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Abstract The phenomena of cross polar cap potential (CPCP) and ionospheric field-aligned current (FAC)
saturation remain largely unexplained. In the present study, we expand upon the Alfvén wing model of CPCP
saturation by investigating its impact on the magnetosphere-ionosphere current system, particularly the
Region 1 FAC input into the polar cap. Our hypothesis is that the ability of open flux tubes to deform in
response to applied fluid stress from the magnetosheath is governed by the magnetosheath plasma beta,
which in turn governs the Maxwell stress imposed on ionospheric plasma from the magnetosphere. We
performed 32 MHD simulations with varying solar wind density and interplanetary magnetic field strength
and show that the plasma beta does govern the deformation of open field lines, as well as the nonlinear
response of the Region 1 FAC system to increasingly southward interplanetary magnetic field. Further, we
show that the current-voltage relationship in the ionosphere also shows a dependence on the plasma beta in
the magnetosheath, with the ionosphere becoming more resistive at lower beta.

1. Introduction

As the solar wind approaches the Earth, it decelerated to submagnetosonic speeds across the bow shock. The
shocked solar wind then flows around the Earth’s magnetosphere in a region called the magnetosheath. Under
southward interplanetary magnetic field (IMF) conditions (Bz< 0), closed magnetic flux in the magnetosphere
is opened via reconnection on the dayside magnetopause [Dungey, 1961]. After an initial acceleration of
plasma via the J×B force in the reconnection outflow jet, open magnetic flux is carried over the polar cap
ionosphere by the magnetosheath and solar wind plasma flow into the nightside magnetosphere, where it
may reconnect again. This flux transport maps to the polar ionosphere driving a two cell plasma convection
pattern with antisunward flow over the polar cap, and sunward “return” flow on closed field lines [Dungey,
1961]. The electrostatic potential drop across this convection pattern is called the cross polar cap potential
(CPCP), which is often used as a measure of the strength of coupling between the solar wind, magnetosphere,
and ionosphere. Along the convection reversal boundaries of each convection cell, magnetic field-aligned
currents (FACs) called Region 1 (R1) close in the ionosphere with dawn-dusk polarity and couple the region to
the magnetic stresses imposed from the magnetosphere [Iijima and Potemra, 1978]. Thus, the ionosphere can
be viewed as a load for the solar wind-driven magnetospheric current.

Originally, it was assumed that as the IMF turned increasingly southward, the CPCP would increase linearly with
the interplanetary electric field (IEF), ESW=� vSW×BIMF, or the portion of the IEF imposed on themagnetosphere
via magnetic reconnection. Observational evidence has shown, however, that the response is nonlinear, with
a decrease in the slope of CPCP versus ESW, as ESW grows increasingly large [Reiff et al., 1981; Russell et al., 2001;
Shepherd et al., 2002;Hairston et al., 2005;Wilder et al., 2011]. This nonlinear response has been referred to as CPCP
saturation due to the appearance in early data sets of the CPCP approaching an asymptote, although Wilder
et al. [2011] found that the best fit to the trend in the polar cap electric field was proportional to ESW

N,
with N= 0.40, which is not asymptotic with increasing ESW. Additionally, Anderson and Korth [2007] used
data from attitude control magnetometers on the Iridium spacecraft to show that the FAC input into the
ionosphere also saturates with a best fit being ESW

N, with N= 0.48.

The saturation of the CPCP and FAC system remains an unexplained phenomenon in magnetospheric physics.
Several hypotheses that attempt to explain this phenomenon have been put forth. The most commonly
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referenced is the Hill model, where the magnetic field associated with the high-latitude R1 FACs reduces the
strength of the geomagnetic field at the dayside magnetopause, limiting the reconnection rate [Hill et al., 1976;
Siscoe et al., 2002b]. Additionally, using MHD simulations, Siscoe et al. [2002a] found that when the polar cap
potential entered the “saturation” regime where the nonlinearity is most apparent, the R1 FACs closed at
the bow shock, usurping the Chapman-Ferraro magnetopause currents as the primary standoff between the
magnetosphere and the solar wind. Thus, the maximum CPCP value in the Siscoe-Hill model at a given solar
wind dynamic pressure is determined by the R1 FAC strength needed to maintain the pressure balance.
One immediate problem with this model is that the CPCP should approach an asymptote with increasing
IEF, and there is little evidence that this is the case [Wilder et al., 2011]. Further, several recent studies have shown
that localized reverse convection associated with northward IMF also exhibits a nonlinear saturation response
[Wilder et al., 2008, 2009, 2010; Sundberg et al., 2009; Bhattarai et al., 2012]. Since the FAC system associated
with reverse convection is on a smaller scale than the R1 FAC system, in addition to a reduced geoeffective
length, it is unclear how it could stand off the solar wind. Additionally,Wilder et al. [2010] showed that ionospheric
convection speed in the cusp and polar cap regions saturated under both northward and southward IMFs
at comparable magnitudes, which implies that the saturation phenomenon might result from a nonlinearity
governing the rate at which open magnetic flux can be carried over the polar cap.

In recent years, another hypothesis involving FAC closure at the bow shock has been proposed, where the
dynamics of the magnetosheath limit the potential along the reconnection X line on the dayside magnetopause
[Lopez et al., 2010]. In this hypothesis, called the “sheath force balance” model, the surface current caused
by magnetic shear across the Earth’s bow shock flows through the magnetosheath and closes both on the
magnetopause and in the ionosphere via R1 FACs. As the plasma beta in the magnetosheath decreases due
to increasing IMF magnitude, the J×B force associated with these currents diverts plasma around the flanks
of the magnetosphere and away from the reconnection X line. This flow diversion reduces the geoeffective
length and limits the reconnection potential on the dayside. This mechanism can explain the saturation of the
reverse convection potential [Bhattarai et al., 2012] in addition to the CPCPunder southward IMF. Themechanism
also does not require an asymptotic response in the polar cap potential.

Another hypothesis, which could explain polar cap electric field saturation under both northward and
southward IMFs has been referred to as the “Alfvén wing” model. Here as the IMF increases in magnitude,
the Alfvénic Mach number in the solar wind (MA) decreases, and the magnetotail splits and forms Alfvén
wings, similar to those at Io and Ganymede in Jupiter’s magnetosphere [Neubauer, 1980; Ridley, 2007]. It
has therefore been suggested that solar wind-magnetosphere-ionosphere coupling, and particularly polar
cap potential saturation, can be modeled as a wave phenomenon. The hypothesis is that the conductance
in the solar wind source region can be mismatched with the conductance in the ionosphere, which
may be reflecting a portion of the reconnection electric field away from the polar cap [Ridley, 2007; Kivelson
and Ridley, 2008]. The solar wind source conductance is modeled as the Alfvénic conductance for a plasma,
which is given by ΣA= (μ0VA)

� 1, where μ0 is the permeability of free space and VA is the solar wind Alfvén
speed [Neubauer, 1980]. The portion of the IEF that is transmitted to the polar cap, represented by the
Kivelson-Ridley coupling function EKR , is given by

EKR ¼ 2ESW
1þ ΣP=ΣA

: (1)

where ESW is the portion of the IEF that is imposed on the magnetosphere via reconnection and ΣP is the
height-integrated Pedersen conductance in the ionosphere [Kivelson and Ridley, 2008]. Because the solar
wind Alfvén speed increases with increasing IMF magnitude, the Alfvénic conductance will decrease. It is
this decrease in Alfvénic conductance that contributes to the nonlinear response of the polar cap potential
and electric field to IMF conditions. Under nominal solar wind conditions, where ΣP~ΣA, ESW and EKR will
be approximately equivalent. Under strong driving when ΣP>ΣA , EKR will be smaller than ESW in order to
model the partial reflection of the incident magnetospheric electric field from the ionosphere.

Several studies have shown that the polar cap potential and electric field correlate well with EKR even
with incomplete estimates of the auroral conductance [Kivelson and Ridley, 2008; Lyatsky et al., 2010].
Additionally, Alfvén wings have recently been observed at Earth under strong driving conditions using data
from the Geotail mission [Chané et al., 2012]. Further, Borovsky et al. [2009] performed simulations using the
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Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme (BATS-R-US) [Ridley et al., 2002] magnetohydrodynamic
(MHD) code to compare and contrast various models of polar cap potential saturation and concluded that the
Alfvén wing model was the only one consistent with their simulations. More specifically, they found that as
the polar cap potential became increasingly “saturated,” the reconnection rate and magnetospheric potential
did not change, implying an inefficiency in the transmission of electric field strength from the solar wind and
magnetospheric MHD generator to the ionosphere.

Regardless, there are several issues that need to be resolved with regards to the Alfvén wing model. First,
Wilder et al. [2011] found that while the CPCP became more saturated at low solar wind MA, the MA in
the solar wind rarely dropped below 2 and had a mean value of 4 in the regime, where the nonlinear
response was most apparent (IEF> 3mV/m). In the original formulation of Alfvén wing theory, MA was
assumed to be smaller than unity in order for the wings to form [Drell et al., 1965; Neubauer, 1980]. Therefore,
while EKR may correlate well with the polar cap potential, it may not fully encapsulate the physics that leads
to the nonlinear response. Second, the Alfvénic conductance varies significantly along a given flux tube,
especially in the lobe regions where the magnetic field increases with decreasing altitude and the density
is significantly small. Therefore, it is difficult to determine how to precisely define the source Alfvénic
conductance or if it is even appropriate to capture the physics of polar cap potential saturation. Finally,
more subtly, equation (1) assumes that the convection electric field in the solar windmaps along equipotential
field lines and the nonreflected portion drives the ionospheric convection consistent with the frozen
flux theorem (E =�v × B). The frozen flux theorem, however, is not an equation of motion for the plasma
(e.g., F =MA) but rather a way to determine the electric field in ideal MHD once the flow and magnetic
field are determined [e.g., Parker, 1996, 2000; Vasyliūnas, 2001]. Therefore, in order to better understand
how a wave reflection model might work when the solar wind is super-Alfvénic and Alfvén wings are
unlikely to form, it will be useful to forgo the transmission line/conductance mismatch analogy and
investigate the physical processes which couple the magnetosphere to the ionosphere.

In the present study, MHD simulations are performed for a wide range of IMF Bz and solar wind number
density values. This allows us to investigate the magnetic field deformation that sets up the Region 1 FAC
system at the convection reversal boundary. We show that the polar cap potential saturation phenomenon
can be partially explained through ionospheric collisional drag and the ability of the open magnetic field
to deform in response to the applied magnetosheath flow. This is captured by the fact that the bending of
the field and the generation of Region 1 FACs given an IMF value increases with increasing plasma β (defined
in section 2), in the magnetosheath. In addition, it is shown that Kivelson and Ridley’s [2008] coupling function,
EKR (see equation (1)), also has a similar dependence on plasma β.

2. Transmission of Magnetosheath Electric Field to Ionosphere

After an initial acceleration through the cusp region by the J× B force in the dayside magnetopause
reconnection exhaust, open magnetic flux is carried over the polar cap ionosphere by the solar wind and
magnetosheath flow. The plasma at the ionospheric footpoint of these flux tubes will encounter a collisional
drag force between the ion species and the thermospheric neutral gas. On the other hand, the portion of the
flux tubes near the magnetopause can deform easily in response to the fluid stress from the magnetosheath
flow [Strangeway et al., 2000]. With antisunward magnetosheath flow, this deformation can cause the open
field lines to bend with a sunward perturbation in the magnetic field at the magnetopause.

Strangeway et al. [2000] presented a simple model to explain magnetosphere-ionosphere coupling that
considered this bending of open field lines. In this model, which was used to explain observations by the
FAST satellite, the fluid stress due to the applied flow in the magnetosheath carries plasma and open flux
tubes over the polar cap, but the ionosphere resists the flow via ion-neutral collisions. In response to this drag,
the downstream magnetospheric and magnetosheath flows act to bend the magnetic field in the opposite
direction of the flow with a perturbation δB. If the field bending changes direction at the 2-D open-closed
field line boundary (OCB), then a magnetospheric current system is set up which closes in the ionosphere
via R1 FACs at the OCB, which are proportional to δB, as shown in Figure 1.

The current system associated with the field perturbation δB closes in the ionosphere and provides the J× B
force that accelerates the ionospheric plasma against the ion-neutral collisional drag. One way to look at
this is that the bent field provides a magnetic tension force which acts to drag the flux tubes through the
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ionosphere. Figure 2 shows a diagram of the
bent field in the polar cap and its relation to
magnetosphere-ionosphere current closure and is
adapted from Figure 1 from Strangeway et al. [2000].
The two slabs, labeled “1” and “2” can be understood
as 2-D horizontal slices at the magnetopause and
in the ionosphere, respectively. The blue lines
indicate open magnetospheric field lines, and the
red lines indicate the direction of the vertical or “z”
axis. Because the open field is connected to the
solar wind and magnetosheath, it will deform
in response to the fluid stress and thus be bent.
Comparing the orientation of the blue fields with the
red vertical axis will help make this apparent. As
the field bends, it provides a tension force that can
accelerate the ionospheric foot point of the open
flux tubes against the collisional drag.

Another way to interpret this coupling is through the
magnetosphere-ionosphere current system that is
set up via the magnetic topology in Figures 1 and 2.
In this case, the bending of the open field sets up
a current system at the magnetopause that will
close in the ionosphere via FACs at the convection
reversal boundary and a horizontal current.
The green arrows represent these currents.
The horizontal ionospheric current sets up the
J × B force that accelerates the ionospheric
plasma tailward against collisional drag from
the neutral atmosphere. Additionally, it should
be noted that the associated J × B force at the
magnetopause is directed sunward against
the bulk magnetosheath flow. This will lead to
a slowdown of the magnetosheath and solar
wind flow connected to the open flux tubes [e.g.,
Kelley, 2009]. These oppositely directed Lorentz
forces in the magnetosphere and ionosphere
sustain the quasi-equipotential field lines that are
often assumed in magnetosphere-ionosphere
coupling studies.

Assuming a steady state with divergence-free
continuity in the FAC and magnetospheric current
system set up by the bending of the open fields, as
well as quasi-equipotential field lines, Strangeway
et al. [2000] derived simple scaling relations
for large-scale magnetosphere-ionosphere (MI)
coupling. One of these relations provides the
convection speed in the polar ionosphere as a
function of δBm in the magnetosphere as

VI ¼ LI
LM

� �
1

μ0ΣP

δBm
Bm

: (2)

Here VI is the steady state plasma velocity in the
ionosphere, Bm is the background or “unperturbed”

Figure 2. Diagram of the deformation of the geomagnetic field
in response to applied magnetopause flow and ionospheric
collisional drag as viewed from the Sun. The two slabs are (1) the
magnetopause and (2) the ionosphere. At the magnetopause,
the J× B force is against the bulk flow, while in the ionosphere,
it is in the direction of the bulk flow. Diagram adapted from
Strangeway et al. [2000].

Figure 1. Magnetic shear across the polar cap boundary (PCB)
and associated FACs, j||. Inside the polar cap, the magnetic
field vector is perturbed out of the page (sunward direction)
in response to the bending of the background field by the
antisunward magnetosheath flow. The figure is viewed from
the Sun. Equatorward of the PCB, the field is perturbed into
the page (antisunward direction) due to sunward return flow
on closed field lines. The magnetic shear leads to vertical
sheath currents with downward current in the dawn sector
and upward current in the dusk sector, corresponding to the
R1 FAC system [Iijima and Potemra, 1978].
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magnetic field strength at the magnetopause, and LI/LM is a mapping factor which accounts for the fact
that as two magnetic field lines are traced from the ionosphere to the magnetosphere in a dipole field, the
horizontal spacing between them will widen [Strangeway et al., 2000]. The role of ionospheric collisional drag
is expressed in the inverse proportionality between the ionospheric plasma velocity and the ionospheric
height-integrated conductance. This can be seen in the steady state calculation of ionospheric conductivity at
a given altitude in the F region (σp≈ ρυin/B

2), where υin is the ion-neutral collision frequency [Strangeway et al.,
2000; Kelley, 2009].

In addition, Strangeway et al. [2000] showed that themagnetic perturbation in the bent flux tube is proportional
to the magnetosheath convection electric field (VmBm) via

δBm ¼ f
LM
LI

� �
Bm
BI

� �
μ0ΣPVmBm (3)

Here f is a mapping factor accounting for nonequipotential magnetic field lines and BI is the background
magnetic field strength in the ionosphere. From equation (2), it is apparent that the plasma velocity, and
therefore convection electric field, in the polar ionosphere is proportional to δBm/BmΣP, which in turn from
equation (3) is proportional to the convection electric field in the magnetosheath. This is the steady state
electric fieldmapping typically expected in the linear regime of driving. One question, however, is what factors
govern the ability of the flux tube to deform in response to imposed magnetosheath flow and ionospheric
collisional drag in order to maintain equations (2) and (3). This could alter the equilibrium velocity from
equation (3) and thus have an effect that appears to be a reflection of the imposedmagnetospheric field in the
ionosphere. Additionally, the saturation of δBm should naturally lead to the saturation of the R1 FACs if the
physics encapsulated in Figures 1 and 2 are correct. Therefore, if there is amechanismwhere δBm/Bm decreases
as the solar wind driving increases, it could contribute to the nonlinear response of the CPCP and R1 FAC
system to solar wind driving.

One candidate parameter for decreasing δBm/Bm with increasing driving is the magnetosheath plasma β.
Because plasma beta is the ratio of thermal to magnetic pressure, a decreasing beta in the magnetosheath
could contribute to the ability of open flux tubes to deform in response to the magnetosheath flow. During
nominal conditions, when the magnetosheath is dominated by fluid pressure, open flux tubes should easily
bend. When themagnetosheath becomes magnetically dominated, open flux tubes should be increasingly stiff
and more resistant to fluid stress. From equation (2), this would increase the slowdown of open flux as it is
carried over the polar cap, which is similar to the concept of the incident electric field being reflected from the
polar ionosphere, as predicted by the Alfvén wing model.

The role of the plasma beta in the Alfvén wing model is easy to see if one considers that plasma β can also
be understood as the ratio of relative speeds of MHD wave modes. It is simple to show that in this sense,
plasma β can be written as

β ¼ 2
γ
C2
S

V2
A

(4)

where γ is the ratio of specific heat capacities in the plasma, C2
S ¼ γkBT=mið Þ is the sonic speed, and

V2
A ¼ B2= μ0ρð Þ is the Alfvén speed. The Alfvénic conductance (ΣA= (μ0VA)

� 1) for the magnetosheath may
be stated using equation (4) as

Σ2
AS ¼

γ
2

βS
μ2

0
C2
S

(5)

At fixed plasma temperature, and therefore fixed sonic speed, the Alfvénic conductance of a plasma will
decrease with decreasing beta. Combining equations (1) and (5), under small Alfvénic conductance values,

the polar cap electric field is proportional to
ffiffiffi
β

p
=ΣP. From equation (2), the convection velocity across the polar

cap is proportional to δBm/BmΣP, so if the bending of the lobe field is proportional to the magnetosheath
plasma beta, equation (2) makes a similar prediction to Kivelson and Ridley’s [2008] coupling function. This
dependence will be investigated further in the next section.

In summary, the present study will focus on the fact that while the Kivelson-Ridley formula can mathematically
capture the saturation phenomenon, it is derived based on an extremely rare magnetospheric configuration
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when the solar wind is sub-Alfvénic.
Empirical studies have shown that
this is rarely the case, even when the
polar cap potential is clearly saturated
[Wilder et al., 2011]. It is possible that
the impact, predicted by Strangeway
et al. [2000], of open field bending
on coupling the magnetosheath
convection to the ionosphere may
have a built in nonlinearity. It is our
prediction that the pressure balance
in the magnetosheath, as represented
by the plasma beta, can modify
this bending. This can lead to the
appearance of the magnetosheath
electric field being reflected from
the polar ionosphere, and in the limit
of near- or sub-Alfvénic solar wind,
could even lead to an Alfvén wing
formation in the lobes.

3. Results From the Lyon-Fedder-
Mobarry MHD Model

In order to investigate the relationship between
the deformation of the lobe magnetic field,
the R1 FACs and the magnetosheath plasma β,
we used the Lyon-Fedder-Mobarry (LFM)
magnetohydrodynamic (MHD) model [Lyon
et al., 2004], which included their MIX model for
magnetosphere-ionosphere coupling [Merkin
and Lyon, 2010]. For the present study, the
main purpose of the ionosphere is to provide
resistance to carrying the field lines over the
polar cap, which will be captured so long as
the ionospheric model has height-integrated
conductance built in according to the rationales
given by Strangeway et al. [2000]. The present
study used runs for equinox (zero dipole tilt)
conditions. It also employed an ionospheric
conductance model based on F10.7 flux and
electron precipitation in upward field-aligned
current regions [Wiltberger et al., 2009]. The LFM
model was run using the NASA Community
Coordinated Modeling Center (CCMC). In
order to capture a wide range of possible
magnetosheath plasma beta configurations,
we performed 32 runs of the model using IMF
values ranging from �5 to �30nT and solar
wind density values ranging from 5 to 20 cm�3.
An overview of the parameters for these runs
is shown in Table 1. For each run, the IMF Bx and
By were zero, the solar wind bulk speed was
400 km/s, and the solar wind temperature was

Table 1. A Matrix of the MHD Simulation Runs That Were Performed in
This Studya

n (cm�3)

Bz (nT) 5 8 12 20

�5b 5.6 6.1 6.5 6.9
�7.5 4.4 5.1 5.6 6.3
�10 3.6 4.3 4.9 5.6
�15 2.6 3.1 3.7 4.4
�20 2.0 2.5 2.9 3.6
�25 1.6 2.0 2.4 3.0
�30 1.3 1.7 2.0 2.6

aNumbers in the table correspond to the solar wind magnetosonic
Mach number with runs requiring an expanded dayside grid shown
in bold.

bFor Bz =�5 nT, three other runs were performed for plasma densities
of 14, 16, and 18 cm�3 in order to capture higher beta values.

Figure 3. (top) The integrated FAC in the ionosphere output by
the LFM model versus the IEF (VBz). (bottom) The CPCP output
by the LFM model versus the IEF. The solid line is a fit of the data
to a square root function of the IEF. Each dot corresponds to
one of the 32 model runs. The correlation coefficient between the
FAC and square root of the IEF, r, is also shown in the figure.
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2 × 105 K. For each run, the input conditions were constantly applied for 2 h to allow the model to reach a
quasi-steady state. Finally, all models were run with an irregular simulation grid consisting of 106×48×64 cells.
The extent of this grid in geocentric solar magnetospheric (GSM) coordinates is x=�350 to 30, y=�90 to
90, and z=�90 to 90 Re. When the solar wind magnetosonic Mach number was less than 2, the grid was
extended to x=90Re on the dayside to ensure that the model captured the bow shock and magnetosheath.

3.1. Saturation of the CPCP and Ionospheric R1 FAC System and the Structure of theMagnetospheric Lobe

Figure 3 (top) is a scatterplot of the total integrated downward ionospheric FAC (I||) versus the interplanetary
electric field (VBz) for every simulation performed for the study. The solid line is the I|| data fit to the square
root of VBz. Overall, the data follows the square root trend well, but with significant variation for each IEF
value, likely due to the variation in solar wind density. Regardless, both the upper and lower envelopes of the
scatterplot follow a radical function curve, which is consistent with observations of R1 FAC saturation [e.g.,
Anderson and Korth, 2007]. A scatterplot of the CPCP versus the IEF is shown in Figure 3 (bottom), and it is
noted that it also exhibits a nonlinear response. We note that the saturation is sharper for I|| and shows more
scatter than for CPCP, which is a point that will be addressed in sections 3.2 and 3.3.

In order to demonstrate how the global distribution of FACs changes with increasing IMF, Figure 4 shows
northern hemisphere FAC maps for runs with a solar wind number density of 5 cm�3 and IMF Bz values of
(a) �5, (b) �10, (c) �20, and (d) �30 nT. All values shown here and for the rest of the study are calculated at
the last time step of the model run, which was 2 h for all runs. One caveat is that the model results analyzed
here do not use an inner magnetospheric drift physics model, and only MHD inner magnetospheric currents
were included. This leads to very weak Region 2 FACs. This will lead to an overprediction of the polar cap
potential, which is calculated in the LFM based on the current input at the magnetospheric inner boundary.
Regardless, the present study is largely concerned with the contribution of open flux deformation to the
magnitude of the Region 1 FAC system in a steady state, as well as its impact on the MHD generator near
the magnetospheric cusp and mantle. We expect the Region 2 FACs to have a minimal impact on these

Figure 4. The ionospheric FAC density in the northern hemisphere, Jpar, for four simulations, with a solar wind speed
of 400 km/s, number density of 5 cm�3, temperature of 2 × 105 K, IMF Bx and By of 0 nT, and varying IMF Bz : (a) �5 nT,
(b) �10 nT, (c) �20 nT, and (d) �30 nT. The plots are in magnetic latitude-magnetic local time (MLT) format, with MLT
noon at the top of the page. The lowest latitude shown is 50° and the latitude spacing is 10°.
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phenomena. Therefore, for the remainder of this paper, the acronym “FAC” will specifically refer to the
Region 1 FACs in the polar cap at the convection reversal boundary.

As expected, the peak FACmagnitude in Figure 4 increases, and the FAC sheets widen and expand equatorward
for increasingly negative IMF Bz , which can be explained by the increased amount of magnetic flux opened by
reconnection. An interesting result is that as the IMF turns increasingly southward, the main R1 FAC sheets
become increasingly “blunt” on the nightside, which could correspond to changing structure in the
magnetotail and lobes. This is especially apparent in Figures 4c and 4d. These two patterns are also
peculiar in comparison to statistical patterns measured by Iijima and Potemra [1976] due to the incredibly
weak nightside currents. Some of this could be due to the lack of a coupled inner magnetosphere,
as mentioned above; however, some of the structure could be due to the fact that Figures 4c and 4d
correspond to solar wind conditions with atypically low Mach numbers, 2.0 and 1.3, respectively, and a
very weak bow shock. In this case, the structure of the lobes can be radically different from nominal
magnetospheric conditions. Since FACs in the LFM model are determined by the structure of the
magnetospheric field, it is worth investigating how the magnetotail changes with increasingly negative IMF.

Figure 5 shows the magnetospheric x-z GSM cut planes of the y component of the electric field at y= 0 Re
for the same model runs and time steps as Figure 4. The field line tracing uses the same seed points for
each cut plane. The solar wind Alfvénic Mach number (MA) for each panel is (Figure 5a) 8.2, (Figure 5b) 4.1,
(Figure 5c) 2.1, and (Figure 5d) 1.4. There are several important features to notice from the figure. First,
in Figures 5c and 5d, MA in the solar wind was below 3 and the lobes become separated into an Alfvén
wing formation similar to that modeled by Ridley [2007] using the BATS-R-US model [Ridley et al., 2002]. It is
worth noting that Ridley [2007] also showed that Alfvén wings became more prominent at Earth when the
solar wind MA dropped below 3.

Second, as the IMF turns increasingly southward, the dawn-dusk electric field on open field lines (� v× B)
in Figure 5 becomes increasingly small relative to that in the solar wind. This implies an increasingly
significant slowing down of solar wind and magnetosheath plasma attached to these field lines, which
has been observed in Alfvén wings at Earth [Chané et al., 2012]. Additionally, the magnetosheath plasma
beta became increasingly small as the IMF became increasingly large. As discussed in section 2, plasma
beta is the ratio of thermal to magnetic pressure, and decreasing beta in the magnetosheath could

Figure 5. LFM simulations showing the dawn-dusk electric field, Ey , for the same model runs from Figure 4. Fifteen
evenly spaced field lines were traced along the lines from x =�50 Re to 5.5 Re at y = 0 Re and z =�10 and 10 Re.
The magnetosheath beta over the polar cap as determined using the methodology outlined in section was
(a) 4.66, (b) 0.81, (c) 0.11, and (d) 0.06.
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contribute to the ability of open flux tubes to
deform in response to the magnetosheath
flow. During nominal conditions, when
the magnetosheath is dominated by fluid
pressure, open flux tubes should easily
bend. When the magnetosheath becomes
magnetically dominated, open flux tubes
should be increasingly stiff and more
resistant to fluid stress as shown in Figure 5d.

3.2. The Relationship Between Field Line
Bending, FACs, and Plasma Beta

In order to quantify the relationship between
the magnetosheath plasma β and the
bending of open flux tubes, a consistent
method for determining the plasma β in
the magnetosheath and the bending of
the field at the magnetopause is needed.
To do this, we interpolated magnetic field,
temperature, and density data from the
LFM output in the x-y plane (x= (�50, 30) Re
and z= (�40, 40) Re) for three cut planes
at y=�5, 0 and 5Re to an equidistant
61×61 grid. This grid is coarser than the
LFM resolution but was chosen for ease of
analysis and computation. Then, we used the
profiles of density in the +z GSM direction
and identified the magnetosheath as the
region where the density is greater than
the value in the solar wind. As an example,
Figure 6a shows the identification of the
magnetosheath for a density profile at
x=�10 Re for the run, where the solar
wind density was 12 cm�3 and the IMF
Bz was �5 nT. Figure 6b also shows the
corresponding Bx profile. At the leftmost
boundary of the magnetosheath, there is

a significant positive earthward increase in the value of Bx, which is the magnetopause current sheet. On
the rightmost boundary, there is a decrease in the IMF Bx value with radial distance, signifying rotation
of the field across the bow shock. Note that the rotation across the shock is smaller than that across the
magnetopause. In some of the lower Alfvénic Mach number runs, the bow shock was weak and therefore
difficult to locate on the nightside; however, the density method still reliably obtained the location of
the magnetopause current sheet.

To calculate δBm /Bm as employed in equation (3), we will take the mean of four values of Bx /Bz surrounding
the magnetopause as identified using five density profiles at x =�4, �6, �8, �10, and �12 Re. Using a
mean value near the magnetopause will help account for inconsistencies that might result from the
interpolation of data. Additionally, five x points will provide information on the variability of both the
bending of the field and its relation to the magnetopause current. The five x locations were chosen for
two reasons. First, downtail of x=�12 Re, the magnetopause current near the lobe is weak in the present
model runs; thus there will be little closure of FACs in that region. Second, in the range of �4 Re to �12 Re,
lobe field lines near the magnetopause pass through the cusp/mantle MHD generator. The MHD generator
will be discussed in more detail in section 3.3. The use of Bx /Bz for δBm /Bm was chosen for consistency,
since Strangeway et al. [2000] assumed that the background field was vertical and that the perturbation was

Figure 6. The z profiles of (a) plasma density and (b) Bx at x =�10 and
Y = 0 Re for the model run, where the solar wind density is 12 cm�3

and the IMF Bz is�5 nT. The regions between the vertical lines indicate
all points where the plasma density is greater than the plasma density
in the solar wind, with the left-hand side being the “magnetopause”
and the right-hand side being the “bow shock.”
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largely in the x direction. For plasma β in the
magnetosheath, βS, we took the average value
over the same z profiles at which the bending
of the field was calculated, since the overall βS
should govern the bending of the field.

Figure 7 shows a scatterplot of I|| versus δBm for
all 32 model runs, where δBm was obtained by
calculating themean Bx near themagnetopause
at five x values as described above for y=0 Re.
A linear fit is also included. The data clearly
follows the overall linear trend, with some
scatter, which is likely due to small variations
in the model output. Regardless, I|| and δBm for
the 32 model runs performed in this study have
a correlation coefficient of 0.94. We note that
field bending calculated at y=�5 and 5 Re
exhibited similar correlation, with coefficients of
0.94 and 0.95, respectively. This correlation is
expected, since larger field bending in the lobes

will lead to a larger rotation of Bx across the convection reversal boundary near the ionosphere under the
assumption that the magnetospheric return flow bends the field in the opposite direction, leading to larger R1
FAC magnitude. Another way to look at this is via current continuity. The more bent the magnetic field in the
lobes is at themagnetopause, the larger the rotation in B across the boundary and the larger themagnetopause
current. Assuming that the current is divergence free, it will close via R1 FACs in the ionosphere. Therefore,
amore bent field leads to a largermagnetopause current, which in turn leads to stronger FACs at the convection
reversal boundary.

In order to determine the role of βS in the deformation of lobe flux as well as the generation of R1 FACs,
Figure 8 shows a plot of δBm /Bm as well as I|| normalized to the magnetosheath value of Bz , BzS. The δBm /Bm
values were calculated as described above for the y= 0 Re cut plane. The dots indicate the mean values
calculated from z profiles at the five x values. The width of the error bars is the standard deviation across
the five z profiles, with the bending increasing with x distance from the origin. The BzS value in Figure 8b
was chosen because it is the portion of the IMF that connects to the open field lines in the lobe. Additionally,

the solid and dashed lines show fits of the data to
ffiffiffiffiffi
βS

p
and βNS , respectively. For both δBm/Bm and I|| /|BzS |,

the data follow
ffiffiffiffiffi
βS

p
fairly well, but the best fit power function determined through nonlinear least squares

regression is N=0.39 for δBm/Bm y= 0Re and N=0.21 for I||/|BzS|. Table 2 shows the correlation coefficients

between the bending of the field and the normalized FAC to βS and
ffiffiffiffiffi
βS

p
. Based on the correlation coefficients, it

is clear that both the bending of the field and the normalized FAC have higher correlations with a square root
function of βS , with values of 0.97 and 0.95, respectively. These trends are in agreement with the predictions

discussed in the previous section. One possible reason the fit to βNS is N=0.21 rather than 0.50 for the FAC
could be due to the fact that the square root dependence comes from a simple wave reflectionmodel, whereas
the output of the simulation is based on solving the complete MHD equations.

A similar analysis was performed for y=�5 and 5 Re, with the bending of the field correlating with
ffiffiffiffiffi
βS

p
,

having a correlation coefficient of 0.97 and 0.92, respectively. It is interesting to note that the dawn-dusk
asymmetries in the bending of the field are also apparent, with typically larger δBm /Bm at y= 5 Re than at
y=�5 or 0 Re. This can be seen through field line tracings for two model runs: nSW = 5 cm�3 and IMF Bz=�5
and �30 nT. The result of these tracings is shown in Figure 9. As expected from Figure 8, the lobe field is
much more bent in the Bz=�5 nT run than the Bz=�30 nT run. Additionally, for both runs, the field is more
bent in the dusk (positive y) sector than in the dawn (negative y) sector. One explanation for this is that the
MIX module uses precipitation-based conductivity, where Knight’s [1973] relation is used to determine the
field-aligned potential drop associated with upward FACs, which in turn is used to calculate electron fluxes
that contribute to conductivity. Because the upward Region 1 FAC is in the dusk sector, open field lines in

Figure 7. Integrated downward FAC in the ionosphere versus the
mean Bx at the magnetopause, denoted δBm. The solid line
represents a linear fit to the data.
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this region will couple to an ionospheric region
of higher conductivity. This leads to enhanced
drag from the ionosphere on the flux tube,
and from equation (2), a more bent lobe field.

We note that the CPCP also exhibits dependence
on βS , albeit weaker than the FAC. Figure 10a
shows a scatterplot of the CPCP/|BzS| for the
32 MHD simulations. It is interesting to note that
the reduction in normalized CPCP happens at
significantly lower βS than for the FACs. This
suggests that the dynamo generating the
currents weakens before the CPCP saturates.

3.3. The System Current-Voltage
Relationship and Changing MHD Generator

Another way to investigate how increasingly
stiff open field lines for low beta impact
magnetosphere-ionosphere coupling is by
investigating the ionosphere’s current-voltage
relationship. We note that the current-voltage
relationship discussed here is different from
that given by Knight’s [1973] relation, which
calculates the field-aligned current for a given
field-aligned potential drop. Rather, we are
looking at the system-wide current-voltage
relationship, as in the Siscoe-Hill model of
polar cap potential saturation [Siscoe et al.,
2002b, and references therein]. The Siscoe-Hill
model predicted that under saturation,
magnetosphere-ionosphere system would
act like a current generator with an internal
resistance dependent upon themagnetospheric
potential. Investigating the current voltage
relationship and its dependence on βS can
provide insight into the changing dynamics
of the system.

Returning to equation (2), we see that the δBm,
which partially determines the strength of

the R1 FAC sheets (see Figure 7), is proportional to the convective electric field in the magnetosheath (VBm)
and the ionospheric conductance, ΣP. The field bending, given a magnetosheath electric field, which
is proportional to I||/CPCP in the steady state (∂B/∂t ∼ 0), is therefore proportional to ΣP. If, however, the

bending of the field is also dependent
on magnetosheath plasma beta, then
δBm /VBm is proportional to ΣPβ

N,
where N< 1. Therefore, the “effective
conductance” in the ionosphere would
be smaller for smaller magnetosheath
plasma beta.

Figure 10b shows I||/CPCP versus the
mean beta in the magnetosheath. As
predicted above, I||/CPCP remains fairly
flat for large magnetosheath beta but
has a steep decrease for beta less than 2.

Figure 8. A plot of (a) δBm /Bm , which is derived from Bx /Bz , and
(b) I||/|BzS| versus the mean beta in the magnetosheath between

x =�10 and 0 Re at y = 0. The solid line is a fit of the data to
ffiffiffiffiffi
βS

p
and the dashed line is a fit of the data to βNS . The correlation

between both δBm /Bm and I|| /|BzS| versus
ffiffiffiffiffi
βS

p
is given as rSQ and

the correlation between both parameters and βNS at the best fit
value of N is given as rPW. The width of error bars in Figure 8a is the
standard deviation of δBm /Bm values from x =�4 Re to x =�12 Re.

Table 2. Correlation Coefficients Between the Magnetosheath Plasma
Beta, the Bending of the Lobe Field, the Total Integrated Downward
FAC, and the CPCP

Parameter r

δBm/Bm versus βS 0.92

δBm/Bm versus
ffiffiffiffiffi
βS

p
0.97

I||/|BzS| versus βS 0.86

I||/|BzS| versus
ffiffiffiffiffi
βS

p
0.95

CPCP/|BzS| versus βS 0.57

CPCP/|BzS| versus
ffiffiffiffiffi
βS

p
0.69
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Additionally, the trend fits well to a radical function, with the best fit being β0:24S . The correlation coefficient
for the square root is 0.98, and for the radical function, it is 0.99. These results are also consistent with the
idea that as the plasma beta in the magnetosheath decreases, the magnetic flux tubes in the lobes become
more stiff and the FAC input to the ionosphere becomes more saturated. Another way to understand this
phenomenon is that at lower magnetosheath beta, the ionosphere becomes more resistive and thus has a
larger negative feedback effect on MI coupling.

In the above analysis, it was shown that the ionosphere becomes more resistive at lower βS. Another way to
understand this is that the current is decreasing more sharply than the CPCP as βS decreases. This is also seen
in the scatterplots in Figures 8b and 10a. This implies that the MHD generator providing the FAC is also
changing. Figure 11 shows contour plots of E • J for two runs with solar wind density of 5 cm�3: one with
(a) IMF Bz=�5 nT and another with (b) IMF Bz=�30 nT. Positive values of E • J indicate energy transfer from
the field to the plasma and largely appear near the dayside and magnetotail reconnection regions. Regions
with negative values of E • J indicate energy transfer from the plasma to the field and can be viewed as

Figure 9. LFM simulations showing y-z GSM cut planes at x =�10 Re of Bx for a solar wind speed of 400 km/s, number
density of 5 cm�3, temperature of 2 × 105 K, IMF Bx and By of 0 nT, and varying IMF Bz: (a) �5 nT and (b) �30 nT. The
pink field lines are the IMF in the magnetosheath, and the white field lines are the open magnetospheric field lines. The
3-D field lines in Figures 9a and 9b are traced with the same seed points. Note that the different color scales are used for
Figures 9a and 9b to show the maximum bending in the open field line regions.
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the dynamo generating the magnetospheric
current systems. In Figure 11a, the dynamo
appears in two regions: at the bow shock
where there is significant magnetic shear, and
in the cusp and mantle region connecting to
lobe field lines. This cusp/mantle dynamo is
what one would expect during nominal solar
wind conditions, as demonstrated in previous
studies [Tanaka, 1995; Siscoe et al., 2000]. In
Figure 11b, the bow shock dynamo is greatly
increased and the cusp/mantle dynamo is
significantly reduced and barely visible. The
disappearance of the cusp/mantle dynamo
could be associated with the increasing
stiffness of the lobe field, demonstrated in
section 3.2.

Lopez et al. [2010] also showed an enhanced
bow shock dynamo during saturation
conditions, with significant FAC closure at
the bow shock. This enhances the J × B force
in the magnetosheath, diverting plasma
away from the dayside reconnection line
and reducing the geoeffective length.
The results of the present study suggest that
the FAC saturates more sharply due to the
stiffening of open flux and the disappearance
of the cusp/mantle dynamo. The CPCP then
follows suit with the change in the large-scale
current system.

3.4. The Solar Wind Magnetosonic Mach
Number as a Predictor

In the previous section, we showed that as the
magnetosheath plasma β increases, open
flux tubes become increasingly bent, and the

Figure 10. (a) Plot of CPCP divided by the absolute value of Bz in
the magnetosheath versus mean magnetosheath plasma beta.
(b) Plot of the integrated FAC divided by the CPCP versus themean
magnetosheath plasma beta. The solid line is a fit of the data toffiffiffiffiffi
βS

p
, and the dashed line is a fit of the data to βNS , where N = 0.21.

The correlation coefficient for both dependent variables versusffiffiffiffiffi
βS

p
is given.

Figure 11. Color contour plot of E • J for solar wind density of 5 cm�3 and IMF (a) BZ =�5 nT and (b) BZ =�30 nT. The cut
plane is taken at y = 0 Re. The blue field lines are the IMF, the black field lines are the open magnetospheric field, and the
red field lines are the closed magnetospheric field.
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integrated downward FAC strength given a
magnetosheath Bz value increased. Another way
to look at this is that the FAC response to solar
wind driving becomes increasingly nonlinear, or
more saturated, at lower magnetosheath beta.
Because determining the magnetosheath values
required the use of an MHD simulation, it is
useful to provide parameters in the solar
wind that can predict the nonlinear response
of the FAC system, facilitating empirical
investigations based on the observations
of the phenomenon. First, we note that the
integrated FAC normalized to IMF Bz, BzSW,
correlates very well with the integrated FAC
normalized to the magnetosheath Bz, BzS. The
correlation coefficient between these two
parameters is 0.99.

Second, we note that the plasma beta in the
magnetosheath is largely determined by the
discontinuities in density, temperature, and
tangential magnetic field across the bow shock.
The change in these parameters across the bow
shock is determined by the shock compression
ratio, which in turn is determined using the
characteristic speeds of MHDwavemodes in the
upstream plasma, including the Alfvénic Mach
number, MA, and the magnetosonic Mach
number, MMS (MMS

2=MA2 +VSW
2/CS

2). In the
32 model runs used in the present study, βS
increases exponentially with the solar wind
MA and MMS (not shown). Figure 11 shows the
scatterplots of I||/|BzSW| versus the solar wind
MA and MMS. The solid line shows a linear
fit for each scatterplot. From Figure 11, the
normalized FAC approximately follows the

linear trend for both Mach numbers; however, it is much closer to a linear trend forMMS. Therefore, we expect
the integrated R1 FAC normalized to the IMF Bz to exhibit a linear correlation with the solar wind MMS.
The higher dependence on MMS makes sense in light of the dependence of FACs on magnetosheath plasma
beta, which in turn depends on magnetosheath temperature—a parameter controlled by both the Alfvén
speed and the sound speed of the solar wind. This is a straightforward prediction to investigate empirically
and will be the focus of future work (Figure 12).

4. Summary and Conclusion

In the present study, we have presented a theoretical framework for understanding the saturation of the Region
1 FACs due to a changing balance of pressure in the magnetosheath. We showed that the deformation of open
flux as it is carried over the polar cap, which in turn sets up the magnetopause currents that can close in the
ionosphere via FACs, is proportional to a radical function of themagnetosheath plasma β. This was demonstrated
numerically using the LFM MHD simulation. We also demonstrated that the FAC strength given the IMF Bz
component correlates linearly with the solar wind magnetosonic Mach number, which determines the plasma
beta in the magnetosheath. This should also facilitate empirical investigations of this phenomenon.

The phenomenon of polar cap potential saturation is one of the major unexplained aspects of system-level
magnetospheric physics. The present study builds on the previous work of Strangeway et al. [2000], as well

Figure 12. Plots of I||/|BzSW| versus (a) Alfvénic Mach number and
(b) magnetosonic Mach number. The solid line is a linear fit to the
data, and the dashed line is a power function fit. Only the linear
correlation coefficient, r, is shown.
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as Kivelson and Ridley [2008], and shows that the ability of open flux tubes to deform in response to imposed
flow at the magnetopause may contribute to the nonlinear response of the ionospheric FAC system and
associated convection pattern. Specifically, as the IMF, and as a consequence the magnetosheath magnetic
field, increases, there should be a decrease in the plasma β in the magnetosheath over the polar cap and
in the lobes, which reduces the Maxwell stress that accelerates ionospheric plasma against ion-neutral
collisional drag. This, in turn, reduces the ionospheric equilibrium velocity and the polar cap electric field.

In addition, it was shown that the Kivelson-Ridley coupling function also included this plasma β dependence.
This is important, as several studies have demonstrated linear correlation between the polar cap potential
and electric field with the Kivelson-Ridley function [Kivelson and Ridley, 2008; Lyatsky et al., 2010]. This also
sheds light on a problem identified by Wilder et al. [2011], who found that while the CPCP became more
saturated at lower solar wind Alfvénic Mach number, the solar wind flow was not sub-Alfvénic for any of their
events studied. In addition, it predicts that at lower solar wind and magnetosheath plasma beta, one should
see more nonlinear response. It also provides a continuum of magnetospheric behavior, with extreme IMF
magnitudes and low solar wind Alfvénic Mach number corresponding to highly stiffened polar cap flux tubes,
leading to an entirely Alfvénic interaction between the solar wind, magnetosphere, and ionosphere, as
suggested by Ridley [2007].

Further, the ability of flux tubes to deform in response to fluid and magnetic stress can also help in explaining
reverse convection potential saturation under northward IMF [Wilder et al., 2008, 2010; Sundberg et al., 2009;
Bhattarai et al., 2012]. The generation of northward Bz FACs associated with northward IMF [e.g., Iijima et al.,
1984] should also be dependent on magnetic stresses in the magnetosphere. As an example, Wilder et al.
[2009] found that statistically, the reverse convection potential was more saturated at lower solar wind
plasma beta. We do note, however, that under northward IMF, the system becomes a lot more complex,
largely due to the field topology associated with high-latitude reconnection [e.g.,Watanabe and Sofko, 2009;
Wilder et al., 2013].

One thing that was not fully addressed in this study was the role of the dipole tilt and therefore ionospheric
conductivity. The conductivity in equations (2) and (3) cancels, and so it is unclear from the simple scaling
analysis in Strangeway et al. [2000] what role ionospheric conductivity plays in determining the nonlinear
response of the CPCP and FAC. This will be important in determining the variability of the ionospheric
current-voltage relationship investigated in the present study and should be a focus of future work.

It is interesting to note that a combination of the mechanism presented in this report and Lopez et al.’s [2010]
model appears to be occurring in tandem in our model runs. This point is especially important since both
predict saturation under a magnetically dominated magnetosheath. A topic that will require further research,
modeling, and empirical investigation is the relative importance of each of these proposed modes of
nonlinear solar wind-magnetosphere-ionosphere coupling. The availability of ground-based instruments
with wide spatial coverage, such as the Super Dual Auroral Radar Network [Chisham et al., 2007], as well as
space-based mapping of FACs using the Iridium satellites [Anderson et al., 2000; Waters et al., 2001], will
provide an excellent opportunity to make progress in resolving these issues.
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