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[1] Global MHD simulations of the Earth’s magnetosphere using the Block-Adaptive-
Tree Solarwind Roe Upwind Scheme code at the Community Coordinated Modeling
Center are run with a high-resolution dayside magnetopause and variable-resolution near-
Earth regions to study the phenomena of polar cap saturation. In the simulations a resistive
spot is maintained on the moving magnetopause to ensure that the correct dayside
reconnection rate is obtained. The solar wind parameters are held fixed, and the
ionospheric Pedersen conductivity is varied. Strong reduction of the cross–polar cap
potential is observed, with modest increases in the cross–polar cap current, and no
changes in the local and global reconnection rates. Changes in the magnetosphere
associated with the saturation of the polar cap are explored: these include a weakening of
the dayside magnetic field strength, an equatorward shift of the cusps, a flattening in Z of
the closed field line region of the dayside magnetosphere, and a taillike stretching of the
dipole field lines at the terminator. Measurements of the currents and voltages of the polar
cap indicate that the solar wind acts like a current-limited voltage generator. A simple circuit
model is analyzed using measurements from the MHD simulations, and physically
reasonable values for the circuit elements are obtained. Nine models for polar cap saturation
are assessed against the findings of the present study.
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1. Introduction

[2] At times, the cross–polar cap potential ‘‘saturates.’’
What saturation means is that the cross–polar cap potential
in the ionosphere is less than expected for a given strength
of the solar wind driver [e.g., Wygant et al., 1983; Reiff and
Luhmann, 1986; Weimer et al., 1990].
[3] Statistically, saturation of the polar cap tends to

happen (1) during stormtimes, (2) during solar maximum,
and (3) during low–Mach number solar wind [Borovsky
and Denton, 2006a; Lavraud and Borovsky, 2008]. Satura-
tion happens often when a magnetic cloud passes the Earth.
[4] The occurrence of polar cap saturation for CME-

driven geomagnetic storms is one of several differences
between CIR-driven and CME-driven storms [Borovsky and
Denton, 2006a]. Polar cap saturation can be an important
aspect of CME-driven storms. The resulting reduction in the
polar cap voltage raises issues about reduced convection in
the stormtime magnetosphere, with convection driving
stormtime phenomena such as the aurora and the ring
current and with convection perhaps being important for
the evolution of the radiation belts.

[5] There are several polar cap saturation models in the
literature. (For reviews see Siscoe et al. [2004], Shepherd
[2007], or Lavraud and Borovsky [2008].) A polar cap
saturation model attempts to explain why the polar cap
voltage is reduced from its expected value. The models can
be separated into ‘‘reconnection’’ models and ‘‘postrecon-
nection’’ models: reconnection models explain the reduced
potential as being caused by a reduction in the dayside
reconnection rate and postreconnection models explain the
reduced potential with processes happening on newly
reconnected field lines. Polar cap saturation models will
be discussed and assessed in Appendix A.
[6] Measurements of the cross–polar cap potential D8pc

in the ionosphere have been fit with the functional form [cf.
Ober et al., 2003; Hairston et al., 2005]

D8pc ¼ D8o= 1þ Qð Þ ð1Þ

where D8o is the cross–polar cap potential expected for the
amount of solar wind driving and Q is a saturation
parameter. Using the formulation of Siscoe et al. [2004],
Q can be written

Q ¼ vASP=806 ð2Þ

(see Borovsky and Denton [2006a] for a derivation), where
vA (in units of km s�1) is the Alfven speed of the solar wind
plasma upstream of the bow shock and SP (in units of mho)
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is the height-integrated Pedersen conductivity of the
ionosphere. The factor of 1/806 in expression (2) contains
a numerical factor that was evaluated by Siscoe et al. from a
global MHD simulation of the magnetosphere. Using the
theoretical formulation of Kivelson and Ridley [2008] [see
also Ridley, 2007], Q can be obtained by equating the
cross–polar cap current to the Alfven-conductance-limited
field-aligned current of the solar wind, which yields

Q ¼ vASP=795: ð3Þ

[7] When the Alfven speed vA of the solar wind plasma is
high and/or when the conductivity SP of the ionosphere is
high, the polar cap saturation factor Q tends to be large and
the polar cap voltage as given by expression (1) is reduced.
The Alfven speed of the solar wind plasma is vA = B/
(4pnmi)

1/2. The Alfven speed of the solar wind is high when
the magnetic field strength B is large and the plasma number
density n is small; this typically occurs for magnetic clouds
[e.g., Gosling et al., 1987; Borovsky and Denton, 2006a;
Lavraud and Borovsky, 2008]. The Pedersen conductivity of
the ionosphere is driven by the UV flux of the sun; that flux
is high during solar maximum [cf. Floyd et al., 2005].
[8] In this paper the phenomenology associated with

polar cap saturation is explored using high-resolution 3-D
MHD simulations of the solar wind–driven magnetosphere.
Special care is taken to ensure that the simulation code
obtains the correct dayside reconnection rate. In the MHD
simulations discussed in this paper, only the polar cap
Pedersen conductivity SP and the grid resolution of the
computer code are varied; the solar wind parameters are
kept fixed. Several effects associated with the saturation
phenomena are investigated.
[9] The simulations provide information useful for

assessing the various models of polar cap saturation and
they provide information and insight into the mechanics of
how the solar wind–driven magnetosphere operates. The
reader is cautioned, however, that global MHD codes may
do things incorrectly and results and insights need to be
checked with actual measurements.
[10] This manuscript is organized as follows. In section 2

the numerical simulation method used to explore polar cap
saturation is described. In section 3 the cross–polar cap
potential and the polar cap current in the simulations are
analyzed. In section 4 the local reconnection rate at the
magnetopause and the global dayside reconnection rate are
analyzed. Changes to the magnetosphere associated with
polar cap saturation are explored in section 5. Section 6
contains discussions about (1) the constancy of the dayside
reconnection rate, (2) how the polar cap saturation in the
simulations acts like a current-limited voltage generator, and
(3) a circuit analysis of the polar cap saturation behavior
seen in the simulations. The findings of this study are
summarized in section 7. In Appendix A models of polar
cap saturation in the literature are assessed against the
findings of this paper.

2. MHD Simulations

[11] Simulations of the solar wind–driven magneto-
sphere-ionosphere system are run at the Community Coor-
dinated Modeling Center (CCMC) [Bellaire, 2004] at

NASA/Goddard Space Flight Center using the Block-Adap-
tive-Tree Solarwind Roe Upwind Scheme (BATSRUS) 3-D
MHD code [Powell et al., 1999; De Zeeuw et al., 2000;
Gombosi et al., 2000; Ridley et al., 2004; A. J. Ridley and
G. Toth, unpublished data, 2008]. The code is used in a
unique manner to (1) obtain a physically correct dayside
reconnection rate and (2) to have accurate, high-resolution
mapping of currents between the magnetosphere and the
polar cap of the ionosphere.
[12] As in the paper by Borovsky et al. [2008], a DX =

DY = DZ = 1/16 RE spatial resolution numerical grid is
used in the region of the dayside magnetopause in the
BATSRUS code. The grid resolution for the near-Earth
region is taken to be 1/4 RE (low), 1/8 RE (medium), or
1/16 RE (high) in various runs to discern the effects of better
and better resolution for mapping currents into and out of
the ionosphere. These three resolutions are depicted in
Figures 1 (top), 1 (middle), and 1 (bottom), where three
cuts through the computational grid in the X = 0 plane are
shown. With the high-resolution near-Earth region, the
simulations use a total of 21.5 million grid points.
[13] The inner boundary of the simulation domain is at

r = 2.5 RE. Near-Earth boundary conditions are determined
by a two-dimensional electrostatic solver [Goodman, 1995]
that uses the field-aligned currents from the global magne-
tosphere to solve for the ionospheric potential and delivers
convection velocity back to the inner boundary of the MHD
simulation. The currents are mapped along the dipole field
lines from r = 3RE near the inner boundary of the MHD
domain down to the ionosphere [Ridley et al., 2004]. For the
present simulations, constant Pedersen conductivity and
zero Hall conductivity is used.
[14] As in the paper by Borovsky et al. [2008], a localized

region (‘‘spot’’) of high resistivity is added to the nose of
the magnetosphere to ensure that the reconnection is in the
Petschek (fast) mode and that the reconnection rate calcu-
lated by MHD at the dayside magnetopause is correct. As
explained in the appendix of Borovsky et al. [2008], if the
resistivity of the spot is strong enough to allow the magnetic
field to fully diffuse out of the plasma as it flows across the
spot, then the reconnection rate is independent of the
properties of the spot [Birn and Hesse, 2001, 2007; Birn
et al., 2008]. The resistivity of the spot is chosen to be about
an order of magnitude higher than the numerical resistivity
observed in the code without the resistivity spot. The spot is
centered on the Bz reversal at the magnetopause (northward
in the magnetosphere and southward in the magnetosheath)
and the spot location is updated every 10 time steps in the
simulation as the magnetopause location moves. The X
location of the Bz reversal is denoted as Xo(Y, Z) and Xo is
updated separately for every value of Y and Z. The spot is
narrow in the X direction, longer in the Z direction, and
even longer in the Y direction. The resistivity of the spot has
a hyperbolic-secant profile as a function of X, Y, and Z,
which is

h ¼ 1:26� 105 ohm�msech X� Xoð Þ=Lxð Þ sech Y=Ly

� �

sech Z=Lzð Þ; ð4Þ

where Lx = 1/8 RE, Ly = 4 RE, and Lz = 1 RE. Note that the
peak resistivity of 1.26 � 105 ohm-m corresponds to a peak
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Figure 1. Depictions of the grids used in the (top) ‘‘low-resolution’’ (1/4 RE), (middle) ‘‘medium-
resolution’’ (1/8 RE), and (bottom) ‘‘high-resolution’’ (1/16 RE) simulations. The grid resolution refers to
the near-Earth region (and over the polar cap). Shown are cuts in the X = 0 (dawn-dusk terminator) plane.
Note the 1/16 RE resolution of the dayside-magnetopause region which can be seen extending through the
terminator plane. The total current density in mA m�2 in the X = 0 plane is denoted by the colors; note as
the resolution increases, the polar cap current is narrower.
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magnetic diffusivity of h/mo = 1 � 1011 m2 s�1. The
motivation for the spot is from the results of the GEM
challenge [Birn et al., 2001] wherein it was shown that
resistive MHD simulations can yield the correct reconnec-
tion rate if a spot of localized high resistivity is placed on
the reconnection site [see also Ugai and Tsuda, 1977; Yan et
al., 1992; Birn and Hesse, 2001; Borovsky and Hesse, 2007;
Birn et al., 2008]. If this resistive spot technique is not used
the reconnection rate is governed by errors in solving the
MHD equations owing to gradients steepening to the grid
scale of the numerical simulations. In essence, the resistive
spot (with a thickness larger than the grid resolution)
prevents gradients from steepening down to the grid scale
and hence has the MHD equations (without added
numerical error terms) being solved at the reconnection
site. A discussion of how to select the parameters for the
spot appears in the appendix of Borovsky et al. [2008].
[15] To reduce numerical diffusivity in the MHD simu-

lations, the BATSRUS code is run with the second-order
artificial wind solve of Sokolov et al. [2002].
[16] The regimes run can be discerned from Table 1. The

solar wind parameters are kept fixed and the height-inte-
grated Pedersen conductivity of the ionosphere is varied
from 5 mho to 20 mho and the resolution of the simulation
in the near-Earth region and above the polar cap is varied.
No corotation is added and there is no dipole tilt. Note that
the Alfven Mach number of the solar wind is low (MA =
1.9) so that polar cap saturation is acting even at modest
values of the ionospheric conductivity.

[17] As can be assessed from Table 1, polar cap saturation
will be explored when the magnetosphere is modestly
driven (v = 300 km s�1 and Bz = �10 nT). Some of the
global MHD simulations in the literature have also explored
polar cap saturation in this modestly driven regime [e.g.,
Fedder and Lyon, 1987; Siscoe et al., 2002a; Ridley et al.,
2004]. Other simulations have explored polar cap saturation
with very strong driving [e.g., Raeder et al., 2001;Merkin et
al., 2005b; Raeder and Lu, 2005; Ridley et al., 2006] or
have varied their solar wind parameters into the very
strongly driven regime [e.g., Siscoe et al., 2002b; Merkine
et al., 2003; Merkin et al., 2005a; Ridley, 2007; Lavraud
and Borovsky, 2008].

3. Polar Cap Saturation

[18] In the BATSRUS MHD simulations, when the iono-
spheric Pedersen conductivity is varied to produce a variation
in the polar cap saturation factor Q, the cross–polar cap
potential in the ionosphere varies approximately as predicted
by the polar cap saturation formula (expression (1)). This is
demonstrated in Figure 2 with a simulation with a low-
resolution near-Earth region (but alwayswith a high-resolution
dayside magnetopause). With the solar wind parameters
fixed, the Pedersen conductivity SP of the ionosphere is
slowly changed from 5 mho to 20 mho (Figure 2 (bottom))
and the cross–polar cap potential D8pc in the ionosphere is
measured (Figure 2 (top)). As can be seen in Figures 2 (top)
and 2 (middle), when the Pedersen conductivity increases,
the polar cap potential decreases. According to expression
(1), the potentialD8pc of the polar cap should vary asD8pc =
D8o/(1 + Q), where Q = vA SP/806 (where SP is in mho and
vA is in km s�1) is the polar cap saturation factor and D8o is
the polar cap potential in the absence of any ionospheric
saturation effects. The polar cap saturation factor Q is plotted
in Figure 2 (bottom), as is the factor (1 + Q)�1. As can be seen
by comparing the curves in Figures 2 (top) and 2 (bottom),
the measured cross–polar cap potential D8pc varies approx-
imately as (1 + Q)�1 in the simulations. (See also the
simulations of Siscoe et al. [2002a] and Merkin et al.
[2005b] for this (1 + Q)�1 behavior.) A fit to the measured
polar cap potential of the form D8o/(1 + Q) yields D8o =
121 kV for the simulation of Figure 2.
[19] In Figure 3 the cross–polar cap potential D8pc

measured in the simulations is plotted as a function of time
as the grid resolution of the near-Earth region is switched.
The solid points are from a simulation with SP = 5 mho and
the hollow points are from a simulation with SP = 20 mho.
At t = 20 min the resolution changed from 1/4 RE (low; see
Figure 1 (top)) to 1/8 RE (medium; Figure 1 (middle)) and at
t = 70 min the resolution changed from 1/8 RE (medium) to
1/16 RE (high; Figure 1 (bottom)). These grid resolutions
are indicated by the horizontal arrows in Figure 3. As can be
seen, the polar cap potentials D8pc in the simulations
increase when a higher-resolution near-Earth region is
utilized. This increase in the ionospheric potentials with
an increase in the resolution of the near-Earth region has
been systematically studied with the BATSRUS code by A.
J. Ridley and G. Toth (unpublished data, 2008). They found
that an increase in the near-Earth grid resolution brings the
ionospheric potential closer to the true value. Their conclu-
sion is that at 1/16 RE resolution (the highest they explored)

Table 1. Parameters of the Simulations Employed in This Polar

Cap Saturation Study

Quantity Symbol Range

Dipole tilt q none
Solar wind radial velocity vx �300 km s�1

Solar wind east–west velocity vy 0
Solar wind north–south velocity vz 0
Solar wind number density n 2 cm�3

Solar wind radial magnetic field
strength

Bx 0

Solar wind east–west magnetic
field strength

By 0

Solar wind north–south magnetic
field strength

Bz �10 nT

Solar wind temperature T 50,000 �K
Solar wind ram pressure rv2 0.3 nPa
Solar wind electric field Ey 3 mV m�1

Alfven speed in solar wind vA 156 km s�1

Acoustic speed in solar wind Cs 20.3 km s�1

Magnetosonic speed in solar wind Cms 157 km s�1

Alfven Mach number of solar wind MA 1.9
Magnetosonic Mach number of solar wind Mms 1.9
Height-integrated Pedersen conductivity
of ionospheres

SP 5–20 mho

Height-integrated Hall conductivity
of ionospheres

SH 0

Polar cap saturation parameter Q 0.97–3.9
Maximum resistivity of spot h 1.26 � 105 W�m
Simulation inner boundary rmin 2.5 RE

Simulation-box outer boundary Xmax 33 RE

Simulation-box outer boundary Xmin �255 RE

Simulation-box outer boundary Ymax 48 RE

Simulation-box outer boundary Ymin �48 RE

Simulation-box outer boundary Zmax 48 RE

Simulation-box outer boundary Zmin �48 RE
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the polar cap potential had not yet reached its true value but
that it was approaching grid convergence. From Figure 3 the
polar cap potentials D8pc for the various resolution values
are averaged and collected into Table 2.
[20] Using the D8pc values collected in Table 2 for SP =

5 mho and SP = 20 mho, the ratio of D8pc at 5 mho to D8pc
at 20 mho is calculated and entered into Table 3 for the three
values of the near-Earth region (and over the polar caps)
grid resolution. For a D8 ? (1 + Q)�1 behavior with SP =
5 mho (Q = 0.97) and SP = 20 mho (Q = 3.9), the predicted
ratio of polar cap potentials D8pc(5 mho)/D8pc(20 mho) is
(1 + 3.9)/(1 + 0.97) = 2.5: this predicted ratio is entered as
the second column of Table 3. The fractional difference
between the measured ratio of D8pc(5)/D8pc(20) and the
prediction is entered into the third column of Table 3. As

can be seen in Table 3, the prediction of a (1 + Q)�1

behavior holds, particularly for a medium- or high-resolu-
tion near-Earth region.
[21] With a reduction in the cross–polar cap potential,

one should expect a reduction in the strength of the electric
field above the polar cap. In Figure 4 (top) the perpendicular
(to B) component of the electric field E? is plotted as a
function of Z over the northern polar cap along the line
segment from (X, Y, Z) = (0, 0, 3) to (X, Y, Z) = (0, 0, 14)
for two high-resolution simulations: one with SP = 5 mho
and one with SP = 20 mho. As can be seen, E? is reduced in
the SP = 20 mho case from its values in the SP = 5 mho
case. The ratio E?(5 mho)/E?(20 mho) of the two E? curves
is plotted as the dashed curve in Figure 4 (top). A reduction
by (1 + Q)�1 for Q = 0.97 going to Q = 3.9 (see Table 1)

Figure 2. From simulations with a low-resolution near-Earth region, several quantities are plotted as a
function of time. (bottom) For steady solar wind parameters, the Pedersen conductivity SP of the
ionosphere is ramped up with time. This changes the value of Q and the value of (1 + Q)�1 (Figure 2
(bottom)). (top) In reaction to the increase in SP, the cross–polar cap potential D8pc reduces. The solar
wind parameters are fixed at v = 300 km s�1, Bz = �10 nT, and n = 2 cm�3.
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predicts a ratio of 2.5: a ratio 2.25 is observed over the polar
cap, which is the ratio of D8pc(5)/D8pc(20) for the high-
resolution simulations (see Table 3).
[22] In Figure 4 (bottom) the perpendicular (to B)

component of the plasma flow velocity v? is plotted as a
function of Z over the northern polar cap along the line
segment from (X, Y, Z) = (0, 0, 3) to (X, Y, Z) = (0, 0, 14)

for the same two high-resolution simulations as in Figure 4
(top). The plasma flow velocity v? is also the field line
convection velocity. As can be seen, v? is reduced in the
SP = 20 mho case from its values in the SP = 5 mho case.
The ratio v?(5 mho)/v?(20 mho) of the two v? curves is
plotted as the dashed curve in Figure 4 (top). As was the
case for E? in Figure 4 (top), a ratio 2.25 is observed over
the polar cap, which is the ratio of D8pc(5)/D8pc(20) for
the high-resolution simulations (see Table 3).
[23] In Figures 5 and 6, the currents flowing between the

ionosphere and magnetosphere are explored. In Figure 5
(top) the vertical current density into (blue) and out of (red)
the northern ionosphere is shown at a time when the
Pedersen conductivity is SP = 20 mho. Noon is at the top.
As can be seen the major current system has current flowing
into the ionosphere on the dawn side and out on the dusk
side. In Figure 5 (middle) the magnitude jJj of the height-
integrated current density flowing in the ionosphere is
shown in color, with vectors added showing the direction

Figure 3. The polar cap potential D8pc in the ionosphere is plotted as a function of time for two
simulations: one with SP = 5 mho (solid points) and one with SP = 20 mho (hollow points). As indicated
in Figure 3, the resolution of the near-Earth region in the simulations changes with time from 1/4 RE (low)
to 1/8 RE (medium) to 1/16 RE (high). The solar wind parameters are fixed at v = 300 km s�1, Bz =�10 nT,
and n = 2 cm�3.

Table 2. Key Parametersa

Quantity Resolution SP = 5 mho SP = 20 mho

Measured Quantities
Q all 0.97 3.9
D8pc low 68.1 kV 20.3 kV

medium 90.7 kV 37.7 kV
high 113 kV 51.0 kV

Itotal low 1.13 MA 1.31 MA
medium 1.50 MA 2.48 MA
high 1.83 MA 2.84 MA

D8mag low 227 kV 156 kV
medium 161 kV 156 kV
high 165 kV 148 kV

R low 1.16 mV m�1 1.12 mV m�1

medium 1.15 mV m�1 1.12 mV m�1

high 1.12 mV m�1 1.13 mV m�1

Calculated Ratios
Itotal/SPD8pc low 3.33 3.20

medium 3.27 3.34
high 3.25 2.78

D8mag/D8pc low 3.33 7.68
medium 1.77 4.14
high 1.46 2.90

aParameters were measured in the simulations at SP = 5 mho and SP =
20 mho at three different resolutions for the near-Earth region. Quantities
are 20-min averages.

Table 3. Measured Ratio of Voltages for the SP = 5 mho and SP =

20 mho Simulations Compared With the Predicted Ratio of

Voltagesa

Inner
Magnetosphere

Grid
D8pc(5 mho)/
D8pc(20 mho)

(1 + Q20)/
(1 + Q5) Difference (%)

Low resolution 3.35 2.5 +34
Medium resolution 2.41 2.5 �4
High resolution 2.22 2.5 �11

aComparison was made to test whether the polar cap potential varies as
(1 + Q)�1.
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of the vector J. Again, noon is at the top. As can be seen in
Figure 5 (middle) there is a dawn-to-dusk Pedersen current
flowing across the polar cap between the two regions where
the large field-aligned currents enter and leave. This current
system depicted in Figures 5 (top) and 5 (middle) has the

Region-I sense [e.g., Iijima and Potemra, 1976]. In Figure 5
(bottom) the z component current density jz flowing through
the Z = +4 RE plane above the northern ionosphere is
shown. In Figure 5 (bottom) noon is to the right and dusk is
at the top. The large Region-I current system into and out of

Figure 4. For two simulations with high-resolution near-Earth regions, one with SP = 5 mho and one
with SP = 20 mho, the (top) perpendicular (to B) electric field and (bottom) perpendicular (to B) plasma
flow velocity are plotted. The dashed curves are the ratio of the values of the two curves.
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the ionosphere can be seen passing through this Z = +4 RE

plane.
[24] The total amount of current Itotal flowing between the

northern ionosphere and the magnetosphere is obtained by
integrating the current density jz in the MHD simulations
through the Z = +4.0 RE plane. In Figure 6 (top) the total
amount of current Itotal flowing between the ionosphere and
magnetosphere is plotted as a function of time for the same
two simulations that appear in Figure 3. The solid points are
for the simulation with SP = 5 mho and the hollow points
are for the simulation with SP = 20 mho. As indicated by
the arrows in Figure 3, the grid resolution in the near-Earth
region and over the polar caps changes with time. As can be
seen in Figure 6 (top), the total current flowing Itotal
increases as the grid resolution above the polar cap
increases (smaller grid steps). This increase in the current
is much more pronounced for the SP = 20 mho case (Q 	 4)
than it is for the SP = 5 mho case (Q 	 1). For the two SP

values and the three inner-magnetospheric resolutions val-
ues, the measurements of Itotal plotted in Figure 6 (top) are
averaged and collected into Table 2.
[25] In Figure 6 (bottom) the dimensionless geometrical

factor Itotal/SPD8pc is plotted for the same two simulations
as in Figure 6 (top). The interpretation of Itotal/SPD8pc is as
follows [see also Merkin et al., 2005b]. The horizontal
Pedersen current density j flowing in the ionosphere parallel
to a horizontal electric field E is given by j = sPE, where sP
is the Pedersen conductivity of the plasma [e.g., Alfven and
Falthammar, 1963; Bostrom, 1973]. Integrating this expres-
sion j = sPE vertically from the bottom of the ionosphere to
the top of the ionosphere and assuming that the horizontal
electric field does not vary with height, the expression
becomes J = SPE where J is the integral of j over height
and where SP is the familiar height-integrated Pedersen
conductivity. The total Pedersen current Itotal flowing in the
ionosphere across the polar cap is Itotal = JW, where W is the
effective width of the current flowing. Thus, Itotal = SPEW,
where E is the cross–polar cap electric field in the iono-
sphere. This cross–polar cap electric field is given by E =
D8pc/L, where D8pc is the cross–polar cap potential
difference and L is the effective length of the current
flowing. Thus, Itotal = SPD8pcW/L. Hence, Itotal/SPD8pc =
W/L is a dimensionless geometrical factor, the effective
width-to-length ratio of the cross–polar cap current in the
ionosphere. As can be seen in Figure 6 (bottom), values of
Itotal/SPD8pc of about 3.5 are obtained. This indicates an
effective width-to-length of the cross–polar cap current W/
L of about 3.5. As can be seen in Figure 5 (middle), the
width of the cross–polar cap current is considerably greater
than its length.
[26] Note in Figure 6 (bottom), the factor Itotal/SPD8pc is

approximately constant as the polar cap potential D8pc and
the total current Itotal vary substantially, and for the two
values of the Pedersen conductivity SP. In Figure 7 the
occurrence distribution of the geometrical factor Itotal/
SPD8pc in the simulations is shown separately for SP = 5
mho (solid black points) and for SP = 20 mho (hollow gray
points). To construct the occurrence distributions, the values
of Itotal/SPD8pc plotted in Figure 6 are binned. The con-
stancy of this geometrical factor indicates that D8pc and
Itotal do not vary independently. Physically, the variation of

Figure 5. For a low-resolution (near-Earth region) simula-
tion with SP = 20 mho, (top) the radial current density (in
mA m�2) into and out of the northern ionosphere, (middle)
the absolute value of the horizontal current density (in mA
m�1) in the ionosphere, and (bottom) the z component
current density jz passing through the Z = +4 RE plane
above the polar cap. Note that Figure 5 (bottom) is rotated
by 90� from Figures 5 (top) and 5 (middle).
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one factor (D8pc or Itotal) may drive the variation of the
other (Itotal or D8pc).

4. Reconnection Rate at the Dayside
Magnetopause

[27] As in the paper by Borovsky et al. [2008], the local
reconnection rate near the nose of the magnetosphere is
directly measured by hjy at the point where Bz reverses sign
(the nominal magnetopause). When the BATSRUS magne-
tosphere was strongly driven, Borovsky et al. observed that
a narrow plume of high-density cool plasma was pulled out
of the inner magnetosphere and that the plume flowed into
the dayside reconnection line at the nose, mass loading the
reconnection rate on the sun-Earth line but not affecting the
reconnection rate 2 RE away from the sun-Earth line. This
dense plasma mass loading dayside reconnection has been
dubbed the ‘‘plasmasphere effect’’ [Borovsky and Steinberg,
2006; Borovsky and Denton, 2006b] owing to the mass

loading of dayside reconnection by plasmaspheric drainage
plumes. Because of uncontrollable plume formation in the
present simulations which can depress the reconnection rate
right at the nose of the magnetosphere, measurements of the
local reconnection rate are made at Y = 2.5 RE instead of at
Y = 0.
[28] In Figure 8 the measured reconnection rate is plotted

as a function of time for the simulation of Figure 2 with a
low-resolution near-Earth region and a Pedersen conductiv-
ity that ramps up from 5 mho to 20 mho over time. Also
plotted in Figure 8 is the height-integrated Pedersen con-
ductivity SP of the ionosphere and the measured cross–
polar cap potential D8pc in the ionosphere. As can be seen,
the dayside reconnection rate does not reduce as the polar
cap potential further saturates.
[29] In Figure 9 the local reconnection rate R measured at

the dayside magnetopause is plotted as a function of time
for the same two simulations as in Figure 6 where the
resolution of the near-Earth region changes with time. The

Figure 6. (top) The total amount of current Itotal flowing between the northern ionosphere and the
magnetosphere (as measured passing through the Z = +4 RE plane) is plotted as a function of time for two
simulations: one with SP = 5 mho (solid points) and one with SP = 20 mho (hollow points). These are the
two simulations of Figure 3. As indicated in Figure 6 (top), the resolution of the near-Earth region in
the simulations changes with time from 1/4 RE (low) to 1/8 RE (medium) to 1/16 RE (high). (bottom) The
dimensionless ratio Itotal/SPD8pc is plotted for the same two simulations. The solar wind parameters are
fixed at v = 300 km s�1, Bz = �10 nT, and n = 2 cm�3.
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solid points are the reconnection rate in the SP = 5 mho
simulation and the hollow points are the reconnection rate in
theSP = 20 mho simulation. As can be seen, as the resolution
of the near-Earth region grid changes (and the cross–polar
cap potential (Figure 6 (top)) and magnetosphere-ionosphere
currents (Figure 6 (middle)) change) the reconnection rate
measured at the dayside magnetopause does not change. The
local reconnection rate is the same in the SP = 20 mho case
as it is in the SP = 5 mho case, regardless of the resolution of
the near-Earth region.
[30] As a measure of the global reconnection rate on the

dayside magnetopause, the spatial integral of Ey across the
magnetosphere is calculated in the simulations. This integral
has the dimension of a potential and is here denoted as
D8mag. This integral is a measure of the rate of convection
of magnetic flux in the magnetosphere, which is a measure
of the global rate of flux capture at the dayside magneto-
pause. Taking the integral in Y across the magnetosphere at
X = �8 RE and Z = 0 from one low-latitude boundary layer
to the other, the resulting integral in units of kV is plotted as
the solid points in Figure 10. The magnetospheric potential
D8mag varies considerably with time in reaction to activa-
tions in the magnetotail, but no clear trend of a variation of
D8mag with resolution is evident. Hence, the indications are
that the global reconnection rate does not change with
changes in the resolution of the near-Earth region and
regions over the poles. The values of D8mag that are plotted
in Figure 9 are averaged and collected into Table 2.
[31] Some of the potential D8mag across the magneto-

sphere is owed to the viscous interaction [Axford, 1964];
likewise some of the potential D8pc across the polar cap in

the ionosphere is owed to the viscous interaction [Reiff et
al., 1981]. To estimate the portion of these potentials that
are owed to viscous interactions in the simulations, the
measurements of the potentials under a purely northward
IMF are needed to determine the contribution in the absence
of low-latitude reconnection on the dayside [Sergeev and
Kuznetsov, 1981; Mozer, 1984; Weimer, 1995; Tsurutani
and Gonzalez, 1995]. (Another method to estimate the
viscous interaction would use the measurements under zero
magnetic field in the solar wind [cf. Sonnerup et al., 2001;
Farrugia et al., 2007; Clauer et al., 2007]). However, the
authors are loath to trust MHD in the absence of a magnetic
field (cf. J. E. Borovsky and S. P. Gary, On viscosity and the
Reynolds number of MHD turbulence in collisionless
plasmas: Coulomb collisions, Landau damping, and Bohm
diffusion, submitted to Physics of Plasmas, 2008). For this
assessment of the viscous interaction, a simulation from
Borovsky et al. [2008] is examined. In this simulation the
solar wind parameters are identical to the present simula-
tions (see Table 1), except the IMF was turned from purely
southward to purely northward halfway through the run.
The height-integrated Pedersen conductivity was 5 mho. In
Figure 11 the magnetospheric potentialD8mag at X = �8 RE

and the cross–polar cap potential D8pc in the ionosphere
are plotted from the Borovsky et al. [2008] south-to-north
run. As indicated on Figure 11, the IMF was southward with
Bz = �10 nT from time 0 to 85 min and was northward with
Bz = +10 nT from 85 min to 165 min. About 20 min after
the IMF was switched (it was switched at the sunward
boundary of the simulation at X = +33 RE) the potentials
drop, eventually dropping to below 10 kV. This 10 kV is the

Figure 7. For the two simulations of Figure 6, the dimensionless ratio Itotal/SPD8pc is binned and the
occurrence distribution is plotted. The solid black points pertain to the SP = 5 mho simulation, and the
hollow gray points pertain to the SP = 20 mho simulation.

A03224 BOROVSKY ET AL.: POLAR CAP SATURATION AND RECONNECTION

10 of 31

A03224



Figure 8. From the same low-resolution (near-Earth region) simulation with steady solar wind
parameters that appears in Figure 1, several quantities are plotted as a function of time. The Pedersen
conductivity SP of the ionosphere is ramped up with time (middle curve, gray). In reaction to the increase
in SP, the cross–polar cap potential D8pc reduces (top curve). However, the local reconnection rate at the
dayside magnetopause (bottom curve) does not change. The reconnection rate is measured at Y = +2.5 RE.
The solar wind parameters are fixed at v = 300 km s�1, Bz = �10 nT, and n = 2 cm�3.

Figure 9. For the two high-resolution simulations of Figure 3, one with SP = 5 mho (solid points) and
one with SP = 20 mho (hollow points), the local reconnection rate at the dayside magnetopause is plotted.
The reconnection rate is measured at Y = +2.5 RE. As indicated in Figure 9, the resolution of the near-
Earth region in the simulations changes with time from 1/4 RE (low) to 1/8 RE (medium) to 1/16 RE

(high). The solar wind parameters are fixed at v = 300 km s�1, Bz = �10 nT, and n = 2 cm�3.
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contribution in the simulation of the viscous interaction plus
the contribution of reconnection behind the cusp. Hence,
when the IMF is southward and there is low-latitude
reconnection on the dayside, we estimate that the viscous
contributions to both D8mag and D8mag is less than 10 kV,

which is about 10% or less of the total values under
southward IMF when dayside reconnection is ongoing.
[32] In these MHD simulations, there is a difference

between D8 in the ionosphere and D8 across the magne-
tosphere. The analysis of A. J. Ridley and G. Toth (unpub-

Figure 10. For the two simulations of Figure 3, one with SP = 5 mho (solid points) and one with SP =
20 mho (hollow points), the potential D8mag across the magnetosphere at X = �8 RE is plotted. As
indicated in Figure 10, the resolution of the near-Earth region in the simulations changes with time from
1/4 RE (low) to 1/8 RE (medium) to 1/16 RE (high). The solar wind parameters are fixed at v = 300 km
s�1, Bz = �10 nT, and n = 2 cm�3.

Figure 11. From a simulation of Borovsky et al. [2008] in which the IMF was switched from �10 nT to
+10 nT at time t = 85 min, the polar cap potentialD8pc in the ionosphere (hollow points) and the potential
D8mag across the magnetosphere at X = �8 RE (solid points) are plotted as functions of time. The
resolution of the near-Earth region is low (1/4 RE) and the Pedersen conductivity was SP = 5 mho. The
solar wind speed and density are fixed at v = 300 km s�1 and n = 2 cm�3.
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lished data, 2008) indicates that D8 is underestimated in the
ionosphere owing to finite grid–resolution effects. This is
supported by the fact that at higher near-Earth region
resolutions the polar cap potential D8pc is higher (see
Figure 7 and see A. J. Ridley and G. Toth (unpublished
data, 2008)). As a test, the maximum potential differences in
the magnetosphere in Z = constant planes over the polar cap
are calculated for two high-resolution simulations (SP =
5 mho, solid points, and SP = 20 mho, hollow points) and
the results are plotted in Figure 12 (top). The inner bound-
ary of the MHD simulation is at r = 2.5 RE. Also plotted in
Figure 12 (top) at Z = 1 RE is the maximum potential
differences in the ionosphere: 113 kV (for SP = 5 mho) and
51 kV (for SP = 20 mho). As can be seen in Figure 12 (top),

the potential difference in the magnetosphere decreases as
the ionosphere is approached. This measured progression
supports the finite grid–resolution underestimate picture.
Note that other simulations see this difference between the
magnetosphere and ionosphere [e.g., Merkine et al., 2003].
And note further that arguments have been made that there
is a difference in potentials across the real ionosphere and
real magnetosphere [Russell et al., 2001]. In Figure 12
(bottom) the net current Itotal passing through dawn half
(Y < 0) of the Z = constant planes in the magnetosphere is
calculated for the two simulations. This is the magneto-
spheric current heading for the ionosphere. As can be seen
in Figure 12 (bottom), this total current appears to be fairly
well conserved as the ionosphere is approached. Also

Figure 12. The mapping of the electrical potential and electric current between the magnetosphere and
the ionosphere in the BATSRUS simulation. (top) The maximum potential difference in Z = constant
planes from Z = 2.5 RE to Z = 5 RE above the northern polar cap is plotted, and (bottom) the total current
flowing across the Y < 0 portion of the Z = constant planes above the northern polar cap is plotted. At Z =
1 RE the maximum potential difference in the ionosphere is plotted in Figure 12 (top), and the net radial
current into the dawnside ionosphere is plotted in Figure 12 (bottom). The solid points are from a SP = 5
mho simulation, and the hollow points are from a SP = 20 mho simulation. For each simulation, the
height of the closed field line region of the magnetosphere is indicated: if the plane is above this height,
then all of the field-aligned current from the ionosphere does not cross through this plane. For both cases,
high-resolution near-Earth regions are used, and the solar wind parameters are fixed at v = 300 km s�1,
Bz = �10 nT, and n = 2 cm�3.

A03224 BOROVSKY ET AL.: POLAR CAP SATURATION AND RECONNECTION

13 of 31

A03224



plotted in Figure 12 (bottom) at Z = 1 RE is the net radial
current going into the dawn ionosphere.

5. Changes to the Dayside Magnetosphere

[33] When the conductivity of the ionosphere increases
and the polar cap potential saturates, several properties of
the magnetosphere change. These properties are discussed
here and noted in Table 4.
[34] In Figures 13 (top), 13 (middle), and 13 (bottom) the

morphology of the currents flowing between the polar cap
ionosphere and the magnetosphere is examined. In Figure 13
(top) a color contour of the logarithm of the magnitude of
the current density in the X = 0 plane (as viewed from the
sun) is shown. As can be seen, there are intense currents
(red and yellow) flowing out of the northern and southern
ionospheres in this plane. In Figure 13 (middle) the contour
plot of the magnitude of the current density is redrawn with
a set of magnetic field lines traced. Red field lines are closed
(both foot points on the Earth), black field lines are open
(one foot point on the Earth), and blue field lines are solar
wind field lines (not connected to Earth). As can be seen by
comparing Figures 13 (top) and 13 (middle), the strong
currents from the ionosphere flow (1) at the boundary of the
open-closed field regions and (2) in the open field region
near the open-closed boundary. In Figure 13 (bottom) the Y
component of the current density jy is plotted in the Y = +5
RE plane in the duskside of the magnetosphere. As can be
seen, jy is positive in both the northern and southern
hemispheres, indicating that the current is in the dawn-to-
dusk (Region-I) sense in both the northern and southern
hemispheres. Note in Figure 13 (bottom) that the current is
skewed toward the nightside of the dawn-dusk terminator.
This skewing toward nightside is more pronounced in the
simulations with higher resolution in the near-Earth region
than it is in simulations with lower resolution.
[35] In Figure 14 the radial profile of the magnetospheric

magnetic field along the sun-Earth line is plotted for two
high-resolution simulations: one with SP = 5 mho (black
curve) and one with SP = 20 mho (gray curve). The dotted
curve is the dipole magnetic field strength. The magnetic
field strength in the dayside magnetosphere tends to be

compressed to a strength that is greater than the dipole
strength [e.g., Hones, 1963; Cahill and Amazeen, 1963]. As
can be seen in Figure 14, the strongly saturated run (SP =
20) has a dayside magnetic field strength that is reduced
from the weakly saturated (SP = 5) case. In fact the dayside
magnetic field strength in the saturated case is below the
dipole strength. This weakening of the dayside magnetic
field as the polar cap conductivity increases is noted in
Table 4. (Note that a weakening of the dayside magnetic
field for polar cap saturation produced by changing the solar
wind parameters was observed in the simulations of Siscoe
et al. [2004]). For both curves in Figure 14 the magneto-
pause magnetic field strength can be seen at the ‘‘knee’’
where the plotted curve drops suddenly in magnitude; in
both cases the magnetic field strengths at the magnetopause
are the same. Note that although the magnetic field strength
is weakened on the dayside owing to polar cap saturation,
the field strength at the magnetopause is not [see also
Lavraud and Borovsky, 2008]. This magnetopause field
strength is determined by pressure balance with the solar
wind and the solar wind is not changed. The constancy of
the magnetopause magnetic field strength while the iono-
spheric conductivity increases is noted in Table 4. Note
however that the position of the magnetopause moves
inward closer to the Earth when the dayside field strength
is weakened.
[36] In Figure 15 the shape of the magnetopause (Bz 	 0

region) is shown in the equatorial plane in a snapshot from
for the SP = 5 mho (Q 	 1) simulation (solid points) and
from the SP = 20 mho (Q 	 4) simulation (hollow points).
High-resolution near-Earth regions are used and as always
the solar wind parameters are identical. As can be seen in
Figure 15, the position of the magnetopause is closer to the
Earth at the nose in theSP = 20 mho case than it is in theSP =
5 mho case, as anticipated from the discussion above
about Figure 14. Also, as can be seen, the position of the
magnetopause is closer to the Earth at the terminator in the
SP = 20 mho case than it is in the SP = 5 mho case. These
trends are elaborated in Figure 16, where the distance to the
magnetopause at the nose (bottom curves) and at the
terminator (top curves) is plotted as functions of time for
the SP = 5 mho (solid points) and SP = 20 mho (hollow

Table 4. First 14 Findings of This Study Categorized According to Properties of the Magnetosphere That Change During Polar Cap

Saturation and Properties That Do Not Changea

Property Possible Reason

Properties Affected by Increase of SP

1 Cross–polar cap potential reduced Solar wind cannot deliver current
2 Ey reduced over polar cap Mapping of reduced polar cap potential
3 v? reduced over polar cap Mapping of reduced polar cap potential
4 Cross–polar cap currents increase Ionospheric resistivity is lowered
8 Dayside magnetic field weakens Perturbation from polar currents
9 Magnetopause at nose moves inward Weakening of dayside field
12 Bx increases over polar cap Perturbation from polar currents
13 Cusp shifts sunward Weakening of dayside field
14 Closed field line region flattens on dayside Weakening of dayside field

Properties Not Affected by Increase of SP

5 Geometrical factor Itotal/SPD8pc unchanged Current pattern in ionosphere unaffected
6 Dayside reconnection rate unchanged Local plasma parameters unchanged
7 Cross-magnetosphere potential unchanged Reconnection rate unaffected
10 Magnetopause magnetic field strength constant Set by pressure balance with solar wind
11 Flaring at terminators does not change significantly

aIn the final column a possible reason why the property does or does not change is listed.
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Figure 13. From a simulation with a high-resolution near-Earth region and with SP = 20 mho, (top) the
total current density in the dawn-dusk terminator plane (X = 0) is plotted in color. (middle) It is replotted
with traced magnetic field lines overlayed, and (bottom) the y component current density jy flowing
through the Y = +5 RE plane in the dusk sector is plotted in color.
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points) simulations. The grid resolution over the pole (and
throughout the near-Earth region) changes with time as
noted by the horizontal arrows in Figure 16. As can be
seen, when the resolution is high (so that the cross–polar
cap currents are strongest) the magnetopause at the nose is
moved inward for the SP = 20 mho (fully saturated)
simulation. The difference in positions at the nose is about
1 RE. The inward movement of the magnetopause at the
nose as the ionospheric conductivity increases is noted in
Table 4. The magnetopause at the terminator is also moved
slightly inward for the SP = 20 mho simulations. The
difference in positions of the magnetopause at the termina-
tor (top curves in Figure 16) is less than 1 RE. Notice the
fluctuations in the measured position of the magnetopause
at the terminator in Figure 16 owing to Kelvin-Helmholtz
waves (as seen in Figure 15).
[37] In Figure 17 the X component of the magnetic field

Bx is plotted as a function of Z above the Northern polar cap
along the (X, Y) = (0, 0) line for the weakly saturated (SP =
5 mho, Q 	 1) and the strongly saturated (SP = 20 mho, Q
	 4) cases. The total current flowing between the iono-
sphere and magnetosphere is Itotal noted in Figure 17 at the
time at which each case is plotted. For a purely dipole field,
Bx is zero everywhere along this (X, Y) = (0, 0) line. As can
be seen, the Bx perturbation is largest near the Earth (near
the current system) and decreases with increasing Z. Also,
the perturbation is larger when the total current Itotal is

larger, which is in the more saturated SP = 20 mho case.
Over the southern polar cap (-Z) the Bx perturbations are
similar, except that the sign is reversed. This increase of Bx

over the polar cap as the ionospheric conductivity increases
is noted in Table 4.
[38] Applying Ampere’s (Biot-Savart) law for the currents

flowing into and across the polar cap provides a crude
agreement with the differences in the magnetic field of the
magnetosphere seen between theSP = 5mho andSP = 20 mho
simulations. In Figure 17, in the weak-saturation (SP = 5
mho, Q 	 1) case the total current flowing out of one polar
cap is Itotal = 1.84 � 106 A and in the strong-saturation
(SP = 20 mho, Q 	 4) case the total current flowing out of
one polar cap is Itotal = 2.83 � 106 A. Doubling the currents
to account for the northern and southern hemispheres, and
subtracting yields a difference of 2.0 � 106 A between the
two cases. Ampere’s law for a simple line current of 2.0 �
106 A at a distance of 5 RE yields a magnetic field
perturbation of 12.6 nT. In Figure 17 at Z = 5 RE the
difference between the Bx values for the high-resolution
strong saturation and the high-resolution weak saturation is
23 nT, which is about double the 12.6 nT Ampere’s law
estimate. A better accounting of the morphology of this
current (see Figure 13 (top)) raises the Ampere’s law
estimate by 
21/2 providing a better agreement to the
observed field difference. Similarly in Figure 14, the dif-
ference in Bz values between the strong-saturation and the

Figure 14. For two simulations with high-resolution near-Earth regions, one with SP = 5 mho (heavy
black curve) and one with SP = 20 mho (heavy gray curve), the magnetic field strength B is plotted along
the sun-Earth line. Note the position of the magnetopause in the two curves where they suddenly turn
downward. The strength of the dipole field is plotted as the dotted curve, and the values of the SP = 20
curve subtracted from the values of the SP = 5 mho curve are plotted as the dashed line.
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weak-saturation cases at X = 5 RE is 21 nT, which is again
about double the 12.6 nT Ampere’s law estimate. Here a
better accounting of the morphology of this current (see
Figure 13 (top)) reduces the Ampere’s law estimate yielding
a worse agreement with the observed field difference.
[39] In Figure 18 (top) the X component of the magnetic

field Bx is plotted in color in the X = 0 (dawn-dusk) plane,
with some magnetic field lines traced. The snapshot is from
a strong-saturation (SP = 20 mho) simulation with the high-
resolution near-Earth region. Red and yellow is a positive
(sunward) field and blue is a negative (antisunward) field.
As can be seen, there is a shift in the sign of Bx across the
open-closed magnetic field line boundary. In the northern
lobe Bx is positive and in the southern lobe Bx is negative.
This shift in the magnetic field direction across the open-
closed boundary is akin to the observed change in flaring
angles between the plasma sheet (closed) and lobe (open)
regions in the magnetotail, with a Region-I sense current
flowing in the magnetotail on the plasma sheet/lobe bound-
ary [Birn, 1989; Candidi et al., 1990].
[40] In Figure 18 (bottom) the perturbation Z component

of the magnetic field dBz = Bz � Bzdipole is plotted in color
in the Y = 0 (noon-midnight) plane. Yellow is a positive
(northward) perturbation and blue is a negative (southward)

perturbation. As can be seen, in the dayside magnetosphere
the perturbation is negative, producing a depression of the
magnetic field below the dipole strength, even in the
presence of compression from the solar wind (see also
Figure 17). This weakening of the dayside magnetic field
with increasing ionospheric conductivity is noted in Table 4.
And as can be seen, in the nightside magnetosphere the
perturbation is positive, producing an increase of the mag-
netic field above the dipole strength, even in the presence of
stretching in the magnetotail.
[41] This reduction of the dayside magnetic field when

the polar cap saturation is strong is confirmed in Figure 19
where magnetic field measurements from the GOES-10
spacecraft are shown in the noon local time sector of
geosynchronous orbit (6.6 RE) near the equator. To ensure
that the GOES spacecraft was not in the magnetosheath
owing to magnetopause crossings, GOES magnetometer
measurements were only used if the magnetic field clock
angle measured by GOES was within 20� of the dipole
direction. (Magnetopause crossings at geosynchronous orbit
almost always occur under southward IMF [e.g., Rufenach
et al., 1989], which would put the clock angle in the
magnetosheath at 90� or more from the dipole direction.)
Once per day for the years 1999–2003, a 40-min average of
the geosynchronous magnetic field strength is made cen-
tered on local noon. At the time of each geosynchronous
magnetic field measurement, the OMNI2 data set [King and
Papitashvili, 2005] is used to determine the total pressure
of the solar wind (ram pressure rv2 plus magnetic pressure
B2/8p). If a geomagnetic storm was on (Kp > 4.5), then the
magnetic pressure B2/8p measured at (noon) geosynchro-
nous orbit is plotted as a function of the solar wind pressure
in Figure 19 (black points). Using the OMNI2 data set to
calculate the Alfven speed vA of the solar wind and using
F10.7 values to estimate SP with SP = 0.77 F10.7

1/2 [Ober et
al., 2003], the polar cap saturation parameter Q = vASP/806
(expression (2)) is calculated. Geosynchronous magnetic
field measurements taken when Kp > 4.5 and when Q has
an extreme value are plotted as the colored points: blue
when Q is very low (Q < 0.75) and red when Q is very high
(Q > 2). As can be seen in Figure 19, when Q is high (polar
cap saturation) the geosynchronous magnetic field strength
at noon tends to be lower than when Q is low (polar cap not
saturated). The horizontal green line indicates the value of
B2/8p for a dipole field at 6.6 RE. Note that when polar cap
saturation is ongoing (red points) the field can be depressed
below the dipole strength, as Figure 14 and Figure 18
(bottom) indicate.
[42] As polar cap saturation deepens, the cusps of the

magnetosphere move equatorward. This can be seen by
comparing Figures 20 (top) and 20 (bottom). Figure 20 (top)
is a cut of the magnetosphere at local noon for SP = 5 mho
and Figure 20 (bottom) is a cut for SP = 20 mho. Both cases
have high-resolution near-Earth regions. The color repre-
sents plasma flow speed and magnetic field lines are traced.
Focusing on the boundary between open (black) and closed
(red) field lines, the boundary is shifted about 4� equator-
ward at r = 3 RE in Figure 20 (bottom) (SP = 20 mho)
relative to the boundary’s position at r = 3 RE in Figure 20
(top) (SP = 5 mho). This equatorward shift of the cusps with
increasing ionospheric conductivity is noted in Table 4.

Figure 15. The position of the magnetopause is shown for
two high-resolution (near-Earth region) simulations: once
for a SP = 5 mho (solid points) simulation and once for a
SP = 20 mho (hollow points) simulation. In the Z = 0 plane,
points are collected where �5 nT < Bz < 5 nT, and those
points are plotted in Figure 15. In both simulations, the
solar wind parameters are identical: v = 300 km s�1, Bz =
�10 nT, and n = 2 cm�3.
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Figure 16. For the two simulations of Figure 3, one with SP = 5 mho (solid points) and one with SP =
20 mho (hollow points), the distance to the magnetopause along the sun-Earth line (bottom curve) and the
distance to the magnetopause at the dusk terminator (top curve) is plotted. As indicated in Figure 16, the
resolution of the near-Earth region in the simulations changes with time from 1/4 RE (low) to 1/8 RE

(medium) to 1/16 RE (high). The solar wind parameters are fixed at v = 300 km s�1, Bz = �10 nT, and
n = 2 cm�3.

Figure 17. For two simulations with high-resolution near-Earth regions, one with SP = 5 mho (heavy
black curve) and one with SP = 20 mho (heavy gray curve), the x component of the magnetic field Bx is
plotted over the northern polar cap along the (X,Y) = (0,0) line as a function of Z. The values of the SP =
5 curve subtracted from the values of the SP = 20 mho curve are plotted as the dashed line.
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[43] As polar cap saturation deepens the dipolar region of
the magnetosphere on the dayside flattens. In Figure 20
(bottom) (SP = 20 mho) the closed field line region of the
magnetosphere (red field lines) is restricted to lower values
of jZj than is the closed field line region in Figure 20 (top)
(SP = 5 mho). For cases with high-resolution near-Earth
regions, the closed field line regions of the SP = 20 mho
simulations are confined to Z 	 ±4 RE at noon whereas the
closed field line regions of the SP = 5 mho simulations are
confined to Z 	 ±5.5 RE. This flattening of the closed field
line region on the dayside is explored further in Figure 21
where cuts of the magnetosphere at the dusk terminator are
shown for SP = 5 mho (Figure 20 (top)) and SP = 20 mho
(Figure 20 (bottom)). As can be seen, at the terminator the

closed field line region of the magnetosphere (red field
lines) is restricted to lower values of jZj for SP = 20 mho
than it is for SP = 5 mho. For the cases in Figure 21 (with
high-resolution near-Earth regions), the closed field line
regions of the SP = 20 mho simulation is confined to Z 	
±4.5 RE at dusk whereas the closed field line regions of the
SP = 5 mho simulation are confined to Z 	 ±5.5 RE. This
flattening of the closed field line region of the dayside
magnetosphere with an increase in polar cap saturation is
noted in Table 4. Note the taillike stretching of the closed
field lines in the dawn terminator for the SP = 20 mho case.
The solar wind parameters for the occurrence of global
sawtooth oscillations are similar to the parameters for polar
cap saturation [Borovsky and Denton, 2006a] and that the

Figure 18. For a high-resolution (near-Earth region) simulation with SP = 20 mho, (top) the x
component magnetic field Bx is plotted in color in the dawn-dusk terminator (X = 0) plane, and (bottom)
the difference between the z component magnetic field Bz and the Bz of a dipole is plotted in the noon-
midnight (Y = 0) plane. A sampling of magnetic field lines are traced to demark the closed field line
region (red field lines) from the open field line region (black field lines).
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precursor to global sawtooth oscillations is a taillike stretch-
ing of the dipole field lines in the dayside magnetosphere
[Borovsky, 2004]. This stretching of the dipole is undoubt-
edly related to a flattening in Z of the closed field line
region [Borovsky et al., 2004].

6. Discussion: Some Observations About Polar
Cap Saturation

[44] In this section, three topics are discussed: (1) the
constancy of the dayside reconnection rate, (2) how the
polar cap saturation in the simulations acts like a current-
limited voltage generator, and (3) a circuit analysis of the
polar cap saturation behavior seen in the simulations.

6.1. Dayside Reconnection

[45] In this paper the phenomenology of polar cap satu-
ration is studied by holding the solar wind parameters fixed
and varying the ionospheric conductivity. It is clear from the
analysis in section 3 that the reconnection rate at the dayside
magnetosphere does not change as the polar cap undergoes
saturation. Neither the local reconnection rate nor the global
reconnection rate change. This constancy of the reconnec-

tion rate makes sense. The reconnection rate at the magne-
topause is governed by four plasma parameters at the
magnetopause [Borovsky et al., 2008]: the magnetic field
strength Bm on the magnetospheric side, the magnetic field
strength Bs on the magnetosheath side, the plasma mass
density rm on the magnetospheric side, and the plasma mass
density rs on the magnetosheath side. In order to change the
reconnection rate at the dayside magnetosphere something
must act to change those local plasma parameters. In the
simulations, no physical processes that could change those
parameters is observed.

6.2. Current-Limited Voltage Generator

[46] In Table 5, the degree by which of some key
parameters of the simulations vary during the polar cap
saturation process are calculated. The values of these key
parameters are obtained from Table 2. The variation is
expressed in terms of the ratio of the value during the SP

= 20 mho case to the value during the SP = 5 mho case, and
the ratio is calculated separately for the low-resolution,
medium-resolution, and high-resolution near-Earth regions.
In the first column of Table 5 the ratio of Pedersen
conductivities SP is listed. SP varies by a factor of 4

Figure 19. The measured magnetic field strength at noon geosynchronous orbit (vertical) is plotted as a
function of the total pressure of the solar wind (horizontal). The geosynchronous field strength is obtained
by averaging GOES-10 magnetic field measurements over a 40-min window centered on local noon. The
solar wind total pressure is obtained from the OMNI2 data set. Only measurements that occurred when
Kp > 4.5 are plotted. All Kp > 4.5 points are plotted in black. For each point the polar cap saturation
factor Q is calculated from OMNI2 and F10.7. If Q < 0.75, the point is overplotted in blue, and if Q > 2,
the point is overplotted in red. Pressure balance with the solar wind is indicated by the diagonal dashed
line, and the strength of the dipole field is indicated by the horizontal dashed line.

Figure 20. For two high-resolution (near-Earth region) simulations, the morphology of the dayside magnetosphere is
explored with plots in the noon meridianal plane (Y = 0). (top) A SP = 5 mho simulation and (bottom) a SP = 20 mho
simulation. The color coding is the flow speed of the plasma. A sampling of magnetic field lines are traced to demark the
closed field line region (red field lines) from the open field line region (black field lines).
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Figure 20
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between the two cases. In the second column of Table 5 the
ratio of measured polar cap potentials D8pc is listed. At
high resolution D8pc varies by a factor of 2.2. In the third

column the ratio of the cross–polar cap current Itotal is
listed. At high resolution Itotal varies by a factor of 1.5,
which is less than the variation in D8pc. In the fourth

Figure 21. For two high-resolution (near-Earth region) simulations, the flattening of the closed field
line region at the terminator is explored with plots in the X = 0 plane in the dusk sector as viewed from
the sun. (top) A SP = 5 mho simulation and (bottom) a SP = 20 mho simulation. The color coding is the
absolute value of the current density in the plasma. A sampling of magnetic field lines are traced to
demark the closed field line region (red field lines) from the open field line region (black field lines) form
the solar wind (blue field lines). The magnetosheath is also shown.

Table 5. Degree Over Which the Various Key Parameters Varying Between the SP = 5 mho and SP = 20 mho

Simulations Are Compared

Grid Resolution SP(20)/SP(5) D8pc(5)/D8pc(20) Itotal(20)/Itotal(5) D8mag(5)/D8mag(20) R(5)/R(20)

Low 4 3.35 1.16 1.46 1.04
Medium 4 2.41 1.65 1.03 1.03
High 4 2.22 1.55 1.11 0.99
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column of Table 5 the ratio of measured magnetospheric
potentials D8mag is listed. At high resolution D8mag varies
by only a factor of 1.11. It is essentially constant. Finally, in
the fifth column of Table 5 the ratio of measured reconnec-
tion rates R at the dayside magnetopause is listed. At high
resolution R varies by only a factor of 0.99. It is essentially
constant. Comparing the degree of variability of the polar
cap potential D8pc and the polar cap current Itotal in Table 5:
the polar cap potential varies much more than the polar cap
current does. This indicates a behavior wherein the solar
wind driving the ionosphere acts as does a voltage generator
that is reaching the limit on its ability to deliver current [see
also Fedder and Lyon, 1987]: the voltage droops greatly
while the current into the load increases only slightly.

6.3. Circuit Analysis of the Simulations

[47] Using the analogy of a current-limited voltage gen-
erator, a circuit analysis of the solar wind driving one
ionosphere can be performed. This circuit is drawn in
Figure 22: the solar wind generator is depicted on the left
as a battery with an internal resistance (current-limiting
resistor) and the ionospheric load is depicted on the right
as a simple resistance. Denoting the open circuit (zero-
current) voltage of the battery (solar wind) as VB, the
current in the circuit as I, the internal resistance of the
battery as RB, and the resistance of the load as RL, Kirch-
off’s law gives the expression

VB ¼ I RB þ RLð Þ: ð5Þ

[48] In the circuit of Figure 22, when the load resistance
changes, the current through the circuit changes and the
voltage drop across the load changes but the voltage of the
battery and the internal resistance of the battery do not
change. The resistivity RL of the ionospheric load is
evaluated from the simulations as follows. Ohm’s law in
the ionosphere can be written RL = VL/I, where VL is the
voltage D8pc across the ionosphere (load) and I is the
current Itotal flowing in the ionosphere. In section 3 it was

found that the ratio Itotal/SPD8pc = W/L is nearly constant
(see Table 2 and Figure 7) and equal to approximately 3.0.
Thus, RL = VL/I = D8pc/Itotal = W/SPL = 1/3.0SP is the
resistivity of the ionosphere as a function of SP. This is
expressed as

RL ¼ 0:33=SP: ð6Þ

[49] In Table 6 the two values of RL are entered for the
two values 5 mho and 20 mho of SP utilized in the
simulations. Also in Table 6, the measured values of the
current I flowing through the ionosphere for the two cases
are entered; these values for the high-resolution near-Earth
region simulations are obtained from Table 2. With RL and I
known, expression (5) has two unknowns: VB and RB.
Evaluating expression (5) twice (using the two sets of
values in Table 6) allows VB and RB to be determined. It
is instructive to do this. Thus, we write down expression (5)
twice: once VB = I1 (RB + RL1) for case 1 (top row of Table
6) and again VB = I2(RB + RL2) for case 2 (bottom row of
Table 6). Subtracting the second of these expressions from
the first to eliminate VB and then solving for RB yields the
expression

RB ¼ I1RL1 � I2RL2ð Þ= I2 � I1ð Þ: ð7Þ

[50] Using the values in Table 6 to evaluate expression (7)
yields RB = 0.0733W as the value of the internal resistance
of the solar wind battery. Using this value of RB in
expression (5) with RL and I from either case 1 or case 2
of Table 6 yields VB = 257 kV as the voltage of the solar
wind generator. These values of RB and VB, along with
expression (6) for RL are added on to the circuit sketch of
Figure 22.
[51] The maximum current that the solar wind generator

could supply to the ionosphere is obtained by setting RL = 0
in expression (5) (which by expression (6) is equivalent to
setting SP ! 1). For VB = 257 kV, RB = 0.0733W, and
RL = 0, expression (5) gives Imax = 3.51 MA.
[52] We have stated in section 4 (see also A. J. Ridley and

G. Toth (unpublished data, 2008)) that the current Itotal and
ionospheric voltage D8pc are too low in the simulations
owing to finite grid–resolution problems. Since the ratio
Itotal/SPD8pc = W/L does not vary with grid resolution (see
Figure 6), the ratio Itotal/D8pc = W/LSP = RB does not vary
with grid resolution. Hence, the value RB = 0.0733W is not
in error owing to the finite grid resolution. Examining
expression (5), it is clear that since Itotal is underestimated
by the simulations, VB is underestimated. Hence, if higher-
resolution near-Earth region grids could be utilized, a value
of VB greater than 257 kV would be obtained. It also
follows that if VB is underestimated, then Imax = 3.5 MA
is underestimated by the same fractional amount.

Figure 22. The circuit analyzed to represent the current-
limited voltage generator (solar wind) driving the northern
ionosphere is sketched. For the simulations analyzed, the
values of the battery voltage VB, the battery internal
resistivity RB, and the resistivity of the load RL are
indicated. The two values of RL explored were 0.067W
(SP = 5 mho) and 0.0165W (SP = 20 mho). The values
obtained pertain to the solar wind parameters v = 300 km
s�1, Bz = �10 nT, and n = 2 cm�3. The values of the solar
wind voltage VB and internal resistivity RB will vary with
solar wind parameters. Owing to the finite resolution of the
simulations, 257 kV is an underestimate of the true voltage.

Table 6. Parameters Needed to Analyze the Solar Wind/

Ionosphere Circuit for the High-Resolution Simulations

Case SP (mho) Rload (W) I (MA)

1 5 0.057 1.83
2 20 0.0143 2.84
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[53] Finally, comparing the values of RL in Table 6 with
the value obtained for RB (0.0733W), RL was always less
than RB in the simulations. Hence the polar cap was always
in some degree of saturation. For SP = 5 mho, RL was 9/10
of RB (modest saturation) and for SP = 20 mho RL was less
than 1/4 of RB (strong saturation).

6.4. Circuit and the Physical World

[54] The values obtained via the circuit analysis of section
6.3 (VB = 257 kV, RL = 0.33/SP, RB = 0.0733W, and Imax =
VB/RB = 3.5 MA) make sense for the solar wind–driven
magnetosphere. For the solar wind parameters of the sim-
ulations (v = 300 km s�1 and Bz = �10 nT), a potential of
257 kV corresponds to tapping a distance of 12.2 RE across
the solar wind motional generator, which is less than the
diameter of the magnetosphere. This voltage value thus
seems reasonable. It is, however, 15–75% higher than the
values of D8mag measured in the simulations (see Table 2).
The value RL = 0.33/SP that was obtained in the analysis is
what one gets for the definition of the ionospheric resistivity
L/WSP, which is the length L of the current path in the
ionosphere divided by the Pedersen conductivity sP times
the area. In section 3 it was found that the effective value of
W/L is W/L = 3.0.
[55] Note that the BATSRUS simulation code obtains a

Region-2 current which is very weak compared with an
improved simulation code of BATSRUS combined with an
inner-magnetospheric simulation model [De Zeeuw et al.,
2004]. The addition of a realistic Region-2 current could
alter the value of RL, which would change the value of Imax.
[56] In the following two paragraphs, two methods will

be used to estimate the values of Imax and RB for compar-
ison with the circuit values Imax = 3.5 MA and RB = 0.073
W: the Alfven conductance picture [cf. Ridley, 2007; Kivel-
son and Ridley, 2008] and the ram pressure picture [cf.
Siscoe et al., 2002b].
[57] The circuit values of Imax and RB agree with an

Alfven conductance picture of the generator [e.g., Ridley,
2007; Kivelson and Ridley, 2008]. In this picture Imax and
RB are calculated as follows. Imax is the maximum current
that will flow from the solar wind generator, which would
occur if a load with RL = 0 were connected. Such a
connection is sketched in Figure 23, with the ionosphere
at the bottom, the solar wind at the top, and two vertical
magnetic field lines connecting the ionosphere into the solar
wind plasma. If the switch at the bottom is open (no load),
then a potential D8 would exist at all heights between the
two vertical field lines, where D8 = EswL, with Esw being
the solar wind electric field vB/c and L being the distance
between the two field lines. When the switch is closed (with
RL = 0), the potential across the field lines at the ionosphere
is shorted out and this launches a discharge signal vertically
up the ‘‘transmission line.’’ This signal propagates at the
local Alfven speed vA [Goertz and Boswell, 1979]. The
propagating signal is shown in Figure 23 as the gray patch,
propagating upward at a speed vA. Ahead of the signal the
perpendicular electric field is undisturbed at E? = D8/L,
and behind the signal the electric field is E? = 0. (Above the
gray patch in Figure 23 the direction of E? is noted with a
black arrow.) Hence, as the signal propagates upward over a
parcel of solar wind plasma, the plasma experiences a time
changing electric field perpendicular to the magnetic field

Figure 23. A sketch of the solar wind generator connected
to ionospheric load. Connecting the load launches an
upward traveling signal (gray region) that moves at the
Alfven speed. The changing perpendicular electric field in
the gray signal region produces a polarization drift current
(red arrows) that feed field aligned currents into the
ionosphere (red arrows).
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@E?/@t. The direction of @E?/@t is noted as the black arrow
in the gray region in Figure 23. This @E?/@t leads to a
polarization drift of the ions and electrons in the plasma in
the opposite directions, dominated by the ions, which
produces a current in the direction of @E?/@t perpendicular
to B. The polarization-drift current is expressed as jpol =
nmic

2/B2 @E?/@t [Nicholson, 1983] and is sketched as the
red arrows in the gray region of Figure 23. The quantity
@E?/@t can be writtenDE/Dt, whereDE = (Esw�0) =D8/L,
andDt = h/vA, where h is the spatial extent of the signal along
the direction of the magnetic field (see label in Figure 23).
The value of h is governed by how rapidly the load is
connected to the generator and it will soon drop out of the
calculation. The current Imax that flows along the magnetic
field to the ionosphere is the current density flowing
perpendicular to the magnetic field in the gray region times
the height h (along B) and width W (into the page) of the
gray region. Thus Imax = jpolhW. Using the above expression
for jpol with DE = D8/L and Dt = h/vA in it, and using vA =
B/(4pnmi)

1/2, the expression Imax = jpolhW becomes

Imax ¼ W=Lð Þc2D8=4pvA ð8Þ

(cf. equations (12) and (13) of Borovsky [1987]). For D8 =
VB = 257 kV, vA = 156 km s�1 (see Table 1), and W/L = 3.0,
expression (8) yields Imax = 3.93 MA, which is close to the
value of the 3.5 MA obtained from the analysis of the
simulations using the circuit of Figure 22. The Alfven
conductance picture of the generator yields a value of the
internal resistance RB of the generator as RB = D8/Imax;
using expression (8) for Imax this is

RB ¼ L=Wð Þ4pvA=c2: ð9Þ

[58] Evaluating expression (9) with W/L = 3.0 and vA =
156 km s�1 yields RB = 0.065 W, which is close to the value
of 0.073 W obtained from the analysis of the simulations
using the circuit of Figure 22.
[59] The circuit values of Imax and RB are in lesser

agreement with the ram pressure picture of the generator.
Using Siscoe et al.’s [2002b] prescription to estimate the
maximum current Imax that can be driven onto the iono-
sphere by the ram pressure of the solar wind, the expression

Imax ¼ 1:06MAP1=3sw ð10Þ

is obtained, where Psw is the solar wind pressure expressed
in units of nPa. Expression (10) comes about by assuming
that the total drag force on the magnetosphere is Fdrag =
Pswr

2, where r is the magnetopause standoff distance given
by r = RE(Bo/Bpause)

2, where Bo is the equatorial field
strength at the Earth’s surface and where the magnetopause
magnetic field strength Bpause is given by pressure balance
with the solar wind Bpause = (8pPsw)

1/2, and where the drag
force is produced by a magnetic force on the magnetopause
current Fdrag = rImaxBpause/c. In the previous sentence, there
were four equations and four unknowns (Imax, r, Bpause, and
Fdrag), allowing expression (10) to be algebraically derived.
For the present simulations Psw = 0.3 nPa (see Table 1):
using this value, expression (10) yields Imax = 0.71 MA.
This estimate (which must be shared between the northern

and southern polar caps) is considerably less than the Imax =
3.5 MA of the circuit. Before it can be discerned whether
the parameters of the circuit of Figure 22 are consistent with
the ram pressure–limiting picture, a better calculation of
Imax owed to ram pressure of the solar wind must be made.
(1) Taking a more accurate estimate of the cross-sectional
area A of the magnetosphere (A = r2 was used in the drag-
force expression above) would increase the Imax estimate,
(2) using a drag coefficient CD [cf. Hoerner, 1965] in the
drag-force expression Fdrag = CD Psw A could either increase
or decrease the Imax estimate, (3) utilizing only the currents
of the high-latitude magnetopause would decrease the Imax

estimate, and (4) dividing the magnetopause current equally
to the northern and southern ionospheres would halve the
Imax estimate. The coefficient of drag for the low-b
magnetosheath flow [Lavraud et al., 2007] around the
magnetosphere will be difficult to obtain. Note: in Appendix
A the high-latitude magnetopause currents will be integrated
in the simulations and will be found to be considerably
smaller than the Region-1 currents flowing into the polar
cap.
[60] According to this circuit picture and circuit interpre-

tation, polar cap saturation means that RL  RB. In that
case the voltage applied to the ionosphere is much less than
VB and the current flowing is near its maximum value VB/
RB. In the present simulations, polar cap saturation was
explored by varying RL which varied the ratio RL/RB. Polar
cap saturation could also be explored by varying RB to vary
the ratio RL/RB. The value of RB can be varied by varying
the Alfven speed of the solar wind (see expression (9)). For
example, to vary Q = vASP/806 (expression (2)), the present
paper varies SP, but one could also vary vA. Note, according
to this circuit analysis, one cannot get saturation by varying
VB while RB and RL are fixed. This could be attempted by
varying the solar wind electric field E = vB/c by varying v
and keeping B fixed (which keeps vA fixed).

7. Summary of Findings

[61] Global MHD simulations with a high-resolution grid
covering the dayside magnetopause were run with constant
and ideal solar wind conditions. A resistive spot was placed
on the dayside magnetopause to ensure that MHD captured
the correct reconnection rate. The conductivity of the polar
cap was varied and the simulations were analyzed. The
main findings of the analysis are summarized below and
some of them are collected into Table 4.
[62] 1. The potential D8pc measured across the polar cap

in the ionosphere is reduced when the ionospheric Pedersen
conductivity SP increases with the solar wind parameters
staying the same. In going from a Q value of 0.97 to a Q
value of 3.9 (the range of mildly saturated to heavily
saturated) the polar cap potential changes approximately
according to the predicted (1 + Q)�1 dependence, where
Q = vASP/806.
[63] 2. When the ionospheric Pedersen conductivity SP

increases, the Y component electric field Ey above the polar
cap reduces. This corresponds to a mapping of the reduced
polar cap potential D8pc along the magnetic field lines into
the magnetospheric lobe.
[64] 3. When the ionospheric Pedersen conductivity SP

increases, the plasma flow velocity v? (and the field line
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convection velocity) above the polar cap reduce. This
corresponds to a mapping of the reduced polar cap potential
D8pc along the magnetic field lines into the magnetospheric
lobe.
[65] 4. The cross–polar cap current Itotal increases mod-

estly (by about 50%) when the ionospheric conductivity SP

is increased by a factor of 4. This is a Region-1 sense
current flowing into the ionosphere on the dusk side, out of
the ionosphere on the dawn side, and flowing dawn-to-dusk
across the polar cap.
[66] 5. The geometrical factor Itotal/SPD8pc does not vary

as the ionospheric conductivity SP changes by a factor of 4,
the polar cap potential D8pc changes by a factor of 2.5, and
the polar cap current Itotal changes by a factor of 1.5. The
geometrical factor (dimensionless) is the ratio of the effec-
tive width of the current in the noon-midnight direction
divided by the effective length of the cross–polar cap
current in the dawn-dusk direction.
[67] 6. The local reconnection rate R at the dayside

magnetosphere does not change as the ionospheric conduc-
tivitySP changes and the polar cap potentialD8pc is strongly
reduced. The local reconnection rate is governed by the
values of the local plasma parameters in the magnetosphere
and the magnetosheath on either side of the magnetopause
and these parameters do not change. This behavior is as
expected from theoretical arguments [Borovsky and Hesse,
2007; Cassak and Shay, 2007; Borovsky, 2008].
[68] 7. The cross-magnetosphere potential D8mag does

not show a systematic change as the ionospheric conduc-
tivity SP and the polar cap potential D8pc both strongly
change. The cross-magnetosphere potential D8mag is a
measure of the total rate of reconnection on the dayside
magnetopause.
[69] 8. The magnetic field strength B in the dayside

magnetosphere weakens when the ionospheric Pedersen
conductivity SP increases. There are no changes in the
solar wind parameters in the simulations; this weakening of
B is attributed to the magnetic perturbation caused by the
cross–polar cap current Itotal.
[70] 9. The magnetopause at the nose of the magneto-

sphere moves inward when the ionospheric Pedersen con-
ductivity SP increases. This movement closer to the Earth is
attributed to the ram pressure of the solar wind being
balanced by a weakened magnetic field of the dayside
magnetosphere.
[71] 10. The magnetic field strength at the dayside mag-

netopause does not change when the ionospheric Pedersen
conductivity SP increases and the polar cap potential D8pc
reduces. This field strength at the magnetopause is deter-
mined by the pressure of the solar wind, and this constancy
of the field strength is consistent with the observed con-
stancy of the dayside reconnection rate.
[72] 11. The flaring of the magnetosphere at the termina-

tor does not change significantly as the ionospheric Peder-
sen conductivity SP increases substantially and the polar
cap potential D8pc reduces substantially. This flaring is
quantified as the distance from the Earth to the magneto-
pause at the terminator.
[73] 12. X component magnetic perturbations Bx appear

over the polar caps and strengthen as the ionospheric
Pedersen conductivity SP increases. This perturbation is in
part owed to the cross–polar cap current Itotal.

[74] 13. The cusps of the magnetosphere shift equator-
ward as the ionospheric Pedersen conductivity SP increases.
This may be associated with the weakening of the magnetic
field strength in the dayside magnetosphere with increasing
Pedersen conductivity.
[75] 14. The closed field line region of the dayside

magnetosphere flattens in the Z direction as the ionospheric
Pedersen conductivity SP increases and the polar cap
potential D8pc reduces. This flattening may be related to
the weakening of the magnetic field strength on the dayside
as the Pedersen conductivity increases.
[76] 15. When the spatial resolution of the near-Earth

region and above-the-polar cap regions is increased, the
polar cap potential D8pc increases and the cross–polar cap
current Itotal increases, but the local reconnection rate R at
the dayside magnetopause and the cross-magnetosphere
potential D8mag do not change.
[77] 16. A circuit analysis of the polar cap saturation

phenomena measured in the simulations based on the solar
wind being a current-limited voltage generator reproduces
the behavior quite well and yields reasonable values for the
voltage source and the current limit.

Appendix A

A1. Relation to Polar Cap Saturation
Models

[78] In Appendix A nine explanations for polar cap
saturation in the literature are collected and these nine
models are discussed relative to the findings of the present
study. (See also Siscoe et al. [2004], Shepherd [2007], and
Lavraud and Borovsky [2008] for reviews of the various
models.) The polar cap saturation models can be separated
into ‘‘reconnection models’’ and ‘‘postreconnection mod-
els.’’ The reconnection models (models 1–6 below) explain
the reduction of the polar cap potential via a reduction in the
reconnection rate at the dayside magnetosphere, i.e., by a
reduction of solar wind/magnetosphere coupling. The post-
reconnection models explain the reduction of the polar cap
potential by physical processes happening after the solar
wind plasma reconnects with the magnetosphere.
[79] In the discussions below, particular attention is paid

to whether or not the present findings support the various
models. Note, however, that just because contradictions are
found between the findings of the present paper and the
various models does not mean that those models can’t
explain the occurrence of polar cap saturation under differ-
ent circumstances than were explored here, for instance
under super strong driving. Also, global MHD codes are not
the real magnetosphere and simulation results need to be
checked against spacecraft measurements. A summary of
this assessment appears in Table A1.

A1.1. Hill Model

[80] In the Hill model [Hill et al., 1976; Siscoe et al.,
2002a] it is argued that the strong dawn-to-dusk cross–
polar cap currents reduce the magnetic field strength in the
dayside magnetosphere and at the dayside reconnection site.
In the model, this reduction of the field strength at the
reconnection site lowers the Alfven speed there, and there-
fore lowers the rate of reconnection. This lowered rate of
reconnection at the dayside reduces solar wind/magneto-
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sphere coupling and is the cause of the polar cap saturation.
The present findings contradict this explanation. Whereas
the magnetic field strength of the dayside magnetosphere is
reduced by the cross–polar cap currents, the magnetic field
strength at the dayside magnetopause is determined by
pressure balance with the solar wind and hence is not
reduced by the currents. Further, the measured reconnection
rate in the present simulations does not change as the
magnitude of the cross–polar cap currents change.

A1.2. Flaring Model

[81] In the flaring model [Merkin et al., 2005a, 2005b] the
change of shape of the dayside magnetopause changes the
flow of the magnetosheath around the Earth and reduces
the total amount of reconnection between the solar wind and
the magnetosphere. In particular, a strengthening of the
cross–polar cap currents causes the distance to the magne-
topause at the terminators to increase, increasing the flaring
of the magnetosphere. The present findings contradict this
explanation in two manners. First, the distance to the
magnetopause at the terminator does not change substan-
tially as the polar cap potential D8pc changes substantially
and the cross–polar cap currents Itotal change substantially.
Second, the total amount of reconnection as measured by
the cross-magnetosphere potential D8mag does not change
significantly as the cross–polar cap potential D8pc changes
significantly.

A1.3. X-Line-Length Model

[82] In the X-line-length model [Raeder and Lu, 2005;
Ridley, 2005] [see also Pudovkin et al., 1985] changes in
solar wind parameters result in changes in the size of the
magnetosphere, which changes the length of the dayside
reconnection line, which can reduce the total amount of
reconnection between the solar wind and the magnetosphere
to cause polar cap saturation. The present findings contra-
dict this explanation in two manners. First, the cross–polar

cap potentialD8pc changes significantly without a change in
the solar wind conditions and without an appreciable change
in the size of the magnetosphere. Second, the total amount
of reconnection as measured by the cross-magnetosphere
potential D8mag does not change significantly as the cross–
polar cap potential D8pc changes significantly.

A1.4. Magnetosheath-Flow Model

[83] In the magnetosheath-flow model [Pudovkin et al.,
1985; Ridley, 2005] variations in the solar wind parameters
produce variations in the properties of the magnetosheath
flow that change the total reconnection rate between the
solar wind and the magnetosphere, which can lead to polar
cap saturation. Pudovkin et al. [1985] considers changes in
the length of the flow stagnation line with changes in the
solar wind; Ridley [2005] considers changes in the magneto-
sheath electric field with changes in the solar wind. The
present findings contradict this explanation in two manners.
First, the cross–polar cap potential D8pc changes signifi-
cantly without a change in the solar wind conditions.
Second, the total amount of reconnection as measured by
the cross-magnetosphere potential D8mag does not change
significantly as the cross–polar cap potential D8pc changes
significantly.

A1.5. Lobe-Bulge Model

[84] In this model [Raeder et al., 2001] [see alsoMaynard
et al., 2004; Ober et al., 2006], referred to as the ‘‘dimple
model’’ by Siscoe et al. [2004], the cross–polar cap currents
weaken the dayside magnetic field strength allowing the
lobes (region of open field lines from the polar cap) to bulge
forward into the magnetosheath flow, creating a stagnation
flow in the magnetosheath in front of the dayside neutral
line which lowers the reconnection rate between the solar
wind and magnetosphere, which can lead to polar cap
saturation. The present findings contradict this explanation
in two manners. First, polar cap saturation is found to occur

Table A1. Nine Models for Polar Cap Saturation From the Literature Assessed as to Whether or Not the Present Findings Contradict the

Explanation

‘‘Model’’ Explanation References

Present
Analysis

Contradicts

No
Contradictions

Found

Hill model Weakened dayside field
reduces reconnection rate

Hill et al. [1976] and
Siscoe et al. [2002a]

yes

Flaring model Flaring reduces reconnection rate Merkin et al. [2005a, 2005b] yes
X-line-length model Changes in size of magnetosphere

reduces total reconnection
Raeder and Lu [2005]

and Ridley [2005]
yes

Magnetosheath flow model Changes in solar wind conditions
change dayside reconnection rate

Pudovkin et al. [1985]
and Ridley [2005]

yes

Lobe-bulge model Bulging lobes hinders dayside reconnection Raeder et al. [2001] yes
Bow shock model Polar cap currents modify bow shock and

dayside reconnection rate.
Hernandez et al. [2007] yes

Ionospheric-outflow model Mass loading of magnetospheric
convection by ionospheric outflow

Winglee et al. [2002] yes

Ram pressure–saturation model Ram pressure limits currents Siscoe et al. [2002b] yes
MHD generator model Solar wind MHD generator is loaded down Ridley [2007] and Kivelson

and Ridley [2008]
yes

Figure A1. The plasma density of the magnetosphere is explored with two snapshots from the simulation in Figure 2.
(a, c, e) From a time (t = 65min)whenSP= 5mhowithmodest saturation (D8pc = 65.6 kV) and (b, d, f) from a time (t = 120min)
when SP = 20 mho with strong saturation (D8pc = 20.3 kV). Figures A1a and A1b show the plasma number density in
the X = 0 plane, Figures A1c and A1d show the plasma number density in the Z = 0 plane, and Figures A1e and A1f show
the plasma number density in the Y = 0 plane.
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Figure A1
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in a regime where lobe bulge does not severely affect the
flow of the magnetosheath. Second, polar cap saturation is
found to occur without the reconnection rate at the dayside
being reduced.

A1.6. Bow Shock Model

[85] In this model [Hernandez et al., 2007] the currents
flowing from the polar cap connect across the bow shock,
modifying the shock properties, and the modified bow
shock in turn modifies the properties of the magnetosheath,
changing the electric field at the magnetopause to change
the reconnection rate, which can lead to polar cap satura-
tion. The present findings contradict this explanation. The
polar cap potential D8pc is observed to change without any
changes in the dayside reconnection rate.

A1.7. Ionospheric-Outflow Model

[86] In this model [Winglee et al., 2002] an increase of
driving of the magnetosphere by the solar wind causes an
increase in the ionospheric-plasma outflow into the magne-
tosphere and this plasma mass loads magnetosphere con-
vection, which reduces the potential of the magnetosphere
and the ionosphere. The present findings contradict this
explanation of polar cap saturation in two manners. First,
polar cap saturation is observed without any change in the
parameters of the solar wind. Second, the cross–polar cap
potential D8pc changes significantly without an appreciable
change in the plasma mass density in the magnetosphere.
This latter point is demonstrated in Figure A1, where the
plasma number density in a weakly saturated case (D8pc =
65.6 kV: left column) is compared with the plasma number
density in a strongly saturated case (D8pc = 20.3 kV: right
column). In Figures A1a and A1b the density is shown in
the Y = 0 plane (terminator plane), in Figures A1c and A1d
the density is shown in the Z = 0 plane (equatorial plane),
and in Figures A1e and A1f the density is shown in the Y =
0 plane (noon-midnight meridianal plane). The color scales
between Figures A1a, A1c, and A1e and Figures A1b, A1d,
and A1f differ by only 20% or less. It is safe to conclude
that there is not sufficiently more mass loading of magne-
tospheric convection in the right column than there is in the
left column to reduce the convection of the left column
down to 20.3/65.6 = 31% of its value.

A1.8. Ram Pressure–Saturation Model

[87] In this model [Siscoe et al., 2002b] the cross–polar
cap current is limited by the amount of momentum that the
solar wind flow carries, which limits the amount of j � B-
generated current that the solar wind can drive into the
Earth’s ionosphere. The present findings provide mixed
support for this explanation. The finding that the cross–

polar cap current Itotal does not change significantly as SP

and D8pc undergo large changes implies that the current
Itotal is being driven by a generator that is current limited,
which provides some support for this model. However, the
estimates of the current at the magnetopause fall short of the
maximum current in the circuit analysis of the simulations.
This is tested by integrating the high-latitude magnetopause
current in the simulations and comparing this current with
the cross–polar cap current in the simulations. For the
northern high-latitude magnetopause and the northern polar
cap, these values appear in Table A2 for a weakly saturated
simulation (SP = 5 mho) and for a strongly saturated
simulation (SP = 20 mho), both with high-resolution near-
Earth regions and both with the same solar wind parameters.
The high-latitude current integration is of jy passing through
the Y = 0 plane. Since the dawn-to-dusk current of the polar
cap flows in the +Y direction, only regions of jy < 0 are
integrated in the magnetopause region. As can be seen in
Table A2, the currents in the vicinity of the high-latitude
magnetopause are insufficient by factors of 2 to 4 to account
for the cross–polar cap current. Tracing electrical current
flow lines in the simulations finds that some of the cross–
polar cap current closes near the high-latitude magneto-
pause, particularly when low- and medium-resolution near-
Earth regions are used; this tracing provides some support
for the ram pressure–saturation model. (The authors have
been cautioned (J. Birn, private communication, 2007) that
tracing current lines does not necessarily connect a
generator to a load and does not necessarily identify cause
and effect.)

A1.9. MHD-Generator Model

[88] In this model [Ridley, 2007; Kivelson and Ridley,
2008] the motion of the reconnected solar wind (magneto-
sheath) plasma past the Earth acts as an MHD generator
transferring its motional potential to the ionosphere by
means of field-aligned currents, which are limited in
strength by the ‘‘Alfven conductance’’ of the solar wind
plasma. (The MHD-generator model and the ram pressure–
saturation model have much in common: the total amount of
current supplied by the Alfven conductance limit is equal to
the amount of current needed to j � B brake the momentum
of the plasma flow [Borovsky, 1987].) The present findings
do not contradict this MHD-generator explanation. The
finding that the cross–polar cap current Itotal does not
change significantly as SP and D8pc make large changes
implies that the current Itotal is being driven by a generator
that is current limited, which provides some support for this
model, as it did for the ram-current–saturation model. And,
the circuit analysis of the simulations in section 6.4 yields a
value for the current limit that is consistent with concepts of
the MHD-generator model. Further, tracing electrical
current flow lines in the simulations finds that some of
the cross–polar cap current closes in the distant lobe far
from the Earth, particularly at high resolutions of the near-
Earth regions. This tracing provides further support for the
MHD-generator model.
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