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[1] When the interplanetary magnetic field (IMF) is southward, most of the ionospheric
potential is generated by merging between the IMF and the magnetospheric field.
Typically, the ionospheric potential responds linearly to the magnitude of the southward
IMF. However, when the IMF magnitude is large, the ionospheric potential saturates and
it becomes relatively insensitive to further increases in the IMF magnitude. We present
evidence from simulations that under purely southward IMF conditions, the value of the
portion of the potential due to reconnection is controlled by the divergence of the
magnetosheath flow, which determines the geoeffective length in the solar wind. Typically,
the gradient in the plasma pressure controls the magnetosheath flow, so as the southward
IMF increases in magnitude, the change in themagnetosheath force balance is negligible, the
geoeffective length in the solar wind does not change, and the reconnection potential
increases linearly with the magnitude of the IMF. However, when the IMF magnitude
increases to the point where J × B becomes the dominant force in the magnetosheath,
further increases in IMF magnitude do affect the overall force balance, diverting more flow
away from the merging line, decreasing the geoeffective length, and limiting the global
merging rate. Thus magnetosheath force balance can be seen as a single organizing factor
that regulates the geoeffective length in the solar wind for the entire range of solar wind
parameters.
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1. Introduction and Background

[2] As the solar wind flows around the magnetosphere, it
transmits forces to the magnetosphere‐ionosphere system
that causes plasma to circulate. It is generally agreed that
this convection of plasma is driven by magnetic reconnection
and a viscous interaction, both of which were proposed at the
beginning of the space age [Cowley, 1982]. The viscous
interaction [Axford and Hines, 1961] is a mechanical transfer
of momentum across the magnetopause that entrains mag-
netospheric plasma on closed field lines, which then moves
antisunward. This motion sets ups a return flow further inside
the magnetosphere. These plasma motions exert a force on
the closed field lines, which is then transmitted to the iono-
sphere, producing a mirror of the viscous cell convection.
The flows in the ionosphere require a self‐consistent electric
field, with the flow velocity being the E × B drift. The

electric field is the negative gradient of the ionospheric
potential that is generated by this process. The ionospheric
potential created by the viscous interaction is generally esti-
mated to be around 20–30 kV [Reiff et al., 1981;Cowley, 1982;
Boyle et al., 1997; Sonnerup et al., 2001; Newell et al., 2008].
Also associated with this force exerted on the ionosphere
there exists a self‐consistent Birkeland current generated by
the velocity shear in the viscous cells, which creates a mag-
netic shear in the same sense as the velocity shear. In fact,
one can model the generation of the ionospheric potential
from the viscous interaction for a uniform Pederson con-
ductance as a Poisson equation for the potential, where the
source term is the Birkeland current density consistent with
the magnetic shear generated in the viscous cell divided by
the conductance [e.g., Lyon et al., 2004].
[3] The second, and more important, process in generating

the ionospheric potential is the merging between the solar
wind magnetic field and the dayside magnetospheric field
[Dungey, 1961]. This process produces up to about 200 kV
of ionospheric potential, ten times the potential drop pro-
duced by the viscous interaction [Reiff and Luhmann, 1986;
Boyle et al., 1997; Hairston et al., 2003; Ober et al., 2003].
In the simplest case, southward directed interplanetary mag-
netic field (IMF) merges with the northward field on the
dayside. Magnetic flux is then transported to the nightside,
where eventually it reconnects in the tail, powering phe-
nomena such as substorms [e.g., Baker et al., 1996]. Dayside
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merging imposes a flow on the ionospheric plasma that is
antisunward across the polar cap, as open field lines are
dragged antisunward by the solar wind flow. There is a return
flow at lower latitudes, which leads to a two‐cell convection
pattern in the ionosphere that for southward IMF is in the
same sense as the viscous cell convection. The rate at which
the convection is driven by reconnection depends on the rate
at which flux crosses the merging line, and the rate at which
flux crosses the merging line is just the potential drop along
the merging line. That potential drop is communicated to the
ionosphere along newly merged field lines. A schematic of
the generation regions of the ionospheric potential and the
resulting two‐cell ionospheric convection is presented in
Figure 1.

[4] In the frame of Earth, the flowing solar wind has an
electric field perpendicular to flow direction and the
magnetic field. For purely southward IMF and flow along
the Earth‐Sun line (negative X direction), this electric field
has magnitude VBz and it points in the dawn‐to‐dusk
(positive Y) direction. What should be the potential drop
imposed by the solar wind along the merging line? The
Y‐extent of the magnetosphere from terminator to termina-
tor is about 32 RE under nominal conditions [Sibeck et al.,
1991]. For a steady southward IMF and a solar wind speed
of 400 km/s, the solar wind electric field is 0.4 mV/m in the
solar wind. If the electric field under steady southward IMF
conditions were imposed across the entire dayside merging
region (which we take to be roughly the magnetopause
sunward of termination) then we would expect a recon-
nection potential of 204 kV for every mV/m of electric field
in the solar wind, or alternatively 81.5 kV for each nT of
southward IMF. For an IMF with Bz = −4 nT, this would
yield an ionospheric potential of 326 kV (not including the
viscous contribution), and it has been known for a long time
[e.g., Stern, 1973] that this value is much larger than indicated
by observations. Thus not all of the solar wind magnetic flux
that intersects the cross‐section of the magnetosphere is
actually delivered to the dayside merging line. The solar
wind flow is diverted around the magnetosphere, and the
forces that produce that diversion allow only a fraction of
the impinging solar wind magnetic flux to actually reach the
merging line.
[5] Figure 2 presents the ionospheric potential difference

across the polar cap determined from DMSP F13 observa-
tions during polar cap passes during the main phase of
moderate to large (Dst < −85 nT) magnetic storms. The
DMSP spacecraft orbit at about 800 km with an orbital
period of 101 min. As DMSP F13 crosses the polar iono-
sphere along (roughly) the dawn‐dusk direction it measures
the plasma flow velocity perpendicular to the spacecraft track
[e.g., Hairston et al., 2003]. This allows one to integrate the

Figure 1. A schematic illustration of the sources of iono-
spheric convection.

Figure 2. Ionospheric potentials derived from DMSP F13 data as a function of averaged solar wind
E (VxBz) during the DMSP F13 pass derived from 5‐min OMNI data.
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electric field associated with the plasma motion along the
satellite track and determine the potential difference across
the ionosphere along the DMSP trajectory over the 15 min
that it takes the satellite to traverse the polar cap. Since DMSP
F13 does not always reach the highest latitudes or sample the
maximum and minimum potential regions in every pass, the
potential calculated on a given pass is actually a lower limit
during that period. Also if there are big variations in the
potential within the 15 min it take to complete a polar cap
pass, the calculated potential will not be accurate. In Figure 2
we have selected passes during the main phases of magnetic
storms when the solar wind driver was fairly steady during
the pass so that we could compare the calculated potential
with the average solar wind electric field (VxBz) during the
period extending up to 10 min before the pass (5‐min reso-
lution OMNI data were used) and including the first 5 min
after the pass. This window allows for potential timing errors
and ionospheric response time to solar wind input [e.g.,
Lopez et al., 1999].
[6] What can be seen is that for low values of the solar

wind electric field the potential does increase with the
electric field. However, for solar wind electric field values
greater than about 4.5 mV/m, the ionospheric potential does
not increase further. This effect is the well‐known saturation
of the potential [e.g., Russell et al., 2000]. A line has been
drawn as a rough envelope of the distribution of observa-
tions in Figure 2 for solar wind electric field values less than
4.5 mV/m. The slope of the line is roughly 46 kV/(mV/m)
and the intercept is 15 kV. While this is not an actual
regression line calculated from the data, it is a reasonable
representation of the variation of the potential. Several things
are evident from Figure 2. First, as discussed above, only a
fraction of the solar wind potential across the magnetosphere
is actually seen in the ionosphere. Thus some of the solar
wind flow and the magnetic flux it carries must be diverted so
that it does not reach the merging line, as discussed by Burke
et al. [1999]. Second, when the merging potential goes to zero
(when VBz = 0), the residual potential (which we identify as
the viscous potential) is about 15 kV, consistent with other
estimates. Therefore if we subtract that viscous potential from
the total ionospheric potential we should be left with the
reconnection component of the ionospheric potential. Finally,
there are two regimes for the ionospheric potential: a regime
below 4.5 mV/m in which the ionospheric potential responds
linearly to increases in the solar wind electric field and the
saturation regime above 4.5 mV/m in which the ionospheric
potential seems to be insensitive to further increases in the
solar wind electric field.
[7] To examine these issues, we will utilize the Lyon‐

Fedder‐Mobarry (LFM) global magneto‐hydrodynamic
simulation, which solves 3‐D time‐dependent, single fluid
MHD equations in a modified spherical simulation domain
that extends from +30 > X > −300 RE and from +100 to
−100 RE in the Y and Z directions. The fixed computational
grid places the highest resolution in regions of a priori
interest to the solar wind‐magnetosphere system. The mag-
netospheric MHD simulation takes solar wind input as the
upstream boundary condition and couples to a simple 2‐D
height‐integrated ionospheric model below the 3 RE mag-
netospheric inner boundary condition. The details of the
LFM code are discussed by Lyon et al. [2004]. We will
demonstrate that the LFM code reproduces the essentials of

the response of the ionospheric potential to changes in solar
wind conditions. We will then present a comprehensive
explanation of the behavior of the reconnection potential in
both the linear and saturation regimes that is based on the
role of magnetosheath force balance in regulating the flow
into the dayside merging region. Specifically, we argue that
the reconnection portion of the transpolar ionospheric
potential is uniquely determined by the amount of flux that
the solar wind flow carries across the merging line.
[8] The amount of flow across the merging line depends

on the pattern of flow in the magnetosheath that is deter-
mined, in MHD, by the momentum equation, i.e., by force
balance. Consider the flow of a time‐independent solar wind
around a magnetosphere that has come to equilibrium with
the flow. The pattern of the flow around the magnetosphere
is controlled by the magnetosheath forces, so we can write:

�
d~V

dt
¼ �~V � r~V ¼ �rP þ~J �~B: ð1Þ

The LHS is the divergence of the flow around the magne-
tosphere, and the RHS are the forces that cause the diver-
gence. The resulting pattern of the flow determines the
amount of solar wind magnetic flux that is transported to
and across the dayside merging line. What we will dem-
onstrate below is that magnetosheath force balance not only
explains the behavior of the reconnection portion of the
ionospheric potential and the relationship to solar wind
parameters when the IMF has a small magnitude but also
when it has a large magnitude and the saturation effect is
seen. The basic argument is that when the IMF magnitude is
small, the first term of the RHS of equation (1) (pressure)
dominates the flow. Increasing the IMF magnitude does not
change to force balance much, but it does increase the flux
delivered to the merging line. But when the IMF is large
and the second RHS term dominates the flow (magnetic),
increasing the IMF increases the divergence of the flow,
less flow reaches the merging line, and even though there
is more flux per unit flow, the amount of flux per unit time
delivered to the merging line does not appreciably change.
While this paper focuses on simulations done with purely
southward IMF, the line of argument holds for all orienta-
tions of the IMF, even though the efficiency of reconnection
depends on the relative orientation of the magnetic fields.
Thus the relationship between the solar wind parameters and
the reconnection portion of the ionospheric potential can be
explained for all solar wind values by force balance in the
magnetosheath, which determines the geoeffective length,
and the orientation of the solar wind field, which determines
the projection of the solar wind electric field along the
merging line.
[9] A general point should be made regarding our per-

spective on reconnection and the role of the solar wind as a
boundary condition. Recent work [e.g., Borovsky et al.,
2008; Cassak and Shay, 2007] has focused on the role of
local plasma parameters in determining the local rate of
reconnection. In particular Borovsky et al. [2008] modified
the local parameters in a global MHD model and got agree-
ment with the Cassak‐Shay formula for the reconnection
rate. Our view is that the local reconnection rate may be
modified by local conditions, but that the global recon-
nection rate, and the reconnection‐generated portion of the
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ionospheric potential, will be determined by the magnitude
of the solar wind potential drop that is imposed across the
dayside merging line, and that this is controlled by the
amount of solar wind flow that actually reaches the merging
line. This statement is not inconsistent with the Borovsky
et al. [2008] results. In that paper, the authors investigate
the effect of a plasmaspheric plume reaching the magneto-
pause and present their results in Figure 14 of the paper. As
predicted by the Cassak‐Shay formula, the local reconnection
rate drops in the region where the plume intersects the
merging line, but in nearby sectors the reconnection rate
increases. In fact, the integrated reconnection rate across
the region plotted (∣Y∣ < 6 RE) does not change much
when the plume hits. This would be consistent with the
global reconnection rate being controlled by the total
potential applied across the merging line by the solar wind
(that is to say the total amount of magnetic flux crossing
the merging line per unit time) while the local reconnection
rate might be strongly affected by local conditions. Such local
variations in the reconnection rate might produce important
local variations in the ionospheric potential patterns and the
distribution of the Region 1 currents, but they will not change
the magnitude of the portion of the ionospheric potential due
to reconnection.

2. LFM Ionospheric Potential

[10] Figure 3 presents the ionospheric potential from the
LFM model as a function of the solar wind electric field.
The runs were all done with a purely southward IMF, a solar
wind speed of 400 km/s, a density of 5 cm−3, a sound speed
(Cs) of 40 km/s (about 116,000 K), zero dipole tilt, and a
uniform ionosphere with a Pederson conductance of 5 mhos.
To obtain the ionospheric potential, the simulation is run
with a specified solar wind input until it reaches a steady
state (even though there may be some variations or oscil-

lations), then the total potential difference across the
ionosphere (maximum value minus minimum value) is
averaged over 2 h in the Northern Hemisphere. The error
bars are the standard deviation of the averages, which are
rather small. The four lowest values of the electric field
correspond to Bz values of −1 nT to −4 nT, and for those
values the ionospheric potential responds linearly to the
solar wind electric field. At high values of the solar wind
electric field the potential exhibits the saturation effect.
Also, the values of the potential are high compared to the
observations presented in Figure 2 by a factor of about 1.5,
which is a well‐known feature of LFM [e.g., Lopez et al.,
2009].
[11] In the linear regime the potential does not go to zero

when the solar wind electric field goes to zero. We presume
that the part of the potential produced by the dependence on
the solar wind electric field is the reconnection component of
the potential, and that the residual potential when the solar
wind electric field is zero is the potential due to the viscous
interaction. This gives a viscous potential of 33.9 kV, which,
while larger than the commonly accepted value of about
20 kV, is on the order of upper estimates of the viscous
potential value derived from data [Reiff et al., 1981] and
consistent with the overall tendency of LFM to produce
potentials that are high by a factor of 1.5. We can calculate
the portion of the potential produced by reconnection by
subtracting the viscous potential term, which according to
Newell et al. [2008] is a function of solar wind density and
velocity. We also expect that the viscous potential is a
function of ionospheric conductivity. The viscous potential
is generated by the magnetosheath flow entraining anti-
sunward flow in the LLBL. This flow drags the field, and
with the sunward return flow deeper inside the magneto-
sphere, a magnetic shear is produced (i.e., a current) with
Region 1 polarity. This shear is propagated into the iono-
sphere, driving flow, for which there must be a self‐consistent

Figure 3. LFM ionospheric potential for a set of simulation runs with V = 400 km/s, n = 5 cm−3,
Cs = 40 km/s, Sp = 5 mhos.
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electric field, which is the negative gradient of the viscous
potential. But the stiffness of the ionosphere depends upon
the conductivity. In the limit of infinite conductivity there
would be no ionospheric flow at all. So the viscous potential
should be inversely dependent on the ionospheric conduc-
tivity. Using our definition of the viscous potential, we find
that this is in fact the case in LFM. Therefore the viscous
potential must be calculated separately for each set of solar
wind plasma parameters and ionospheric conductivity.
[12] Figure 4 shows the reconnection potential (total iono-

spheric potential minus the viscous potential) for three dif-
ferent sets of runs of the LFM code. The error bars on the
potential values are omitted in Figure 4, but they are all on
the order of a few kilovolts as seen in Figure 3. Two of the
runs have the same solar wind velocities but different
densities, and one has a higher ionospheric conductivity, but
with the same velocity as the other runs and a density of
5 cm−3. All three sets of runs exhibit a region of linear
behavior for low solar wind electric field, from which the
viscous potential was determined and then subtracted from
the total potential to yield the reconnection potential that is
plotted. The viscous potentials for each run are listed in
Table 1, and one can see that in fact the viscous potential
does depend on the ionospheric conductivity. All three sets
of runs also show evidence of the saturation of the potential
at high values of the solar wind electric field. However, there
are differences between the runs, such as the much lower
potentials for the higher conductivity run. In the next two
sections we will discuss generation of the potential in the
linear regime and the saturation regime. We will show that
the behavior of the potential as a function of solar wind input
in both regimes can be understood with a single, compre-
hensive explanation, namely that the force balance in the
magnetosheath determines how much solar wind flow (and

magnetic flux) reaches the dayside merging line, and that
determines the reconnection potential.

3. Explaining the Linear Regime

[13] Below about 4.5 mV/m, the potential is linearly
related to the solar wind electric field. Since in these sim-
ulation runs we hold the solar wind velocity at a constant
value of 400 km/s, this relationship is really a relationship
between the potential and the magnitude of southward Bz.
As discussed above, a direct application of the solar wind
potential drop across the magnetosphere would lead to io-
nospheric potentials that are well in excess of what is
actually observed, so that only a fraction of the solar wind
potential is actually imposed across the dayside merging
region, even in the linear regime. All three sets of runs in
Figure 4 exhibit a linear regime, which we can characterize
through a linear fit to the results for the lowest magnitudes
of Bz. These results are summarized in Table 1 in which two
sets of runs have the same uniform ionospheric conductance
(5 mhos), and one set has a higher conductance (10 mhos).
As described above, the intercept of the fit is what we
interpret to be the viscous potential. We assume that the
viscous potential is independent of the solar wind magnetic
field, which may not be correct. But for the purposes of this

Figure 4. Reconnection potential (total potential minus the viscous potential from Table 1) as a function
of VBz for different solar wind densities and ionospheric conductivities. All runs have V = 400 km/s, and
Cs = 40 km/s.

Table 1. Linear Fits to the Total Ionospheric Potential as a
Function of VBz

n
(cm−3)

V
(km/s)

Conductivity
(mhos)

Slope
[kV/(mV/m)]

Intercept
(kV)

5 400 5 52.8 33.9
5 400 10 39.4 25.0
8 400 5 51.2 41.6
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paper this is our operating assumption, and we have not
encountered any behaviors in the runs studied so far that are
inconsistent with this assumption.
[14] One possible interpretation of the slope is that it is

related to the length of the merging line. However, closer
examination of the simulations indicates that this is not the
case, since the maximum slope indicates an effective merging
line of just over 8 RE. In Figure 5 the two field lines near the
dawn and dusk terminators are clearly recently merged field
lines. Thus in the simulation the merging line is much longer
than 8 RE; it extends across the entire dayside. Therefore the
length given by the slope must be the extent in the Y‐direction
of the solar wind flow that actually intersects the merging
line, in other words the geoeffective length in solar wind.
Since the plasma flow lines are equipotentials, the potential
drop in the solar wind that would be applied to the merging
region would be the Y‐extent of the solar wind flow that
intersects the merging line times the solar wind electric
field. Solar wind streamlines will be deflected in the mag-
netosheath by forces in the magnetosheath in order to divert
the flow around the magnetospheric obstacle, thus limiting
the actual amount of solar wind potential that is applied
across the merging region. Burke et al. [1999] came to the
same conclusion based on DE‐2 observations.
[15] We can test this idea directly by examining the solar

wind flow streamlines to see if they intersect the merging
region. A flow line that intersects the merging region would
be deflected out of X‐Y plane as the forces at the merging
line deflect the plasma flow. We can see this in Figure 6,
which show flow lines initiated in the solar wind near the
equatorial plane (Z = 0.2 RE) at various Y positions (±Y =
10, 5.2, 4.6, 4, 3.7, 2.9, and 2.5 RE) for a single time step
in the LFM simulation run with standard conditions (V =
400 km/s, n = 5 cm3, Cs = 40 km/s, Sp = 5 mhos) and a
purely southward IMF of 5 nT. The flow lines that do not
intersect the merging region simply divert around the

magnetosphere in the equatorial plane, while flow lines that
intersect the merging region are significantly deflected out
of the equatorial plane. Figure 6 (bottom) is very similar to
Figure 1 of Burke et al. [1999]. The projection into the solar
wind of the flow lines that intersect the merging region is
not always symmetric, and from time step to time step there
are some variations in the potential, but the results are quite
consistent. In this case, the Y‐projection of the solar wind
potential imposed across the merging region extends from
−4.1 RE to 4.5 RE, for a total Y‐extent of 8.6 RE. This is
twice the length determined by Burke et al. [1999], but the
ionospheric potentials here are twice those reported by
Burke et al. [1999]. If we multiply this length (8.6 RE) times
the solar wind electric field (2 mV/m), we obtain a recon-
nection potential of 109.6 kV ± 5 kV, where we estimate the
possible error in the determination of the Y‐extent is about
±0.4 RE (interpolated flow line start positions are examined
in steps of 0.1 RE). This is almost exactly equal to the
reconnection component of the potential we determine from
the ionospheric results by taking the total value of the iono-
spheric potential in that time step (144 kV) and subtracting
the viscous potential (33.9 kV).
[16] Using this method of identifying flow lines that

intersect the merging region we have calculated the Y‐extent
of the solar wind flow that intersects the merging line for all
of the runs with the plasma and ionospheric conditions in
the case above. From these lengths we have calculated the
reconnection potential for each case by multiplying that
Y‐extent with the solar wind electric field. Figure 7 shows
the potential calculated in the LFM ionosphere as well as
the potential calculated by determining the reconnection
potential from the flow lines and adding to that the viscous
potential from Table 1. The curves are essentially on top
of each other. This is quite remarkable. The ionospheric
potential is calculated by solving current continuity, which
yields a simple 2‐D Poisson equation Spr2F = Jk, where

Figure 5. A perspective view of the equatorial plane for a simulation run with standard conditions
(V = 400 km/s, n = 5 cm−3,Cs= 40 km/s,Sp= 5mhos) and a 5 nT purely southward IMF. The yellow lines are
magnetic field lines showing that the merging region extends across the entire dayside magnetopause.
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the Birkeland current source term is simply the field‐
aligned current at the inner edge of the MHD boundary.
The source term does not directly depend on magneto-
spheric electric fields. From the total potential we subtract
the viscous potential (itself derived from the ionospheric
solutions) to arrive at the reconnection potential. On the
other hand, the streamline analysis method for determin-
ing the reconnection potential just follows the solar wind
flow to see how much reaches the merging region, so it does
not directly depend on either the magnetospheric currents or
magnetospheric electric field. Yet both methods, through
completely independent means, end up with the same
reconnection potential.

[17] While these results are from just one of the sets of
runs, the other runs in Figure 4 also have the same behavior.
As best as can be determined, the reconnection potential is
indeed determined by the magnitude of the solar wind
potential that is applied across the dayside merging region.
This result allows us to understand the dependence of the
potential on the solar wind electric field in the linear
regime. In the linear regime, where Bz is small and
negative, the Y‐extent of the solar wind flow that inter-
sects the merging line is the same (8.6 RE) for all values of
the solar wind Bz, as long as the solar wind plasma para-
meters and ionospheric conductivity remain unchanged.
Thus as the magnitude of the southward IMF increases, the

Figure 6. Color coded density in the equatorial plane with plasma flow streamlines (in yellow) that
begin in the solar wind near the equatorial plane (Z = 0.2 RE) at ± Y = 10, 5.2, 4.6, 4, 3.7, 2.9, and
2.5 RE for a single time step in the LFM simulation run with V = 400 km/s, n = 5 cm−3, Cs = 40 km/s,
Sp = 5 mhos, and Bz = −5 nT. (top) The view from sunward of the magnetosphere, just above the equatorial
plane, and (bottom) a view from above the magnetosphere.
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reconnection potential increases proportionally, which re-
sults in the linear dependence of the reconnection potential
on the solar wind electric field (for fixed solar wind speed).
[18] The discussion presented above assumes that there is

no potential drop between the dayside merging line and the
ionosphere. However, Merkin et al. [2003, 2005] and Lopez
et al. [2009] reported significant differences (tens of kV)
between magnetospheric voltages and ionospheric voltages,
although the differences did not impact the results of those
studies. The exact nature of these differences is still being
investigated; however, some of the differences seems be
due to the interpolation in the analysis software, CISM‐DX
[Wiltberger et al., 2005], which results in path‐dependent
potential differences, whereas when one looks at the actual
electric field on the LFM grid and that is used to calculate
potential differences, the potential differences are path‐
independent. In fact, it has been determined that using the
LFM electric field on the grid (not interpolations) there are
no substantial potential differences between the dayside
merging line potential and the ionospheric potential between
the foot points of the field lines that connect to the edge of the
merging region [Ouellette, 2009]. And since what concerns
this study is the relationship between the potential applied
across the merging line and the ionospheric potential, the
work of Ouellette [2009] indicates that those potentials
should be the same, which is the result we have obtained here
as presented in Figure 7. Finally, the remarkable correspon-
dence between the reconnection potential determined from
the streamline analysis and from the ionospheric calculation,
which are completely independent calculation methods,
argues in favor of our interpretation.
[19] Next, let us consider the density dependence. Table 1

shows a slight difference between the slopes, hence the
Y‐extent of the solar wind flow that intersects the respective

merging lines, and this difference is evident in Figure 4
where the reconnection potential in the largest electric
field still in the linear regime (4 mV/m) is larger for smaller
density (and the difference is significantly different from the
few kV standard deviation for the averages). A larger solar
wind density will result in a larger solar wind pressure and
thus a smaller magnetosphere. Given that the magnetosphere
shape is basically self‐similar for a variety of pressures
[Sibeck et al., 1991], we would expect that the size of the
merging region should scale roughly like n−1/6 (Chapman‐
Ferraro scaling). If we assume that the flow patterns are
essentially invariant under this scaling, then the Y‐extent of
the solar wind flow that intersects the merging line in the
linear regime should also follow Chapman‐Ferraro scaling.
This assumption was used by Siscoe et al. [2002a, 2002b]
in the derivation of the functional dependence of the recon-
nection potential at the magnetopause upon solar wind
parameters (equation (2) in that paper).
[20] The ratio of the slopes in Table 1 for the 5 cm−3 and

8 cm−3 runs (all other conditions equal) is 1.03 while the
ratio of the densities to the 1/6 power is 1.08. Alternatively,
if we include in the fit the reconnection potential of all of
the points up to 4 mV/m, then the ratio of the slopes is
1.11. And if we divide the reconnection potential of the
5 cm−3 runs by the reconnection potential of the 8 cm−3

runs, and calculate the average of the ratios of the recon-
nection potentials for all of the points with solar wind
electric field from 0.4 mV/m to 4 mV/m, we get an average
ratio of 1.06. Thus the density dependence in the slopes in
the linear regime seems to be somewhat consistent with
what one would expect from the change in the actual size of
the magnetosphere, and hence the length of the merging
region, according to Chapman‐Ferraro scaling. However, this
issue deserves more study because there may be nonlinear

Figure 7. LFM ionospheric potential for a set of simulation runs with V = 400 km/s, n = 5 cm−3, Cs =
40 km/s, Sp = 5 mhos with the average potential calculated directly in the ionosphere, as well the sum of
the viscous potential plus the solar wind potential imposed on the merging line as calculated from the
geoeffective length determined from the analysis of flow streamlines that intersect the merging region.
The two match well across the entire range of solar wind electric field.
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effects that come into play because of the dependence of the
viscous potential on the density. We note that the ratio of
the intercepts for the two 5 mho sets of runs in Table 1,
which we interpret to be the value of the viscous potential,
is about the same as the square root of the ratio of the
densities, just as predicted by the formula of Newell et al.
[2008]. A change in the viscous potential can produce a
change in the magnitude and/or distribution of Region 1
currents. This may result in a slightly different magneto-
spheric shape that could influence the force balance and
plasma flow in the magnetosheath. Changing the magneto-
sheath flow pattern would in turn change the amount of flux
crossing the merging line, thus changing the reconnection
potential. And so the dependence of the reconnection poten-

tial on density in the linear regime may be more complicated
and include more subtleties than what one might deduce from
simple arguments.
[21] In addition to dependence of the reconnection poten-

tial on density, there is a very significant dependence of the
reconnection potential on ionospheric conductivity. In the
linear regime this manifests itself as a lower slope for a larger
conductivity. Given our previous interpretation we would
expect that the Y‐extent of the solar wind flow that intersects
the merging line to be smaller for larger ionospheric con-
ductivity. Figure 8, which presents results from a run identical
to the run in Figure 6 except thatSp = 10 mhos, demonstrates
that this is in fact the case. The two LFM runs are identical
except for the ionospheric conductivity, but a smaller Y‐extent

Figure 8. Color‐coded density in the equatorial plane with plasma flow streamlines (in yellow) that
begin in the solar wind near the equatorial plane (Z = 0.2 RE) at ± Y = 10, 5.2, 4.6, 4, 3.7, 2.9, and
2.5 RE for a single time step in the LFM simulation run with V = 400 km/s, n = 5 cm−3, Cs = 40 km/s,
Sp = 10 mhos, and Bz = −5 nT. (top) View from sunward of the magnetosphere, just above the equatorial
plane, and (bottom) view from above the magnetosphere.
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of solar wind flow lines intersects the merging region in the
10 mho case compared to the 5 mho case. Thus a higher
conductivity run has a smaller geoeffective length in the
solar wind. The reason for this is evident if we compare the
lower panels of Figures 6 and 8. The 10 mho magnetosphere
is blunter, the subsolar point is closer to Earth, and the
magnetosheath is thicker. This configurational difference is
due to the larger Region 1 current in the 10 mho case, even
though the potential is smaller. In the higher conductivity case
the solar wind flow has to traverse a greater distance across
a wider magnetosheath and hence experiences a greater
deflection due to the forces in the magnetosheath that are
diverting the flow around the wider magnetosphere. Thus a
smaller Y‐extent of solar wind flow is able to reach the
dayside merging region, resulting in a smaller geoeffective
length in the solar wind and a lower reconnection potential.
However, as in the set of 5 mho runs, the linear behavior is
due to a constant Y‐extent of flow that reaches the dayside
merging region for a given ionospheric conductivity, so that
as the solar wind Bz becomes more negative, the recon-
nection potential increases. This is essentially the same
result and interpretation discussed by Merkin et al. [2005].
[22] The potential also has a velocity dependence that is

consistent with our perspective on the role of solar wind
force balance in the magnetosheath. All of the simulation
results presented above vary the (purely) southward IMF to
get the dependence of the reconnection potential on the solar
wind electric field. And in the rest of this paper, we will
focus primarily on southward IMF and its variation, with
some discussion of the dependence on ionospheric conduc-
tivity. However, we briefly consider here the fact that for a
given a solar wind magnetic field, we can increase the electric
field by increasing the velocity. Under such circumstances,
how would we expect the potential to react?
[23] As the solar wind velocity increases, so does the

dynamic pressure, which results in a smaller magnetosphere.
The magnetosphere size will scale like V −1/3 (Chapman‐Fer-
raro scaling due to pressure balance with the dipole) so the
geoeffective length in the solar wind will scale that way as
well. But that is not the whole story. A larger solar wind
speed will produce a larger plasma pressure in the magne-
tosheath. In the linear regime where the IMF magnitude is
small, the solar wind has a large magnetosonic Mach
number and the compression ratio across the bow shock is
near its maximum value of 4 so that there can be little addi-
tional compression across the shock when the solar wind
speed increases. The additional kinetic energy of the flow
must go into plasma heating, creating a larger plasma pres-
sure. The larger pressure forces will produce a greater
divergence of the magnetosheath flow, leading to a smaller
geoeffective length in the solar wind and a smaller recon-
nection potential for a given solar wind electric field.

[24] For the V = 400 km/s runs, the geoeffective length in
the linear regime (as seen in Figure 3) is 8.3 RE. We have
conducted the same analysis for the linear regime for runs
with the same density and ionospheric conductivity but with
V = 600 km/s and V = 800 km/s. The results to the linear fits
of the potential as a function of VBz for low values of
southward Bz are given in Table 2. Two things are evident.
First, the viscous potential increases dramatically with solar
wind speed. This is consistent with the Newell et al. [2008]
result. Second, the geoeffective length decreases with solar
wind velocity. Since the reconnection potential should be
that length times VBz, we find that the reconnection potential
should be rather insensitive solar wind speed. Moreover, the
reduction in the geoeffective length with increasing V is
beyond what one would expect from the Chapman‐Ferraro
scaling. The geoeffective length scales roughly as the
inverse of the solar wind speed, so it would appear that the
reconnection potential is fairly insensitive to increases in
solar wind speed in the linear regime. This dependence of
the geoeffective length on the solar wind speed is easily
explained by considering force balance in the magnetosheath.
A faster solar wind will have more energy/mass and hence
the magnetosheath will have a larger pressure/mass com-
pared to a slower solar wind case. If the pressure gradient
force dominates the evolution of the magnetosheath flow, a
faster solar wind with the larger magnetosheath pressure and
pressure gradient will produce a more rapid diversion of the
flow around the magnetosphere compared to a slower solar
wind, and thus a smaller amount of flow will reach the
merging line. Thus the geoeffective length in the solar wind
of fast solar wind will be smaller than for the slow solar
wind (all other things equal).
[25] We note that the total ionospheric potential does

increase with V. For Bz = −5 nT, and with V = 400, 600,
800 km/s, the potential is 142, 177, and 224 kV,
respectively. This increase in the total potential is driven
by the increase in the value of the viscous potential with
increasing velocity. We note that our result is very similar to
the result obtained by Boyle et al. [1997] from observations,
where it was determined that the best fit to the potential in
the linear regime contained two terms: a term proportional
to the IMF magnitude times a clock angle‐dependent term
(with no V dependence) that must represent the portion of
the potential produced by reconnection, and a term that
depends on V2 (but no Bz dependence), the same dependence
that Newell et al. [2008] found for the viscous potential.
Thus it is possible that during periods of high‐speed, small
IMF magnitude solar wind the viscous potential is larger
than the reconnection potential. This limiting of the geoef-
fective length does not produce the saturation effect because
if you increase the magnitude of the southward IMF when
the IMF is small, you still get an increase in the ionospheric
potential. However, by further considering the nature of force
balance in the magnetosheath, but now with large magnetic
fields, we can arrive at an explanation for the saturation effect
that is based on the same physics discussed above.

4. Behavior of the Potential in the Nonlinear
Regime

[26] Initial studies about solar wind‐magnetosphere‐
ionosphere (SW‐M‐I) coupling showed that the transpolar

Table 2. Velocity Dependence of the Relationship Between VBz

and the Ionospheric Potential

V
(km/s)

n
(cm−3)

Conductivity
(mhos)

Slope
[kV/(mV/m)]

Slope
(RE)

Intercept
(kV)

400 5 5 52.8 8.3 33.9
600 5 5 37.7 5.9 48.7
800 5 5 25.5 4.0 103.1
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potential was linearly related to the interplanetary electric
field (IEF) [Reiff and Luhmann, 1986; Boyle et al., 1997],
except for large values of IEF (>4.0 mV/m), when the linear
model would over predict the transpolar potential. Evidence
for the saturation of the ionospheric potential has been
provided by assimilated mapping of ionospheric electrody-
namics (AMIE) reconstructions of ionospheric potentials
[Russell et al., 2000, 2001; Liemohn et al., 2002], high‐
latitude radar reconstruction of synoptic‐scale ionospheric
flows [Shepherd et al., 2002], and DMSP drift meter mea-
surements [Hairston et al., 2003; Ober et al., 2003]. The
transpolar potential rarely reaches 200 kV and almost never
much beyond that value, as illustrated in Figure 2. Moreover,
ionospheric potential saturation has been identified in various
global MHD models [Raeder et al., 2001; Siscoe et al.,
2002a, 2002b], including the LFM simulation code as dis-
cussed here and elsewhere [Merkin et al., 2003, 2005].
[27] As is evident in Figure 2, the saturation effect

becomes noticeable when the solar wind electric field exceeds
4.5 mV/m, consistent with the result of Nagatsuma [2002].
For the typical solar wind speed of 400 km/s, this translates
to Bz = −11.25 nT. Above that value, the ionospheric
potential becomes less sensitive to continued increases in
the solar wind electric field (that is to say Bz < −11.25 nT)
in what we refer to as the nonlinear regime. In the section
above, we focused on the linear regime and showed that the
reconnection potential determined in the ionosphere was
equal to the amount of solar wind potential applied to the
dayside merging line. Figure 7 shows that this is essentially
the case in the nonlinear regime as well. Above 4.5 mV/m,
the Y‐extent of the solar wind flow that intersects the day-
side merging region (which is constant below 4.5 mV/m)
shrinks as the solar wind magnetic field magnitude in-
creases. This can readily be seen in Figure 9, which is the
same as Figure 6, except that the run was done with Bz =
−20 nT instead of −5 nT. Comparing Figure 6 and Figure 9,
it is obvious that some of the flow lines that intersect the
merging region in the −5 nT case do not do so in the −20 nT
case. Thus the geoeffective length in the solar wind in the
−20 nT case has shrunk relative to the −5 nT, so that the
increase in the magnitude of the southward magnetic field is
offset by a shrinking of the length of solar wind that applies
potential to the dayside merging line. Lavraud and Borovsky
[2008] came to the same conclusion that for very large IMF
values the geoeffective length shrinks, using a different
global MHD code.
[28] Three other points should be noted about the behavior

of the reconnection potential in the nonlinear regime. First,
the conductivity dependence is clear, with lower ionospheric
potential for higher conductivity, and the onset of a notice-
able saturation effect in the 10 mho runs is at a somewhat
lower value of the solar wind electric field compared to the
5 mho runs. Second, in the nonlinear regime the density
dependence is reversed compared to the linear regime, with
higher density producing a larger potential. There is evidence
for these two behaviors in the DMSP data [Ober et al., 2003].
Finally, the linear regime extends to larger solar wind electric
field for larger densities since the saturation effect is not
evident in the 8 cm−3 runs until VBz is larger that 6 mV/m.
On the other hand, for all of the runs in Figure 4, the
reconnection potential calculated from the solar wind flow
is the same as the ionospheric potential minus the viscous

potential. This strongly suggests there is a single explana-
tion for the origin of the reconnection potential that unites
both the linear and nonlinear regimes, namely, that the
magnetosheath flow that controls the amount of solar wind
potential can be imposed on the merging region.
[29] A single explanation for the control of the recon-

nection potential by the magnetosheath flow for all values of
the IMF reduces the question of what produces the satura-
tion effect to understanding why the magnetosheath flow
pattern changes as it does for large IMF. Clearly, the physics
is well represented by MHD; otherwise these effects would
not be evident in the LFM code or the other MHD codes that
have documented similar behavior. The transition between
the linear and nonlinear behavior occurs for large Bz in the
solar wind, and Figures 4 and 7 are essentially the behavior
of the potential as a function of Bz since the solar wind speed
is 400 km/s in all cases. Thus the nonlinear regime is a low
magnetosonic Mach number flow [e.g., Ridley, 2005;
Borovsky and Denton, 2006; Lavraud and Borovsky, 2008],
and under those conditions the bow shock plays an important
role in modulating solar wind‐magnetosphere coupling
[Lopez et al., 2004]. And it is the role of the bow shock in
the coupling that we now examine.

5. Role of the Bow Shock

[30] Most references to the bow shock in the context of
solar wind‐magnetosphere coupling assume a high magne-
tosonic Mach number shock with a steady compression ratio
of 4 of the plasma and the transverse components of the
field, which provides a linear relationship between upstream
and magnetosheath parameters [Lopez et al., 2004]. How-
ever, the large IMF values in the nonlinear regime produce
low Mach number flows. Under such conditions the com-
pression ratio across the bow shock becomes sensitive to
variations in the Mach number, and the ratio of solar wind to
magnetosheath parameters becomes nonlinear, unlike the
linear relationship that exists during high Mach number
flow. This leads to variability in solar wind‐magnetosphere
coupling as the solar wind magnetosonic speed changes, so
that density variations can modulate the coupling [Lopez
et al., 2004; Lavraud and Borovsky, 2008].
[31] For high magnetosonic Mach number shocks, fluid

stresses are the primary force slowing the flow at the shock;
the J × B force plays a minor role. As the Alfvén speed
increases and the magnetosonic Mach number decreases, the
magnetic field, through the J × B force, comes to dominate
the shock interaction. Similarly, for a low Alfvén Mach
number flow, the J × B force dominates the momentum
equation in the magnetosheath, controlling the magneto-
sheath flow. The situation is illustrated in Figure 10 for the
case of purely southward IMF. For simplicity we assume a
plane perpendicular MHD shock, for which the solution is a
longstanding textbook problem [e.g., Boyd and Sanderson,
1969]. The compression ratio, r, has an asymptotic value of
4 for large magnetosonic Mach number and it goes to 1 as the
Mach number goes to 1. The compression of the magnetic
field across the shock means that a magnetic shear is present.
The magnetic shear across the bow shock is a simple conse-
quence of conservation of mass, momentum, and energy as
expressed in the Rankine‐Hugoniot equation. This shear
means that a current is flowing on the shock. The current per
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unit length is given by Ampere’s Law (where Bz is the field
in the solar wind and r is the compression ratio across the
shock, which depends on the magnetosonic Mach number):

Jy ¼ DBz

�0
¼ Bz

�0
r � 1ð Þ ð2Þ

This current produces an outward force slowing the solar
wind. The ratio of the outward force per unit area to the
dynamic pressure of the solar wind is

JyBz

�V 2=2
¼ B2

z r2 � 1ð Þ
�0�V 2

¼ r2 � 1ð Þ
M 2

a

ð3Þ

where Bz is the average field across the shock and Ma is the
Alfvén Mach number in the solar wind. This outward J × B

Figure 10. Compression of the solar wind across the sub-
solar bow shock (solid vertical line) for purely southward
IMF, and the resulting bow shock current and the J × B
force exerted on the solar wind.

Figure 9. Color‐coded density in the equatorial plane with plasma flow streamlines (in yellow) that
begin in the solar wind near the equatorial plane (Z = 0.2 RE) at ± Y = 10, 5.2, 4.6, 4, 3.7, 2.9, and
2.5 RE for a single time step in the LFM simulation run with V = 400 km/s, n = 5 cm−3, Cs = 40 km/s,
Sp = 5 mhos, and Bz = −20 nT. (top) View from sunward of the magnetosphere, just above the equatorial
plane, and (bottom) view from above the magnetosphere.
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force is a fundamental fact due to the compression of the field
across the shock. It is also important to note in Figure 10 that
~J •~E < 0 across the shock. The shock is a dynamo converting
solar wind mechanical energy into magnetic energy as neg-
ative work is done on the solar wind flow by the J × B force.
This point was made by Siebert and Siscoe [2002], who
identified the bow shock current as the dynamo that powers
reconnection at the magnetopause.
[32] Under the conditions when the J × B force is larger

than 50% of the force exerted by the solar wind, the
Chapman‐Ferraro current cannot be the primary contributor
to force balance with the solar wind since most of the force
on the solar wind is exerted at the bow shock. The Siscoe‐
Hill model for saturation [Siscoe et al., 2002a, 2002b] is
explicit on this issue to the point of claiming that the
Chapman‐Ferraro current disappears and that the Region 1
current flowing on open field lines usurps the role of the
Chapman‐Ferraro current in standing off the solar wind.
This Region 1 current closes the large bow shock current in
the ionosphere, and the strength of the magnetic perturba-
tion associated with the Region 1 current on the dayside was
used by Siscoe et al. [2002a] to determine under what
conditions the generation of the ionospheric potential would
be in the nonlinear regime.
[33] Siscoe et al. [2002b] traced current streamlines from

the bow shock to demonstrate that Region 1 current actually
does connect the ionosphere to the bow shock. Current
streamlines, however, do not necessarily provide the overall
view of the distribution of the current. Figure 11 presents the
distribution of current density (or equivalently, curl B)
across the equatorial plane for a strongly driven magneto-
sphere simulation run. What can be seen is that the current

points toward the Earth across the entire dawnside magne-
tosheath and it points away from the Earth across the entire
duskside. This is Region 1 polarity. Moving the display
plane to other Z values shows the same thing. Throughout
the entire magnetosheath volume there is a magnetic shear
and associated current with Region 1 polarity that is gen-
erated at the bow shock. Some of this current is communi-
cated along the magnetic field to the ionosphere, where it
would appear on open field lines. Lopez et al. [2008]
demonstrated the existence of such Region 1 polarity cur-
rent on open field lines in the polar cap using low‐altitude
DMSP observations during a period of large southward
IMF. Therefore we are in agreement with Siscoe et al.
[2002b] that current with Region 1 polarity flows from the
ionosphere into the magnetosheath, where it closes some of
the current present due the magnetic shear generated at the
bow shock. Since solar wind conditions that produce iono-
spheric potential saturation will generate a large bow shock
current, the majority of the force balance will be at the bow
shock, the Chapman‐Ferraro current on the magnetopause
will be much smaller than the bow shock current, and there
will likely be a greater closure of bow shock current through
the ionosphere compared to what closes through the mag-
netopause currents because the magnetopause current is
much smaller than the bow shock current.

6. Force Balance in the Magnetosheath
and the Reconnection Potential

[34] When the magnetosphere is in the nonlinear regime
with low Mach number solar wind flow (both Alfvénic and
magnetosonic), a large magnetic shear is transmitted across

Figure 11. Cosine of the direction of the volume current in the equatorial plane for the solar wind para-
meters Bz = −20 nT, V = 400 km/s, n = 5 cm−3. The black line is the Bz = 0 contour and the white lines are
contours of n = 5 cm−3. The current points toward the Earth for negative (blue) values and it points away
from the Earth for positive (red) values.
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the magnetosheath, and some part of the associated current
closes in the ionosphere. This provides a direct link from the
bow shock to the ionosphere. But this large magnetic shear
also has profound consequences for force balance and
dynamics in the magnetosheath. Figure 12 presents a sche-
matic of the equatorial plane showing the magnetosphere
under southward IMF, including the closure of the bow
shock current. Given that the current is almost everywhere
along the radial direction and the solar wind magnetic field
is southward, the J × B force in the sheath is essentially
azimuthal. This force redirects the magnetosheath flow slowed
by the bow shock so that it can flow around the magneto-
sphere. As pointed out above, the shock is a generator with
~J • ~E < 0. In Figure 12 we see that ~V •~J ×~B =~J • ~E > 0, so
the plasma in the magnetosheath is a load and the magnetic
energy that had been extracted from the flow at the shock
is converted back into mechanical energy as the flow is
accelerated back up to solar wind speeds. The ionosphere is
also a load for the bow shock current, with the current in the
polar cap dissipating some of the energy extracted from the
flow at the bow shock.
[35] Under normal circumstances the dominant force in

the magnetosheath is the plasma pressure gradient. How-
ever, when the solar wind is a low Alfvén Mach number
flow, the magnetic energy is a sizable fraction of the solar

wind flow energy and in the magnetosheath the magnetic
force may become the dominant force. Lavraud and
Borovsky [2008] present an extensive study of the ef-
fects of low Mach number solar wind flow, particularly
the effects on magnetosheath forces and configuration. The
dominance of magnetic pressure can lead to very asymmetric
magnetospheric configurations. The acceleration of magne-
tosheath flow to speeds in excess of the solar wind speed can
occur, and the size and location of Kelvin‐Helmoltz vortices
can be affected. As mentioned above, they noted that the
geoeffective length of the solar wind flow is much reduced in
a magnetically dominated magnetosheath. However, that
study did not directly compare the potential implied by the
geoeffective length to the actual potential in the ionosphere.
[36] The indicator of the magnetically dominated mag-

netosheath is when b, the plasma energy density divided by
magnetic energy density, is less than one. In order to esti-
mate the conditions when b < 1, we have calculated b just
downstream of a plane, perpendicular 1‐D MHD shock
wave. Figure 13 shows the value of the solar wind electric
field (VBz for V = 400 km/s) at which point for a given
density the value of b just downstream of the shock drops to
one. Two different solar wind sound speeds have been
plotted, and there is a difference. This is because the com-
pression ratio across the shock is dependent on the sound
speed, as is the plasma pressure. This is a point to which we
will return later.
[37] Figure 13 provides key information for understanding

why the ionospheric potential saturates, at what point the
saturation effect becomes evident, and how that point
depends on solar wind conditions. The lines in Figure 13
show (for a given set of solar wind plasma conditions) the
value of the solar wind electric field (VBz) for which the 1‐D
calculation indicates that b = 1 just downstream of the shock.
For the Cs = 40 km/s curve, we see that for a density of
5 cm−3, the b = 1 condition occurs for a solar wind electric
field of 4.7 mV/m (that is to say at Bz = −11.7 nT since V is
held constant at 400 km/s), which is quite close to the tran-
sition point seen in the data and in the LFM simulation runs.
For larger solar wind southward IMF (hence larger electric
field), b will just get smaller as the magnetic energy density
and the J × B force increase. The increasing magnetic force
will produce an increasing azimuthal deflection of the mag-
netosheath flow (as described by equation (1)), reducing
the amount of flow that reaches the magnetopause and the
merging region. When the magnetic forces become domi-
nant in the magnetosheath, the amount of deflection of the
magnetosheath flow limiting the amount of solar wind that
reaches the merging region is proportional to the solar
wind magnetic field. A greater solar wind magnetic field
will produce a greater deflection in the flow, shortening the
geoeffective length and reducing the amount of solar wind
potential imposed on the merging region, thus limiting the
reconnection potential. It is also important to note that
saturation effect will not occur if one simply increases the
solar wind velocity to increase the solar wind electric field
above 4.5 mV/m. Even though the electric field increases,
the b in themagnetosheath will actually get larger and the role
of the J × B force will diminish as the velocity increases.
However, as discussed above, as the magnetosheath plasma
pressure increases due to increasing the solar wind kinetic

Figure 12. Schematic showing the closure of the bow
shock current and the J × B forces in the magnetosheath.
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energy density, the geoeffective length in the solar wind will
decrease, so the actual value of the potential will depend in
a complicated fashion on solar wind parameters. But there
will be no saturation effect because increasing the magni-
tude of the southward IMF under such circumstances will
result in a linearly related increase in the reconnection
potential.
[38] The transition to a magnetically dominated magneto-

sheath explains why saturation occurs and provides a unified
description of how the reconnection potential is generated.
For low values of the IMF, the solar wind flow in the mag-
netosheath is diverted around the magnetosphere by the
pressure gradient in the solar wind, reducing Y‐extent of
the solar wind that reaches the merging region. This is
why the reconnection potential is not simply the voltage
drop across the magnetosphere. If the solar wind density
increases, the pressure gradients will increase but so will the
inertia of the solar wind so the flow pattern will not change
much. The reconnection potential, however, decreases
slightly (Chapman‐Ferraro scaling) because the scale size of
the magnetosphere and the merging line is smaller under
larger solar wind pressure. And there may be other nonlinear
effects due to the increased viscous potential. Increasing the
southward component of the IMF when the IMF is not large
has a big effect on the ionospheric potential because the
potential drop imposed on the merging region will increase.
In the linear regime the increasing IMF magnitude has no
effect on the geoeffective length in the solar wind because
that length is determined by the magnetosheath force bal-
ance, which is dominated by the plasma pressure. However,
once the magnetic field increases to the point that b = 1, the
magnetic forces begin to dominate. In that case, when the
IMF magnitude increases, the force on the magnetosheath
flow also increases without an increase in the inertia of the
flow. Thus the diversion of the flow increases, reducing the
geoeffective length in the solar wind. This cancels out much
of the increase in the potential that one would otherwise

expect by an increase in the magnitude of the southward
IMF.
[39] For larger values of density, the transition to a mag-

netically dominated magnetosheath flow takes place for
larger values of the southward IMF because a larger solar
wind density means that there will be a larger pressure gra-
dient in the magnetosheath. From Figure 13 we would expect
that for the 8 cm−3 runs the transition would occur at 6 mV/m.
Inspecting Figure 3, we see that in the 8 cm−3 runs the
reconnection potential continues to behave linearly up to
6 mV/m, as predicted. Since the magnetosphere stays within
the linear regime up through larger IMF values, the saturation
value of the potential is larger. Changing the ionospheric
conductivity shifts the point at which the magnetosheath
become magnetically dominated by changing the shape of the
obstacle. As can be seen in Figure 4, the effect of magnetic
forces in the magnetosheath becomes evident in the 4 mV/m
run for the 10 mho case, whereas the effect of magnetic forces
becomes evident in the 5 mV/m run for the 5 mho case.
[40] Figure 14 presents the value of b in the equatorial

plane for the three sets of conditions presented in Figure 4
with Bz = −10 nT (4 mV/m). We can clearly see that the
magnetosheath is still dominated by plasma pressure in the
8 cm−3 run, whereas in the 5 cm−3 runs the magnetic pres-
sure is becoming larger than the plasma pressure, except
right at the subsolar point (which is really the spot where
Figure 13 applies). However, in the 10 mho case, the region
of the magnetosheath in which the magnetic pressure is
larger that the plasma pressure is somewhat larger than in
the 5 mho case, and the magnetosheath is considerably
thicker since the magnetopause has eroded further earth-
ward. The greater erosion in the 10 mho case is a function of
the larger Region 1 current [Sibeck et al., 1991; Wiltberger
et al., 2003]. The net result is that net deflection of the solar
wind flow away from the merging region is larger in the
10 mho case than the 5 mho case and the magnetosphere

Figure 13. Value of the solar wind electric field (with V = 400 km/s) that will produce b = 1 just down-
stream of a plane perpendicular MHD shock for a given density for two different solar wind sound speeds.
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enters the magnetically dominated, nonlinear regime for a
somewhat lower IMF.

7. Comparison to Other Models of Saturation

[41] Several models have been presented to explain the
saturation of the ionospheric potential. Raeder et al. [2001],
with a different global MHD code using a case study of the
Bastille storm, suggested that saturation happens because
during strong driving, while the Region 1 currents weakens
the Earth’s magnetic field at the dayside magnetopause for
low latitudes, it also strengthens the field at high latitudes.
Such a magnetosphere with “shoulders” develops dimples
that fill with plasma modifying the reconnection rate at the

magnetopause. Merkin et al. [2003, 2005] argued that the
saturation is due to the change in ionospheric conductance
that reshapes the magnetopause, changing the magnetosheath
flow and reducing the dayside reconnection potential. Those
papers also pointed out the dependence of the width of the
magnetosheath on the ionospheric conductance, which is an
important factor in the ionospheric control of the reconnec-
tion potential.Winglee et al. [2002] proposed an explanation
based on ionospheric outflow using a multifluid global
model. This study showed that the mass loading from the
ionosphere into the magnetosphere lowers the transpolar
potential. Ridley [2007] and Kivelson and Ridley [2008]
developed an alternative model, based on Alfvén wings
(regions of slow flow and limited electric field). The limited
electric field in the Alfvén wings results in a limited recon-
nection potential. In this model, neither reconnection effi-
ciency nor magnetospheric geometry plays a role in producing
the saturation of the potential
[42] Siscoe et al. [2002a, 2002b] have presented a model

for saturation based on earlier work by Hill et al. [1976] and
Hill [1984]. In the Siscoe‐Hill model, transpolar saturation
is a result of a feedback created by Region 1 currents, which
generates an opposing magnetic field to the Earth’s mag-
netic field at the magnetopause, limiting the rate of recon-
nection. It is the weakening of the dayside field consistent
with an increase in the Region 1 currents that is responsible
for magnetopause erosion, but there is a limit to which the
dayside field can be weakened. This feedback mechanism
would thus limit the amount of Region 1 current, and hence
limit the polar cap potential. They calculate this current and
from that they calculate the value of the ionospheric
potential at which saturation effects become evident. Siscoe
et al. [2002b], using the ISM MHD code, extended this
model and argued that the mechanism for saturation was
related to Region 1 current system closing on the bow shock
taking over of the role of the Chapman‐Ferraro currents in
providing the primary force balance with the solar wind.
Since those currents also close (in part) through the iono-
sphere, limiting the Region 1 current will also limit the
ionospheric potential. In this view saturation happens as a
result of the solar wind ram pressure limiting the amount to
which the total Region 1 current can grow. Siscoe et al. [2004]
compared various models for saturation (weakened field,
dimple formation, change in the magnetosheath flow, and
Region 1 force balance) and found that “the role that the
Region 1 current system plays turns out to be virtually
indistinguishable between them, at least at the present level
of the mechanism formulation.”
[43] It is worth pointing out that the force balance between

the terrestrial obstacle and the solar wind is not primarily
linked to the existence of a Region 1 current system. In the
Chapman‐Ferraro picture, there are no Region 1 currents
and the high‐latitude ionosphere does not enter into the
force balance. If the magnetosphere is closed but filled with
plasma, there are two ways that the momentum is trans-
ferred: there is a direct pressure on the dayside ionosphere
and a magnetostatic interaction between the Earth’s dipole
(below the insulating atmosphere) and the external current
systems. Even if the magnetosphere is open with high‐
latitude Birkeland currents, the ionosphere is unlikely to
play much of a role in the overall momentum balance. The

Figure 14. Value of b in the equatorial plane for the
three sets of runs presented in Figure 4 with Bz = −10 nT
(4 mV/m) (top) for the 5 mho, n = 8 cm−3 run and (middle
and bottom) for n = 5 cm−3 runs with 5 mho and 10 mho,
respectively.
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force exerted on the ionosphere is the local J × B. Take an
ionosphere with a uniform Pedersen conductance, Sp. The
J × B force can be written as SpE × B, or SpV?B

2, where
V? is the ionospheric circulation velocity. The integral of
that quantity over the ionosphere in this case is zero, since
we have a closed circulation pattern.
[44] The model that we propose here shares many simi-

larities with the model outlined by Siscoe et al. [2002a,
2002b], and perhaps evenmore so with the ideas presented by
Merkin et al. [2005] and Lavraud and Borovsky [2008]. In
general, the solar wind flow is diverted away from the
merging line, thus limiting the amount of solar wind
potential that is applied to the merging region. During
periods of high Mach number flow, the magnetosheath force
balance is dominated by the plasma pressure gradient and
changes in the solar wind magnetic field do not impact the
magnetosheath flow. This leads to a linear dependence of
the reconnection potential on the magnitude of the southward
IMF. As the solar wind magnetic field increases in magni-
tude, the magnetic forces in the magnetosheath become
more important in diverting the solar wind flow and even-
tually dominate the force balance and flow. This leads to the
saturation effect since increasing the magnitude of the
southward IMF also increases the magnetic force diverting
the flow. We agree with the Siscoe‐Hill model that the bow
shock current becomes dynamically important during periods
of low Mach number flow; however, we argue that the onset
of the saturation effect is controlled by the magnetosheath
force balance and not by a critical value of the Region 1/bow
shock current.
[45] Our position is that the magnitude of the IMF that

will produce the onset of saturation is the value of the IMF
that leads to the dominance of the magnetic pressure in the
magnetosheath. This value is easy to calculate for a plane
MHD shock, though the actual distribution in the magneto-
sheath of magnetic and plasma energy density is quite
dependent on the actual shape of the magnetosphere and

hence the ionospheric conductance [e.g.,Merkin et al., 2003,
2005]. This introduces the ionospheric conductivity as a
factor that regulates the value of the saturation potential,
since the conductivity controls the amount of flaring and
magnetopause erosion for a given potential. We note, how-
ever, that the same effect regulates the dependence of the
potential on conductivity in the linear regime. We also note
that Figure 13 provides evidence that the value of the IMF
at which the b = 1 condition in the magnetosheath is
satisfied is dependent on the solar wind sound speed. The
Alfvén wing model [Ridley, 2007; Kivelson and Ridley,
2008] should have no dependence on the solar wind
sound speed. Similarly, the Siscoe‐Hill model as currently
formulated has no dependence on the solar wind sound
speed. On the other hand, the sound speed does affect
the bow shock jump conditions, and thus the dynamics of the
magnetosheath flow upon which our understanding of the
regulation of the reconnection potential rests.

8. A Role for Solar Wind Temperature

[46] Figure 13 shows that solar wind temperature
(expressed here in terms of the sound speed) can modify
the transition to a magnetically dominated magnetosheath,
requiring a larger IMF value to created a magnetically dom-
inated magnetosheath and hence (in our view) to produce the
saturation effect. This is because the larger upstream thermal
energy of the plasma will produce a correspondingly larger
downstream plasma pressure. On the other hand, the larger
plasma pressure means that the pressure gradient forces will
be correspondingly larger, pushing more flow away from
the merging region. This would imply a lower reconnection
potential.
[47] Figure 15 presents the ionospheric potential for a run

with a sound speed of 120 km/s and a flow speed of 400 km/s
(error bars for all points are a few kV, similar to Figure 3).
When compared with Figure 3, which had a sound speed

Figure 15. LFM ionospheric potential for a hot solar wind (V = 400 km/s, n = 5 cm−3, Cs = 120 km/s,
Sp = 5 mhos) as a function of solar wind electric field.
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of 40 km/s, we see that the slope of the linear regime is
44.7 kV/(mV/m), which gives us a geoeffective length of
7 RE. An analysis of LFM results for various values of
the IMF shows that some solar wind plasma flow
streamlines that intersect the merging line in the 40 km/s
sound speed case do not do so in the 120 km/s sound speed
case. This confirms that the geoeffective length is less for a
hot solar wind compared to a cold solar wind, all other things
being equal. We also note that the viscous potential that we
calculate is larger for the hotter solar wind. Further study is
required to understand why this is the case and what is the
functional dependence of the viscous potential on the solar
wind temperature.
[48] Figure 15 also shows less of a saturation effect in the

range of solar wind electric field for which we have run the
simulation, though the nonlinear dependence is present.
Figure 13 suggests that the saturation effect would become
evident for VBz greater than 6 mV/m, and in fact in going
from 6 mV/m to 8 mV/m the reconnection potential
increased only 45 kV, roughly half the increase that one
would predict from the linear fit to the small solar wind
electric field values. Below 6 mV/m the linear fit is a good
predictor of the potential, always within 10 kV of the actual
value. But above 6 mV/m the linear fit and the simulated
potentials diverge, so that for 8 mV/m the predicted value of
the reconnection potential is 357 kV, while the simulation
generates only 299 kV. Figure 16 shows the difference
between the estimated total potential from the linear fit and
the actual potential across the simulated ionosphere. Above
6 mV/m the difference between the ionospheric potential
and the linear potential grows steadily. This is the operational
definition of potential saturation, and it becomes evident at
the point where the simple plane MHD shock calculation
indicates that the magnetic energy density is greater than the
plasma energy density just downstream of the shock. Thus
when the simulation enters the regime of the magnetically

dominated magnetosheath, the ionospheric potential begins
to saturate.

9. Variable Value of the Region 1 Current
at Saturation

[49] The value of the reconnection potential where the
120 km/s sound speed simulation transitions to the non-
linear regime is 245 kV (289 kV total potential, including
the viscous potential). The corresponding value of the
reconnection potential in 40 km/s sound speed runs is 272 kV
(306 kV total potential). The Region 1 current should scale
as �iSp [Siscoe et al., 2002a], so the saturation value of the
Region 1 current in LFM with Cs = 40 km/s will be larger
than the saturation value of the Region 1 current in LFM
with Cs = 120 km/s. Thus it appears that there is not a
singular value of the amount Region 1 current for a given
solar wind dynamic pressure that is associated with satu-
ration as the Siscoe‐Hill model posits. Moreover, from
equation (2) we can calculate the ratio of the J × B force to
the solar wind dynamic pressure for the conditions that
yield b < 1 just downstream of the shock, which we identify
as an indicator for the onset of saturation. For a shock with
a solar wind flow speed of 400 km/s and Cs = 40 km/s the
J × B force is 63% of the solar wind dynamic pressure at
the subsolar point while for Cs = 120 km/s it is 56%. This
indicates that the ionospheric potential and the Region 1
currents saturate well below the value that would produce the
J × B force needed to stand off the solar wind. Also, the ratio
of the J × B force to the solar wind dynamic pressure is
different for the two cases because, while at Alfvén speeds
are the same, the compression ratios are different (see
equation (3)). This shows that there is no singular value of
the bow shock current or the force it produces when the
saturation of the potential becomes evident.

Figure 16. Difference between the ionospheric potential predicted by the linear fit to the low electric
field domain in Figure 15 and the ionospheric potential as determined in the simulation. Positive
values indicate an ionospheric potential that is not as large as the linear fit would predict.
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[50] This conclusion is reinforced by the results of Wilder
et al. [2008], who found that the potential saturates for
strongly northward IMF. Siscoe et al. [2002a] specifically
address the question of northward IMF and state that it
should take “…a larger Esw to reach saturation…” compared
to southward IMF because for northward IMF reconnection
is less efficient and it produces a weaker Birkeland current
system. But Wilder et al. [2008] found value of the electric
field at which saturation is evident in for northward IMF is
4 mV/m, which corresponds to Bz around 10 nT. This is the
value of the IMF where the magnetosheath is becoming
magnetically dominated, and also the value of the IMF
where saturation effects for southward IMF begin. How-
ever, the saturation potentials are much lower for northward
IMF as compared to saturation under southward IMF. Thus
saturation occurs for both northward and southward IMF
when the magnetosheath becomes magnetically dominated,
not when a critical value of Birkeland current is produced
by the system. This is exactly what one expects if the
control of the potential imposed at the merging line is best
understood by considering the force balance in the mag-
netosheath. The force balance mechanism and the transition
to saturation should be valid for all IMF orientations, and
the Wilder et al. [2008] result is consistent with this line of
argument.
[51] The result is the same when one considers large

IMF By. We have unambiguous evidence from both data
and simulations that the ionospheric potential saturates for
large IMF By [Mitchell et al., 2010] and the saturation
effect occurs when the magnetosheath becomes magneti-
cally dominated, that is to say, at the same value of the
IMF magnitude for which saturation begins for southward
and northward IMF, given the identical solar wind speeds
and densities. Moreover, the results of Hu et al. [2009]
show that the ionospheric potential depends on the IMF
clock angle as expected using the formula of Kan and Lee
[1979]. Thus the value of the saturation potential and the
total Region 1 is clock angle dependent, whereas the
current flowing on the bow shock does not depend on
clock angle for an IMF. Thus for any clock angle purely
transverse to the flow (and hence a basic scaling of the
potential as determined by the clock angle and the Kan‐Lee
formula), all of the arguments made about force balance in
the magentosheath for purely southward IMF apply. There-
fore we argue that the physical mechanism originally sug-
gested by Hill et al. [1976], then expanded upon by Siscoe
et al. [2002a, 2002b] is not the mechanism that is responsi-
ble for saturation since the transition to a saturated potential
occurs for a wide and variable range of total ionospheric
potential, total Region 1 current, and total bow shock current.
[52] All of the evidence points in favor of our paradigm

that the force balance in the magnetosheath regulates the
reconnection potential. One could posit a contrary view, that
the cause and effect is reversed and that the magnetosheath
flow reorganizes itself to response to changes in the recon-
nection rate along the merging line. In that case one is left
with several basic questions. Why should the merging rate
suddenly change when the IMF Bz gets to a critical value?
Why is that critical value the value of Bz that makes the
magnetosheath become magnetically dominated? Why does
the same thing happen for other IMF orientations at dif-
ferent values of the potential, hence different reconnection

rates and different values of the Region 1 current? Why
does the geoeffective length and hence the reconnection rate
go down faster than one would expect from Chapman‐
Ferraro scaling as the solar wind velocity increases? In fact,
by trying to reverse cause and effect, so that the reconnection
rate is the cause and the magnetosheath force balance and
flow pattern is the effect, the critical issue of why the
reconnection rate changes remains a mystery. On the other
hand, by accepting cause (magnetosheath force balance and
the effect on the flow) and effect (a modulated goeffective
length that translates into the modulated global reconnection
rate) as proposed in this paper, one arrives at a coherent
conceptual framework for understanding the generation of
the reconnection potential.
[53] This coherent framework explains both the behavior

of the reconnection potential in the linear regime as well as
in the nonlinear, saturation regime. Across the entire range of
solar wind parameters, the geoeffective length is controlled
by the forces acting on the flow in the magnetosheath. In the
linear regime the magnetosheath flow is controlled by the
pressure gradient, so increasing the IMF increases the flux
crossing the merging line and the reconnection potential, and
this happens for all IMF orientations. In the nonlinear (or
saturated) regime, the magnetosheath flow is controlled by
the J × B force, so increasing the IMF decreases the geoef-
fective length and neither the flux crossing the merging line
nor the reconnection potential increase, and this happens
for all IMF orientation. Thus the transition to saturation is
determined not by a critical value of the integrated Birkeland
current system or a critical value of the bow shock current
or the force it exerts on the solar wind. The transition to a
saturated potential is governed by the solar wind and iono-
spheric conditions that result in a magnetically dominated
magnetosheath, irrespective of the IMF clock angle.

10. Summary

[54] We present a unified framework for understanding
the control of the reconnection potential imposed by the
solar wind on the dayside merging region by considering the
role of force balance in the magnetosheath. While this paper
deals with the situation where the IMF is southward (which
is the easiest to understand), the arguments presented here
apply to other clock angles. For all values of the IMF, only a
fraction of the available solar wind potential across the
magnetosphere is actually applied to the dayside merging
region. This is because plasma flow lines, which are equi-
potentials, are diverted away from the merging regions by
forces in the magnetosheath. Thus only a limited extent of
solar wind flow actually reaches the merging line. Whatever
affects this geoeffective length will modulate the amount of
solar wind flux that reaches the merging line, thus modulating
the portion of the ionospheric potential that is produced by
reconnection. When the IMF is weak, the force that diverts
the magnetosheath flow is the pressure gradient force.
Changes in the solar wind magnetic field magnitude do not
significantly alter the force balance in the magnetosheath
and so do not change the geoeffective length of solar wind
flow that is applied to the merging line. Therefore when the
magnetosheath force balance is dominated by the plasma
pressure, the portion of the ionospheric potential due to
reconnection increases linearly as the solar wind magnetic
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field, magnitude increases. When the IMF is large and the
solar wind Mach number is small, the J × B force in the
magnetosheath becomes comparable to or even larger that
the pressure gradient force. Under such conditions, increas-
ing the magnitude of the solar wind magnetic field does
impact the magnetosheath flow, causing a greater diversion
of that flow and a reduction in the geoeffective length of solar
wind flow that is applied to the merging line. This leads to
the saturation of the ionospheric potential since an increase
in the solar wind electric field is countered by a decrease in
the geoeffective length. The dependence of the ionospheric
potential on ionospheric conductivity, and solar wind den-
sity, velocity, and temperature (sound speed) can all be
understood by considering the impact on the dynamics of
the magnetosheath flow and the geoeffective length as well.

[55] Acknowledgments. This paper is based upon work supported by
CISM, which is funded by the STC Program of the National Science
Foundation under agreement ATM‐0120950, NASA grant NNX09AI63G,
and NSF grant ATM‐0900920.
[56] Zuyin Pu thanks the reviewers for their assistance in evaluating

this paper.

References
Axford, W. I., and C. O. Hines (1961), A unifying theory of high‐latitude
geophysical phenomena and geomagnetic storms, Can. J. Phys., 39,
1433–1464.

Baker, D. N., T. I. Pulkkinen, V. Angelopoulos, W. Baumjohann, and R. L.
McPherron (1996), Neutral line model of substorms: Past results and
present view, J. Geophys. Res., 101(A6), 12,975–13,010, doi:10.1029/
95JA03753.

Borovsky, J. E., and M. H. Denton (2006), Differences between CME‐
driven storms and CIR‐driven storms, J. Geophys. Res., 111, A07S08,
doi:10.1029/2005JA011447.

Borovsky, J. E., M. Hesse, J. Birn, andM.M. Kuznetsova (2008), What deter-
mines the reconnection rate at the dayside magnetosphere? J. Geophys.
Res., 113, A07210, doi:10.1029/2007JA012645.

Boyd, T. J. M., and J. J. Sanderson (1969), Plasma Dynamics: Application
of Mathematics, 1st ed., Barnes and Noble, New York.

Boyle, C. B., P. H. Reiff, and M. R. Hairston (1997), Empirical polar cap
potentials, J. Geophys. Res., 102(A1), 111–125, doi:10.1029/96JA01742.

Burke, W. J., D. R. Weimer, and N. C. Maynard (1999), Geoeffective inter-
planetary scale sizes derived from regression analysis of polar cap potentials,
J. Geophys. Res., 104(A5), 9989–9994, doi:10.1029/1999JA900031.

Cassak, P. A., and M. A. Shay (2007), Scaling of asymmetric magnetic
reconnection in collisional plasmas, Phys. Plasmas, 14, 102114,
doi:10.1063/1.2795630.

Cowley, S. W. H. (1982), The causes of convection in the Earth’s magneto-
sphere: A review of developments during the IMS, Rev. Geophys., 20(3),
531–565, doi:10.1029/RG020i003p00531.

Dungey, J. W. (1961), Interplanetary magnetic field and the auroral zones,
Phys. Rev. Lett., 6, 47–48, doi:10.1103/PhysRevLett.6.47.

Hairston, M. R., T. W. Hill, and R. A. Heelis (2003), Observed saturation
of the ionosphere polar cap potential during the 31 March 2001 storm,
Geophys. Res. Lett., 30(6), 1325, doi:10.1029/2002GL015894.

Hill, T.W. (1984),Magnetic coupling between solar wind andmagnetosphere:
Regulated by ionospheric conductance?, Eos Trans. AGU, 65, 1047.

Hill, T. W., A. J. Dessler, and R. A. Wolf (1976), Mercury and Mars: The
role of ionospheric conductivity in the acceleration of magnetospheric par-
ticles, Geophys. Res. Lett., 3, 429–432, doi:10.1029/GL003i008p00429.

Hu, Y. Q., Z. Peng, C. Wang, and J. R. Kan (2009), Magnetic merging line
and reconnection voltage versus IMF clock angle: Results from global
MHD simulations, J. Geophys. Res., 114, A08220, doi:10.1029/
2009JA014118.

Kan, J. R., and L. C. Lee (1979), Energy coupling function and solar wind
magnetosphere dynamo, Geophys. Res. Lett., 6, 577–580, doi:10.1029/
GL006i007p00577.

Kivelson, M. G., and A. J. Ridley (2008), Saturation of the polar cap potential:
Inference from Alfvén wing arguments, J. Geophys. Res., 113, A05214,
doi:10.1029/2007JA012302.

Lavraud, B., and J. E. Borovsky (2008), Altered solar wind‐magnetosphere
interaction at low Mach numbers: Coronal mass ejections, J. Geophys.
Res., 113, A00B08, doi:10.1029/2008JA013192.

Liemohn, M. W., J. U. Kozyra, M. R. Hairston, D. M. Weimer, G. Lu,
A. J. Ridley, T. H. Zurbuchen, and R. M. Skoug (2002), Conse-
quences of a saturated convection electric field on the ring current,
Geophys. Res. Lett., 29(9), 1348, doi:10.1029/2001GL014270.

Lopez, R. E., M.Wiltberger, J. G. Lyon, C. C. Goodrich, andK. Papadopoulos
(1999), MHD simulations of the response of high‐latitude potential pat-
terns and polar cap boundaries to sudden southward turnings of the inter-
planetary magnetic field, Geophys. Res. Lett., 26, 967–970, doi:10.1029/
1999GL900113.

Lopez, R. E., M. Wiltberger, S. Hernandez, and J. G. Lyon (2004), Solar
wind density control of energy transfer to the magnetosphere, Geophys.
Res. Lett., 31, L08804, doi:10.1029/2003GL018780.

Lopez, R. E., S. Hernandez, K. Hallman, R. Valenzuela, J. Seiler, P. Anderson,
and M. Hairston (2008), Field‐aligned currents in the polar cap during satu-
ration of the polar cap potential, J. Atmos. Sol. Terr. Phys., 70, 555–563,
doi:10.1016/j.jastp.2007.08.072.

Lopez, R. E., J. G. Lyon, E. Mitchell, R. Bruntz, V. G. Merkin, S. Brogl,
F. Toffoletto, and M. Wiltberger (2009), Why doesn’t the ring current
injection rate saturate?, J. Geophys. Res., 114, A02204, doi:10.1029/
2008JA013141.

Lyon, J. G., J. A. Fedder, and C. M. Mobarry (2004), The Lyon‐Fedder‐
Mobarry (LFM) global MHD magnetospheric simulation code, J. Atmos.
Sol. Terr. Phys., 66, 1333–1350, doi:10.1016/j.jastp.2004.03.020.

Merkin, V., K. Papadopoulos, G. Milikh, A. S. Sharma, X. Shao, J. Lyon,
and C. Goodrich (2003), Effects of the solar wind electric field and iono-
spheric conductance on the cross polar cap potential: Results of global
MHD modeling, Geophys. Res. Lett., 30(23), 2180, doi:10.1029/
2003GL017903.

Merkin, V., A. S. Sharma, K. Papadopoulos, G. Milikh, J. Lyon, and
C. Goodrich (2005), Global MHD simulations of the strongly driven mag-
netosphere: Modeling of the transpolar potential saturation, J. Geophys.
Res., 110, A09203, doi:10.1029/2004JA010993.

Mitchell, E. J., R. E. Lopez, R. J. Bruntz, M. Wiltberger, J. G. Lyon,
R. C. Allen, S. J. Cockrell, and P. L. Whittlesey (2010), Saturation
of transpolar potential for large Y component interplanetary magnetic
field, J. Geophys. Res., 115, A06201, doi:10.1029/2009JA015119.

Nagatsuma, T. (2002), Saturation of polar cap potential by intense solar
wind electric fields, Geophys. Res. Lett., 29(8), 1422, doi:10.1029/
2001GL014202.

Newell, P. T., T. Sotirelis, K. Liou, and F. J. Rich (2008), Pairs of solar
wind‐magnetosphere coupling functions: Combining a merging term
with a viscous term works best, J. Geophys. Res., 113, A04218,
doi:10.1029/2007JA012825.

Ober, D. M., N. C. Maynard, and W. J. Burke (2003), Testing the Hill
model of transpolar potential saturation, J. Geophys. Res., 108(A12),
1467, doi:10.1029/2003JA010154.

Ouellette, J. E. (2009),Magnetic reconnection in global simulations of Earth’s
magnetosphere, Ph.D. dissertation, Dartmouth Coll., Hanover, N. H.

Raeder, J., Y. L. Wang, T. J. Fuller‐Rowell, and H. J. Singer (2001), Global
simulation of space weather effects on the Bastille Day Storm, Sol. Phys.,
204, 323–337, doi:10.1023/A:1014228230714.

Reiff, P. H., and J. G. Luhmann (1986), Solar wind control of the polar‐cap
voltage, in Solar Wind‐Magnetosphere Coupling, edited by Y. Kamide
and J. A. Slavin, pp. 453–476, Terra Sci, Tokyo.

Reiff, P. H., R. W. Spiro, and T. W. Hill (1981), Dependence of polar cap
potential drop on interplanetary parameters, J. Geophys. Res., 86(A9),
7639–7648, doi:10.1029/JA086iA09p07639.

Ridley, A. (2005), A new formulation for the ionospheric cross polar cap
potential including saturation effects, Ann. Geophys., 23, 3533–3547,
doi:10.5194/angeo-23-3533-2005.

Ridley, A. J. (2007), Alfvén wings at Earth’s magnetosphere under strong
interplanetary magnetic field, Ann. Geophys., 25, 533–542, doi:10.5194/
angeo-25-533-2007.

Russell, C. T., G. Lu, and J. G. Luhmann (2000), Lessons from the ring
current injection during the September 24–25, 1998 storm, Geophys.
Res. Lett., 27, 1371–1374, doi:10.1029/1999GL003718.

Russell, C. T., J. G. Luhmann, and G. Lu (2001), Nonlinear response of
the polar ionosphere to large values of the interplanetary electric field,
J. Geophys. Res., 106, 18,495–18,504, doi:10.1029/2001JA900053.

Shepherd, S. G., R. A. Greenwald, and J. M. Ruohoniemi (2002), Cross
polar cap potentials measured with Super Dual Auroral Radar Network
during quasi‐steady solar wind and interplanetary magnetic field condi-
tions, J. Geophys. Res., 107(A7), 1094, doi:10.1029/2001JA000152.

Sibeck, D. G., R. E. Lopez, and E. C. Roelof (1991), Solar wind control of
the magnetopause shape, location, and motion, J. Geophys. Res., 96,
5489–5495, doi:10.1029/90JA02464.

Siebert, K. D., and G. L. Siscoe (2002), Dynamo circuits for magneto-
pause reconnection, J. Geophys. Res., 107(A7), 1095, doi:10.1029/
2001JA000237.

LOPEZ ET AL.: GENERATION OF THE RECONNECTION POTENTIAL A12216A12216

20 of 21



Siscoe, G. L., G. M. Erickson, B. U. O. Sonnerup, N. C. Maynard, J. A.
Schoendorf, K. D. Siebert, D. R. Weimer, W. W. White, and G. R. Wilson
(2002a), Hill model of transpolar potential saturation: Comparisons with
MHD simulations, J. Geophys. Res., 107(A6), 1075, doi:10.1029/
2001JA000109.

Siscoe, G. L., N. U. Crooker, and K. D. Siebert (2002b), Transpolar potential
saturation: Roles of Region 1 current system and solar wind ram pressure,
J. Geophys. Res., 107(A10), 1321, doi:10.1029/2001JA009176.

Siscoe, G. L., J. Raeder, and A. J. Ridley (2004), Transpolar potential satu-
ration models compared, J. Geophys. Res., 109, A09203, doi:10.1029/
2003JA010318.

Sonnerup, B. U. Ö., K. D. Siebert, W. W. White, D. R. Weimer,
N. C. Maynard, J. A. Schoendorf, G. R. Wilson, G. L. Siscoe, and
G. M. Erickson (2001), Simulations of the magnetosphere for zero inter-
planetary magnetic field: The ground state, J. Geophys. Res., 106(A12),
29,419–29,434, doi:10.1029/2001JA000124.

Stern, D. P. (1973), A study of the electric field in an open magneto-
spheric model, J. Geophys. Res., 78(31), 7292–7305, doi:10.1029/
JA078i031p07292.

Wilder, F. D., C. R. Clauer, and J. B. H. Baker (2008), Reverse convection
potential saturation during northward IMF, Geophys. Res. Lett., 35,
L12103, doi:10.1029/2008GL034040.

Wiltberger, M., R. E. Lopez, and J. G. Lyon (2003), Magnetopause erosion:
A global view from MHD simulations, J. Geophys. Res., 108(A6), 1235,
doi:10.1029/2002JA009564.

Wiltberger, M., R. S. Weigel, M. Gehmeyr, and T. Guild (2005), Analysis
and visualization of space science model output and data with CISM‐
DX, J. Geophys. Res., 110, A09224, doi:10.1029/2004JA010956.

Winglee, R. M., D. Chua, M. Brittnacher, G. K. Parks, and G. Lu (2002),
Global impact of ionospheric outflows on the dynamics of the magneto-
sphere and cross‐polar cap potential, J. Geophys. Res., 107(A9), 1237,
doi:10.1029/2001JA000214.

R. Bruntz, R. E. Lopez, and E. J. Mitchell, Department of Physics,
University of Texas at Arlington, Arlington, TX 76034, USA.
(relopez@uta.edu)
J. G. Lyon, Department of Physics and Astronomy, Dartmouth College,

Hanover, NH 03755, USA.
V. G. Merkin, Center for Space Physics, Boston University, Boston,

MA 02215, USA.
M. Wiltberger, National Center for Atmospheric Research, High Altitude

Observatory, 3450 Mitchell Lane, Boulder, CO 80301, USA.

LOPEZ ET AL.: GENERATION OF THE RECONNECTION POTENTIAL A12216A12216

21 of 21



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


