes.

[9] Since the above procedure is subject to noise in the
simulation data as well as the integration error, the foot-
prints of the field lines should be determined carefully to
make them pass as close as possible to the ends of the
reconnection line. In Figure 1 �PC and the reconnection
potential calculated using this procedure are shown as
functions of Ey for the two values of the ionospheric
conductance used in the simulations. Evidently, the differ-
ences between the two corresponding curves are due to the
parallel potential drop. It should be noted that in Figure 1
the potential difference between the solid and dashed lines
for a given value of �P is the difference between points on
the two magnetic field lines. Therefore, the actual parallel
potential drop along one field line is half the value in the
figure. Let’s consider the case with the largest parallel
potential drop shown in Figure 1: Ey = 16 mV/m and
�P = 5 mhos. For this case the difference between the solid
and dashed line is equal to 180 kV, and thus the actual
parallel potential drop along one field line is 90 kV. Further,
the parallel electric field along the field lines, Ek is inte-
grated up to the very end of the field line (where it reaches
the boundary of the code grid) because of the problem of
locating the intersection of the field line with the magneto-
pause. Ek is naturally much higher inside of the magneto-
pause than outside of it. Moreover, beyond the bow shock
Ek becomes negligible in comparison with the total value of
the electric field, but if the integration is continued over a
long distance it still may give rise to a considerable potential
drop as a result of accumulated numerical errors. Conse-
quently, for the case discussed here this procedure yields a
parallel potential which is about 30–40 kV higher than the
potential difference between the point where the field line
touches the reconnection line and its ionospheric footprint.
The potential drop up to the magnetopause is about 50–
60 kV, making the total parallel potential drop of about 90 kV.
The solid lines depicted in Figure 1 represent overestimates
of the reconnection potential and the actual value should be
between the corresponding solid and dashed lines.
[10] Figure 1 shows the saturation of the transpolar

potential as well as of the reconnection potential as Ey

increases. The saturation of the reconnection potential is
discussed in the following subsection. The other important
feature of Figure 1 is the significant difference between the
values of �PC and the corresponding reconnection poten-
tials for different values of the ionospheric conductance.
The saturation value of �PC at �P = 5 mhos is unrealisti-

Figure 1. The cross polar cap and reconnection potentials,
��, as functions of the solar wind convective electric field,
Ey . The lines are fits to the simulation data.

Table 1. The Solar Wind Parameters Used in the Simulations

Run # 1 2 3 4 5 6 7

Bz, nT �10 �15 �20 �25 �30 �35 �40
Vx, km/s �400 �400 �400 �400 �400 �400 �400
n, cm�3 5 5 5 15 20 25 30
Ey , mV/m 4 6 8 10 12 14 16
Mms 3.81 2.65 2.02 2.73 2.64 2.53 2.43
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cally high as compared with the experimentally observed
magnitudes [Russell et al., 2001; Hairston et al., 2003].
However, for �P = 10 mhos the situation improves: the level
of�PC = 300 kVat rather high solar wind convective electric
field is much closer to the observations. The fact that the
ionospheric conductance affects the value of the reconnection
potential implies its influence on the properties of the mag-
netosheath flow. This is discussed in Subsection 2.3.

2.2. Magnetosheath Flow Stagnation and Saturation
of the Reconnection Potential

[11] As we have seen in the previous section �PC

saturates in a manner similar to the reconnection potential,
given by the reconnection electric field and the length of the
reconnection line. The reconnection electric field, in turn, is
determined by the properties of the magnetosheath flow. In
a hydrodynamic flow past an obstacle there is always a
stagnation region where the velocity component transverse
to the direction of the flow grows while the parallel
component is reduced. In an MHD flow, the situation is
similar to the hydrodynamic case, but the frozen-in mag-
netic field gets compressed so that the change in the
convective electric field ~E ¼ �~v�~B is expected to be
smaller. This is examined using the simulation for the case
with the solar wind Bz = �40 nT and vx = �400 km/s (Ey =
16 mV/m), and �P = 10 mhos. In this case the magnetic
field at the nose of the magnetopause is compressed by a
factor of �3.1 while the velocity is reduced by a factor �7.7
from the upstream values. This leads to a reduction of the
convective electric field by more than 50%. Note that the
change of the electric field across the bow shock can be
neglected since the tangential component of the field must
be conserved. The shock surface is quasi-perpendicular to
the solar wind flow in a large region around the symmetry
axis so that the electric field is mostly tangential to the
shock and does not differ considerably on the two sides of
the shock. Attenuation of this electric field in the magneto-
sheath leads to the reduction of the reconnection potential.
[12] The full magnetospheric potential taken as the prod-

uct of the solar wind electric field and the characteristic size
of the magnetosphere will correspond to a line that is above
all the curves in Figure 1. This is due to the stagnation of the
flow in the magnetosheath. However, the specific shape of
the curves requires a more detailed analysis. The Hill model
[Siscoe et al., 2002a] provides a functional form of the
transpolar potential dependence on the solar wind electric
field and dynamic pressure. Further, Siscoe et al. [2002b]
suggested that the amount of the region 1 current is limited
by the solar wind dynamic pressure under extremely dis-
turbed solar wind conditions, thus causing the saturation of
the transpolar potential. It should be emphasized here that
irrespective of the saturation mechanism, it should affect the
global geometry of the system, and therefore, the magneto-
sheath flow so that the reconnection potential takes values
consistent with the values of the transpolar potential. This
should be true if the assumption about the mapping of
electrostatic potential is valid, as expected in the ideal MHD
model under steady state conditions.

2.3. Effect of the Ionospheric Conductance

[13] The global MHD simulations show that the recon-
nection and transpolar potentials saturate as the solar wind

electric field increases, as shown in Figure 1. However, the
saturation level depends strongly on the ionospheric con-
ductance. We have discussed above the reduction in the
cross polar cap potential arising from the stagnation of the
magnetosheath flow upstream of the magnetopause. We
now address the question of how the ionosphere affects
the properties of the magnetosheath flow.
[14] The role of the ionosphere in controlling magneto-

spheric convection as seen in global MHD simulations was
first addressed by Fedder and Lyon [1987]. They discussed
two distinct ways for such a control. First, it controls the
length of the reconnection line, thus regulating the total
amount of energy supplied to the ionosphere from the solar
wind dynamo. Second, by regulating the strength of the
region 1 currents, it influences the size of the region in the
polar ionosphere through which open polar magnetic flux
passes into the magnetosheath.
[15] The ionospheric control of the SW-M-I coupling is

shown in Figure 2. In this figure the magnetosphere in the
GSM XY plane is shown with the locations of the magne-
topause and the bow shock for �P = 5 mhos (solid lines)
and �P = 10 mhos (dashed lines). The background is the
plasma density for �P = 5 mhos. The solar wind Ey =
16 mV/m is the largest value used in the simulations. From
Figure 2 it is easily seen that for the higher ionospheric
conductance the magnetopause becomes wider at the flanks
while the subsolar point distance does not change. This is a
consequence of the increase of the region 1 currents and the
resulting change in the location of the magnetopause across
which pressure balance is achieved [Siscoe et al., 2002b].
However, the constancy of the magnetopause subsolar point
distance in the simulations may follow from the fact that the
field aligned currents do not pass close to the nose of the
magnetopause and thus do not contribute to the pressure
balance there.
[16] The widening of the magnetopause is accompanied

by an increase in the bow shock stand off distance, as seen

Figure 2. The magnetopause and the bow shock for the
run #7. The background is the plasma density on a
logarithmic scale for �P = 5 mhos. The curves are of the
form r = k/(1 + e cos q) where k and e are found from
subsolar and terminator distances determined by the density
jump.
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in Figure 2. This is consistent with the results of Farris and
Russell [1998].
[17] The displacement of the bow shock toward the Sun

while the magnetopause subsolar point distance has not
changed, leads to a wider magnetosheath. This means that
the flow has more space to brake, and the solar wind
convective electric field is expected to be smaller on the
nose of the magnetopause. In Figure 3 we present the
profiles of Ey along the GSM x-axis from 4 to 24 RE. From
this figure we estimate that the difference between Ey at the
nose of the magnetopause for the two conductances is about
3 mV/m. Assuming a reconnection line length of 17 RE for
�P = 5 mhos and 20 RE for �P = 10 mhos (which
corresponds to the simulations) we get a difference in the
reconnection potential of about 200 kV. A potential differ-
ence of the same order of magnitude is seen in Figure 1.
Thus, a slight shift of the bow shock toward the Sun by
about 1 RE leads to a significant additional drop in the
reconnection potential and consequently in the cross polar
cap potential. The space scales of the system are so large
that even small variations of the electric field result in
appreciable potential drops.

3. Discussion and Conclusions

[18] Global MHD simulations have been used to study
the behavior of the steady state cross polar cap potential
under solar wind electric fields in the range 4 to 16 mV/m
and two values of the ionospheric conductance (�P = 5 and
10 mhos). The simulations show that �PC saturates as Ey is
increased, and the saturation level is strongly affected by the
ionospheric conductance.
[19] The reconnection potential at the magnetopause,

which is mapped to the polar ionosphere along equipotential
magnetic field lines, is determined by the properties of the
flow in the magnetosheath. Thus, independent of the phys-
ical mechanism that regulates the cross polar cap potential
[Siscoe et al., 2002a, 2002b] the geometry of the system and
consequently the magnetosheath flow should change in a
self-consistent manner. In this respect, the effect of the
ionospheric conductance presented here becomes very

important. The simulations clearly indicate that under the
same solar wind conditions the geometry of the magneto-
pause depends on the ionospheric conductance. For bigger
conductances the magnetopause becomes wider at the
flanks while preserving the subsolar point distance. This
is a result of the increase of the region 1 currents and their
possible sunward displacement on the surface of the mag-
netopause. The magnetopause widening leads to the bow
shock shifting toward the Sun and a reduction of the
convective electric field on the nose of the magnetopause.
This, in turn, provides for smaller reconnection potential and
consequently for smaller cross polar cap potential compared
to the value at the smaller conductance.
[20] Fedder and Lyon, [1987] suggested that the SW-M-I

system is self-regulating, so that an increasing power input
from the solar wind to the polar ionosphere leads to an
increase in the ionospheric conductance which reduces the
coupling efficiency. The effect of the ionospheric conduc-
tance presented here is consistent with this picture and
provides a mechanism by which the conductance can
regulate the coupling of the solar wind to the magnetosphere
and ionosphere.
[21] The recent work by Siscoe et al. [2002a, 2002b]

implies that the transpolar potential saturates as Ey increases
while the reconnection potential does not. The mechanism
presented in this paper, on the other hand, is due to a self-
consistent reconfiguration of the system in response to
changes in the ionospheric conductance, assuming mapping
of electrostatic potential. This leads to a saturation of both
the reconnection potential and the transpolar potential.
Further studies of the parallel potential drops near the
magnetopause are needed to resolve the differences between
these mechanisms.
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