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Abstract The reaction of the magnetosphere-ionosphere system to dynamic auroral potential drops is
investigated using the Lyon-Fedder-Mobarry global model including, for the first time in a global simulation,
the dissipative load of field-aligned potential drops in the low-altitude boundary condition. This extra load
reduces the field-aligned current (j||) supplied by nightside reconnection dynamos. The system adapts by
forcing the nightside X line closer to Earth, with a corresponding reduction in current lensing (j||/B= constant)
at the ionosphere and additional contraction of the plasma sheet during substorm recovery and steady
magnetospheric convection. For steady andmoderate solar wind driving and with constant ionospheric
conductance, the cross polar cap potential and hemispheric field-aligned current are lower by approximately
the ratio of the peak field-aligned potential drop to the cross polar cap potential (10–15%) when potential
drops are included. Hemispheric ionospheric Joule dissipation is less by 8%,while the area-integrated, average
work done on the fluid by the reconnectingmagnetotail field increases by 50%within |y|< 8 RE. Effects on the
nightside plasma sheet include (1) an average X line 4 RE closer to Earth; (2) a 12% higher mean reconnection
rate; and (3) dawn-dusk asymmetry in reconnection with a 17% higher rate in the premidnight sector.

1. Introduction

Parallel electric fields supported by ambipolar, quasi-static, turbulent, and discrete nonlinear plasmaprocesses
occur in the high-latitude magnetosphere at altitudes below a few RE. From a global perspective, the
field line-integrated parallel electric field may be considered as a lumped dissipative element independent
of the physical mechanism supporting it. This integrated electric field is referred to here as a field-aligned or
auroral potential drop (Δϕ||). An extensive literature exists on the properties of such potential drops and
their effects on charged particle acceleration (e.g., Auroral Plasma Physics by Paschmann et al. [2003]).

The most energetic potential drops occur in regions of field-aligned current (j||) and are typically largest
where the currents flow out of the ionosphere. Electromagnetic energy is converted to charged particle
energy in the potential drops, and the collisionless power dissipation per unit area of the magnetic flux tube
is given by j||Δϕ|| [Lyons et al., 1979; Fridman and Lemaire, 1980]. Thus, auroral potential drops constitute an
ohmic load on the magnetospheric dynamos that supply field-aligned currents. This load is statistically a
small fraction (on the order of 10% or less) of the dominant ionospheric load resulting from Joule dissipation
of field-aligned currents closing through the collisional ionosphere [Wilson et al., 2006].

Auroral potential drops produce ionizing electron precipitation that modifies the state of the ionosphere
[Rees, 1989]. Among the various modifications, precipitation-induced enhancements in ionospheric conduc-
tivity [Fuller-Rowell and Evans, 1987; Hardy et al., 1987], in concert with solar EUV ionization, are important in
regulating electric current closure in the ionosphere. Gradients in the ionospheric Hall conductance produce
an ionospheric convection pattern that is skewed and rotated counterclockwise relative to a constant con-
ductance state, with more magnetic flux circulating in the dusk convection cell than in the dawn cell
[Ridley et al., 2004; Smith, 2012]. Global simulations show that magnetotail reconnection must be enhanced
in the premidnight sector relative to the postmidnight sector to supply the greater flux circulation in the dusk
cell [Lotko et al., 2014]. This effect produces dawn-dusk asymmetries in simulated reconnection flows
resembling observed distributions in the plasma sheet [Nagai and Machida, 1998; Raj et al., 2002].

The dissipative effects of auroral potential drops on solar wind-magnetosphere dynamos are as yet unknown,
in part, because it is not clear how to isolate and identify the effects in measurements of magnetospheric
plasma dynamics. This paper utilizes global simulations to evaluate system-level behavior and interpret
relevant observations by conducting controlled numerical experiments designed to isolate cause and effect.
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Most global MHD models use a modified form of the Knight [1973] relation to determine the amplitude of
auroral potential drops in simulated field-aligned currents [Fedder et al., 1995; Janhunen, 1996; Tanaka,
2000; Walker et al., 2006; Raeder et al., 2003; Peng et al., 2011]. The calculated potential drop is used in
the simulations to determine the flux of ionizing electron precipitation that modifies the ionospheric
conductivity. However, the potential drop and the ohmic load incurred by the conversion of electromag-
netic power to precipitating electron power are ignored in mapping the electric potential between the
ionosphere and the low-altitude simulation boundary. The rationale for neglecting the load arises from
the fact that this dissipative effect is small compared to ionospheric Joule dissipation. Nonideal mapping
and ohmic dissipation in field-aligned potential drops are retained in the present study while holding the
ionospheric conductance constant. The resulting effects are found to be more important in a global
context than previously thought.

Since auroral potential drops are typically observed to be greater in regions of upward field-aligned current
and scale with the intensity of the upward field-aligned current, which are statistically largest in the duskside
region 1 system [Iijima and Potemra, 1976], one might expect their dissipative effects on the current-
supplying dynamos to be greatest in the dusk and premidnight sector. The simulation results reported here
confirm this expectation, but they also exhibit an unexpected result: The entire nightside plasma sheet
contracts when the effects of auroral potential drops are included. This result indicates that the combined
load due to collisional Joule dissipation in the ionosphere and collisionless dissipation in auroral potential
drops plays an important role in determining the location of nightside reconnection, especially following a
substorm and during steady magnetospheric convection states. These results are demonstrated and
interpreted after introducing the simulation methods (section 2) and describing diagnostic results with
and without auroral potential drops (section 3).

2. Methods

The Lyon-Fedder-Mobarry (LFM) global model [Lyon et al., 2004] used in this study is based on equations of
ideal, one-fluid magnetohydrodynamics (MHD). It includes (a) a dipole magnetic field embedded at the
center of the Earth to represent the geomagnetic field; (b) upwind boundary conditions representing the
solar wind (SW) and embedded interplanetary magnetic field (IMF) powering the solar wind-magneto-
sphere-ionosphere interaction; (c) low-altitude boundary conditions representing the closure of field-aligned
currents in the ionosphere and associated deposition of electromagnetic power derived from the SW
dynamo action; and (d) nonideal, nonlinear numerical switches that diffuse an MHD variable when it
develops a discontinuity across a computational grid cell. Feature (d) is necessary to enable magnetic recon-
nection in the simulation [Lyon et al. [2004]].

The resulting reconnection electric field is typically of order 0.1vABin, in terms of the Alfvén speed vA and
magnetic field Bin in the reconnection inflow region. This practically universal scaling indicates that the
reconnection rate is not caused by changes in numerical dissipation and that the numerical resistivity is simu-
lating large-scale aspects of reconnection appropriately [Ouellette et al., 2013]. It has also been shown that the
global rate of reconnection in the magnetosphere is controlled by solar wind conditions and MI coupling in
the LFM simulation model and not by the simulation cell sizes [Fedder and Lyon, 1987]. More recently, in an
unpublished study B. Zhang adapted the LFM MHD solver to simulate the initial and boundary conditions of
the Geospace Environmental Modeling Reconnection Challenge [Birn et al., 2001]. The solver produced a
reconnection rate of 0.1vABin for three different grid resolutions, indicating that the reconnection rate is
not an artifact of the grid size.

The computation is defined on a distorted spherical grid filling a cylindrical volume 300 RE long and 100 RE in
radius on a (“quad resolution”) grid of 106 × 96× 128 cells with axis of symmetry along the SM x axis and with
indices (i× j× k) corresponding approximately to (r× θ ×ϕ) coordinates relative to the SM x axis. The horizon-
tal resolution of the LFM grid mapped to the ionosphere (≈100 km) is commensurate with the grid size of the
MIX Magnetosphere-Ionosphere Coupler/Solver described below. Neumann boundary conditions are
imposed on the side and downstream boundaries. A spherical cavity of radius 2 RE is cut out of the cylindrical
volume. The sphere is centered on the Earth and on the x axis a distance 30 RE downstream from the upwind
surface where the SW/IMF boundary conditions are imposed.
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In this study, the Poynting flux-conserving boundary conditions developed by Xi et al. [2015] are imposed at
the inner spherical boundary at r= 2 RE. The perpendicular velocity (E×B) there is derived from the MIX
magnetosphere-ionosphere coupling module [Merkin and Lyon, 2010], which combines Ohm’s law with cur-
rent continuity and the electrostatic approximation to solve the well-known elliptic equation for the iono-
spheric electric potential ϕi, given the height-integrated conductance Σ and field-aligned current density
j||i at the top of the ionosphere:

∇ � Σ � ∇ ϕi ¼ jjji cosα: (1)

The dip factor cosα=b̂ · r̂ where b̂ is a unit vector along the dipole magnetic field at the top of the conducting
layer and r̂ is the radial unit vector in a spherical polar coordinate system with θmeasured positive from geo-
magnetic north. Equation (1) is solved on a two-dimensional, height-integrated spherical surface located at
1.02 RE geocentric. In addition to the limitations implied by the electrostatic approximation [Lotko, 2004],
(1) assumes the length scale Lθ for variation in θ satisfies Lθ ≫ h|tanα| where h~ 100 km is the effective height
of the ionosphere. In practice, this approximation limits the computational domain to geomagnetic L shells
greater than about 2.

The dynamic source term j||i in (1) is derived from the field-aligned current in the magnetosphere at the top
surface (2.38 RE) of the first active cell (designated i= 1). It is mapped from there to the top of the ionospheric
conducting layer (1.02 RE geocentric) along dipole field lines assuming j||/B= constant.

The conductance tensor Σ in (1) may be represented in spherical polar coordinates as [Merkin and Lyon, 2010]

Σ ¼ θ̂θ̂
ΣP

cos2α
� θ̂ ϕ̂

ΣH

cosα
þ ϕ̂ θ̂

ΣH

cosα
þ ϕ̂ ϕ̂ ΣP: (2)

ΣP and ΣH are the ionospheric Pedersen and Hall conductances. In the standard LFM model, empirical
equations with inputs from LFM’s native precipitation model are used for ΣP and ΣH [Zhang et al., 2015].
The empirical conductance model introduces nonlinear feedback between the field-aligned current and
ionospheric conductances. To isolate the effects of field-aligned potential drops from spatiotemporal
variation in ionospheric conductance, ΣP and ΣH are chosen to be constant in time and uniform in space in
this study (ΣP = 5 S, ΣH = 0). A uniform nonzero value for ΣH would introduce only small changes in the slow
magnetohydrodynamics considered here wherein inductive MI coupling and its associated dawn-dusk
asymmetry can be neglected [Lotko, 2004; Lysak et al., 2015].

In LFM’s standard MI coupling model, the field lines are also assumed to be equipotential, so that, on any
given field line in the gap region between the low-altitude simulation boundary at r= 2 RE (bottom surface
of the first active cell) and the ionosphere at r= 1.02 RE, the electric potential in the LFM boundary cell is
the same as that in the ionosphere at the field line base. The velocity boundary condition derived from the
potential mapped from the ionosphere will cause the field line connected to the ionosphere to move with
the ionospheric convection (E×B) velocity. In general, an effective resistive layer occurs between the two sur-
faces when the parallel electric field E||≠ 0. The field-aligned extent of this layer is variable andmay span from
a few thousand kilometers to 2 RE or higher [Morooka and Mukai, 2003; Janhunen et al., 2004]. Thus, the field
lines in the gap region will no longer be equipotential, and a field-aligned potential drop should be included
when mapping the ionospheric potential to the low-altitude computational boundary.

The techniques used to implement boundary conditions that conserve field-aligned Poynting flux [Xi et al.,
2015] at the inner boundary also allow field-aligned potential drops to be included in global simulations.
Figure 1 shows the method used here for including the potential drop. A modified grid (in red) in the x-z
plane shows LFM’s four computational ghost cells below the boundary surface of each active cell (i=1)
located at r= 2 RE. The blue arc on the bottom surface of the i=�3 boundary cells is located at 1.02 RE where
the ionospheric potential is determined by MIX solver.

The region of E||≠ 0 is taken here to be a thin layer located near the MHD simulation boundary within the
i=�1 cell, which is the shaded region in Figure 1 with radial extent from 3600 km to 4800 km altitude. This
altitude range is lower and more limited in vertical extent than is typical of observed potential drops, espe-
cially in regions of upward field-aligned current. However, the lumped treatment of parallel electric fields in
the simulation makes the results relatively insensitive to the vertical profile of E||, with the amplitude and
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magnetic local time (MLT)-magnetic latitude (MLAT) distribution of the integrated ΔΦ|| having a more
significant influence.

The field lines below and above the i=�1 cell in Figure 1 are assumed to be equipotential. Thus, the potential
on the portion of the field line labeled A intersecting the bottom surface of the i=�1 cell is equal to the
potential on the same field line in the ionosphere. The potential drop ΔΦ||, determined as described below,
is added to the ionospheric potential when mapping the potential up from the ionosphere to LFM’s topmost
ghost cell at i=0 and at the inner boundary at i=1. Thus, if the potential at the bottom of i=�3 on field line B
in the ionosphere is Φi(B) in Figure 1, then the potential on the same field line at points on or above the bot-
tom surface of i= 0 will be Φi(B)�ΔΦ||(B). Similarly, if the potential on field line C in the ionosphere is Φi(C),
then on i=1 it will beΦi(C)�ΔΦ||(C). After the potential on the ghost cell vertices is known from this mapping
scheme, the electric field on the ghost cell centers is calculated. Then the velocity on the ghost cell centers is
set to the E×B drift there.

Even though LFM’s precipitation model is not used here to modify the ionospheric conductance, its current-
voltage relation can be used to specify the field-aligned potential drop ΔΦ|| required to implement the
method described above. As described in the appendix of Wiltberger et al. [2009], the standard LFM precipi-
tation model calculates the field-aligned potential drop as

Φi � Φm ≡ ΔΦjj ¼ �η jjj i
���

��� (3)

with

η ¼ mevthe
nee2

ΔL
Rmλmfp

¼ T
1
2
e

ne
H jjj i

� �
kV=μA=m2
� �

: (4)

Φm is the potential at the boundary cell. The upper (lower) sign in (3) is chosen for field-aligned currents flow-
ing out of (into) the ionosphere, so that ΔΦ||> 0 for upward currents and ΔΦ||< 0 for downward currents. The
step function H( j||i) in (4) is 11.25 for j||i upward and 2.25 for j||i downward for the values of Rm and ΔL/λmfp

given below when the electron temperature Te and density ne are given in keV and cm�3, respectively.

The potential drop is supported in this model by turbulent resistance to the electron current. The turbulent
layer is located near 1 RE where the mirror ratio Rm= Bi/Bm≈ 8 in (4). It extends along the magnetic field a dis-
tance ΔL, within which mean values are specified for the electron thermal speed vthe, number density ne, and
distance λmfp between electron scatters (e and me are the electron charge and mass). The magnitude of the
field line-integrated resistivity, η (voltage per unit current density), is smaller for downward currents than for
upward currents. This difference is expressed in (4) by different values for ΔL/λmfp, the mean number of tur-
bulent scatters the electrons encounter in the layer. The ratio is chosen heuristically to be 135 for upward cur-
rents and 27 for downward currents (factor of 5 difference).

Figure 1. The computational ghost cells below the low-altitude simulation boundary and above the ionospheric surface of
the MIX solver. The auroral potential drop is imposed in the i =�1 ghost cells indicated by the grey shaded region. See text
for explanation of the field line mappings.
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Dynamic numerical values for Te and ne are chosen to be proportional to the simulated MHD temperature
TMHD and density nMHD in the first active cells at the low-altitude computational boundary (i= 1):
Te = aTMHD and ne = bnMHD. The empirical proportionality constants, a= 1.72 and b= 0.023, have been pre-
viously optimized for agreement between simulated and observed characteristics of electron precipitation
[Fedder et al., 1995; Slinker et al., 1999].

We note that the parametric dependence of η on Te and ne in (4) is the same as in the linear Knight relation
for upward currents [Fridman and Lemaire, 1980], but the proportionality constant is different. Zhang et al.
[2015] have recently implemented major improvements in the LFM precipitation model, but those improve-
ments were not used here.

Enforcing (3) in a global simulation adds absorption of electromagnetic power flowing into the low-altitude
simulation boundary with measure j||ΔΦ|| (in mW/m2). This lumped formulation is essentially a subgrid-scale
model for the effects of unresolved collisionless energy dissipation that occurs when field-aligned Poynting
flux is converted into precipitating electron power. The electrons are energized by distributed parallel electric
fields observed in so-called inverted V precipitation regions. These acceleration regions have typical parallel
potential drops of a few kilovolts (rarely more than 20 kV) and transverse length scales of 10 to 100 km (rarely
larger) [e.g., Partamies et al., 2008].

The empirical resistivity η in (3) is analogous to the eddy viscosity introduced in fluid dynamic simulations to
represent the effects of unresolved small-scale fluidmotions (turbulence, eddies, etc.) in the equations governing
the large-scale motions that are resolved. The subgrid-scale model for energy dissipation in inverted V regions is
implemented in global MHD simulations in the “gap region” between the ionosphere and the low-altitude
boundary as discussed above. Fedder et al. [1995] and Slinker et al. [1999] chose η to give reasonable agreement
between large-scale properties of simulated electron energy flux with those observed in select events.

To their analysis, we can add a statistical empirical estimate for η based on empirical models. We ran the
Weimer 2005 (W05) empirical model for field-aligned current j|| (available at http://ccmc.gsfc.nasa.gov/
cgi-bin/run_weimer.cgi) and the Ovation Prime empirical model for the energy flux ε|| of “monoener-
getic” electric precipitation (source code available at https://sourceforge.net/projects/ovation-prime/),
both for the same SW/IMF conditions of the 2 h averaging interval in the runs described below.
Using peak values j||p = 0.79μA/m2 and ε||p = 3.54mW/m2 from the empirical models in the relationship,
ε|| = j||ΔΦ|| = η j||

2 [Lyons et al., 1979] provides the estimate η =5.67 kV/(μA/m2). It is about one half the
value given by Fedder et al. for η↑. Depending on the simulated values of Te and ne, the statistical
empirical estimate for η would produce smaller values for ΔΦ|| per unit field-aligned current (FAC) than
the Fedder et al. estimate. The associated Joule dissipation would also be smaller. We use the legacy
Fedder et al. value in the simulations described next. A sensitivity analysis of the parameter space of
the subgrid-scale model should be undertaken, including the nonlinear effects it produces when electron
precipitation is allowed to modify the ionospheric conductivity. Our study has the more limited aim of
providing a first assessment of the effects of auroral potential drops on global system behavior while
minimizing other complicating factors that influence the system dynamics.

Two separate 10 h long LFM simulations were performed for the cases without and with auroral potential
drops calculated as described above. Identical interplanetary driving conditions are imposed at the
upstream boundary (at x= 30 RE) of the simulation for both cases. The solar wind parameters were set
to vx=�400 km/s, vy,z= 0 (solar wind velocity), nSW = 5 cm�3 (plasma number density) and cSW = 40 km/s
(sound speed). The IMF has Bx,y= 0. The system is preconditioned for 4 h to populate the magnetosphere
with solar wind plasma and minimize the effects of artificial startup conditions. IMF Bz=�5 nT for the first
2 h of preconditioning, followed by Bz=5 nT for the second 2 h of preconditioning. At the 4 h mark the
IMF is set to Bz=�5 nT for the remaining 6 h.

The parameters of the MIX ionosphere solver including ΣP and ΣH in (2) are identical for both runs. The
grid resolution of the 2-D ionosphere is 1° × 1° (magnetic latitude × longitude), with a low-latitude bound-
ary at 44° in both hemispheres. LFM variables used in the MIX solver are interpolated onto its grid. The
boundary conditions for the run without field-aligned potential drops are the same as in the flux-conserving
run reported by Xi et al. [2015]. The boundary conditions for the run with field-aligned potential drops are
the same except that the effect of the potential drop is included in the calculations of the electric field
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above the potential drop, as described
above, where the resulting E×B velocity
is imposed on the MHD simulation.

The properties of simulated field-aligned
currents (FACs) and the auroral potential
drops predicted by (3) vary with simula-
tion grid size. Wiltberger et al. [2016]
examined how grid size affects FACs in
three long runs of LFM-MIX at different
resolutions—quad resolution of this study
and two lower resolution grids at ½ and ¼
size. The runs were driven by SW/IMF con-
ditions during Carrington Rotation 2068
(20 March 2008 to 16 April 2008), with
LFM’s empirical conductance model
enabled but without inclusion of the aur-
oral potential drops of this study. They
binned the results by range of IMF clock
angle, as in Zhang et al. [2010], and com-
pared different resolution runs to each
other and to results from the Weimer
2005 empirical model.

For IMF conditions within �22.5° region 1
FAC is found to decrease with increasing
resolution and becomes comparable to
that of W05 for quad resolution. For “non-
northward IMF” conditions, the mean
hemispherically integrated FAC increases
by 17% in going from single (¼ quad) to
double resolution (½ quad) with a standard
deviation of 5%. The mean increase in
going from double to quad resolution is
11% with a 5% standard deviation. So grid
effects appear to be starting to saturate at
quad resolution, even if they are not fully
saturated. Comparison of FACs derived

from the Active Magnetosphere Planetary Electrodynamics Response Experiment (AMPERE) and with those
from simulations with the LFM-MIX empirical conductance model enabled and with 2 times higher resolution
confirm this expectation and demonstrate that the global MHD model is capable of reproducing observed
features of global ionospheric FAC distributions [Merkin et al., 2013].

3. Simulation Diagnostics and Results

The states of the ionosphere (section 3.1) and the magnetosphere with particular attention on the magneto-
tail (section 3.2) are now compared for the two runs. The coupling between the magnetosphere and iono-
sphere is then analyzed in the context of the connecting field-aligned currents (section 3.3).

3.1. Ionosphere

Figure 2 shows the time history of the cross polar cap potential (CPCP) and the hemispherically integrated,
downward field-aligned current (FAC) at the ionosphere (the upward FAC is the same due to current continuity)
from 4:00 to 10:00 simulation time (ST). The low cross polar cap potential at 4:00 ST is typical of the precondi-
tioning state with IMF northward from 2:00 to 4:00 ST. The rapid rise in CPCP and FAC at about 5:20 ST marks
the onset of a stimulated substorm, which occurs after a north-to-south IMF transition (here at 4:00 ST) when
the accumulated lobe tail flux is rapidly reconnected (“unloaded”) in themagnetotail to generate fast earthward

Figure 2. Simulation time history after the southward turning at
4:00 ST for the CPCP (solid lines) and pseudo-CPCP (dashed) at
the (top) inner boundary and the (bottom) hemispherically integrated
downward (same as upward) field-aligned current. The blue lines are
for simulations without the field-aligned potential drops (no FAP). The
green lines are for simulations with the field-aligned potential (FAP).
Substorm onset is marked by a rapid increase in FAC. Subsequent
analysis is based on 2 h averages between 7:00 and 9:00 ST.
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flows andmagnetic dipolarization (E. Gordeev et al., The substorm cycle as reproduced by community-available
global models, submitted to Space Weather, 2016). The peak in FAC near 5:40 ST likely marks the end of sub-
storm expansion. Substorm recovery proceeds with a continuing increase in cross polar cap potential and slow
increase in FAC after reaching a relative minimum near 5:45 ST. A steady magnetospheric convection (SMC)
state characterized by quasi-stationary dynamic variability starts between 6:30 and 7:00 ST. The slow secular var-
iation starting at about 9:00 ST (decrease in CPCP, increase in FAC) is an artifact of the LFM model being driven
for a long time by steady interplanetary conditions with constant Bz=�5nT.

Noteworthy features of the time history include the following:

1. The CPCP and hemispheric FAC in the two runs track each other in time with larger differences occurring
after substorm recovery at about 6:30 ST. At this point the FACs and auroral potential drops are approach-
ing their maximum values in each run and the effects of the auroral potential drops are most evident.

2. The CPCP after substorm recovery (from 6:30 ST onward) and ensuing SMC is about 10% higher without
auroral potential drops (no field-aligned potential (no FAP)) included than with auroral potential drops
(FAP). However, when a pseudo-CPCP is calculated at the low-altitude simulation boundary, including
the local value of the auroral potential drop, the pseudo-CPCP is nearly the same as the CPCP in the
run without auroral potential drops. Thus, the potential difference imposed across field lines at the low-
altitude simulation boundary, at an altitude above the auroral potential drops (at 2 RE geocentric), is
essentially the same in the two runs. However, as discussed below, the distribution of this potential differ-
ence over the low-altitude simulation boundary is not the same in the two runs. Auroral potential drops as
measured by the difference in CPCP between the two runs are relatively weak until the FAC intensifies.

3. The integrated FAC is about 15% higher without auroral potential drops in the 2 h averaging interval than
with them. Given that the pseudo-CPCP above the auroral potential drop is practically the same in both
runs, the lower FAC flowing through the ionosphere in the run with auroral potential drops is readily
understood from a lumped system perspective. The effective resistance associated with auroral potential
drops adds resistance to the constant resistance of the ionosphere, so the current draw in the circuit must
be less for the same battery voltage (i.e., the pseudo-CPCP). Note, however, that the effective resistance
Reff of the ionosphere depends on how current closes in the ionosphere in response to the imposed
potential distribution and is not simply ΣP

�1 = 0.2 ohm. Defining Reff≡CPCP/hemispheric FAC gives
Reff≈ 0.028 ohm in the interval from 7:00 to 9:00 ST for the run without auroral potential drops and
Reff≈ 0.030 ohm for the run with them. Thus the effective resistance with auroral potential drops is about
7% larger than without them, for the common input parameters of the simulations.

We compared the simulated CPCP and FAC for the run with auroral potential drops with results fromW05 for
the same SW/IMF conditions to gauge their quality relative to empirical values. The CPCP is 69% higher than
W05 in the simulation; the hemispherically integrated FAC is 38% larger; and the peak R1 FAC (see section 4)
is 72% larger. With adequate grid resolution, the simulation should produce larger values than an empirical
model which tends to smooth highs when averaging. Other factors also influence the comparison: Single-
value SW/IMF conditions are used in the simulations, whereas in W05 southward IMF actually means with-
in� 22.5° of due south; effects of finite IMF Bx are present in W05 binning but not in the simulations; a variety
of SW velocities, densities, and sound speeds comprise the samples in the IMF� 22.5° south bin of W05; and
the steadiness in SW/IMF conditions in the simulations is noisy in W05. Furthermore, the constant ionospheric
conductance state of the simulation is not realized in the data of W05, and structured conductance tends to
lower the FAC at the ionosphere. Finally, other simulation studies show that inclusion of a drift-kinetic ring
current and outflows of ionospheric ions lower the CPCP and hemispheric FAC. These effects are not included
in the standard LFM-MIX simulations of this paper. Given the uncertainties in this comparison, which yields
simulation values that more or less meet expectation, we conclude that LFM-MIX FACs in these runs provide
a useful basis for comparing results from runs with and without auroral potential drops.

Figure 3 shows time-average distributions of the electric potential in the ionosphere in each run (first
column), the auroral potential drops calculated as described in section 2 (second column), and the poten-
tials at the low-altitude simulation boundary when account is taken of the auroral potential drop between
the boundary and the ionosphere (third column). The last distribution is the same as that in the
ionosphere for the run without potential drops. The LFM model exhibits considerable time variability,
even for steady solar wind driving. To reveal persistence behavior, 2 h average states are calculated over
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the averaging window from 7:00 to 9:00 ST in Figure 2 when instantaneous variability about a mean is
evident and secular variation in the mean is small. The auroral potential is calculated for the FAC in
the run without auroral potential drops (Figure 3 top row, middle) even though it is not included in
the system dynamics. The peak values (location and magnitude) in the auroral potential distributions
are indicated in Figure 3 (second column), with the peak potential being close to what is maximally
observed. The average potentials in the upward R1 currents—summed over simulation cells where a
potential drop occurs—are closer to observed average values. Of course, the absolute magnitudes (but
probably not relative magnitudes with and without potential drops) can be expected to change when
an empirical ionospheric conductance is used in place of the uniform conductance in these simulations.

The distribution of ionospheric potential is dawn-dusk symmetric in both runs but the CPCP, as noted above,
is smaller by about 10% at peak value in the run with auroral potential drops. The magnitude of the auroral
potential drops is larger in the dusk cell than in the dawn cell. This result is a consequence of the current-
voltage relation described in section 2, which assumes (motivated by observations) that the induced field-
aligned potential drop per unit field-aligned current is 5 times larger for upward field-aligned currents than
for downward field-aligned currents.

When the potential drop is included in the potential mapping from the ionosphere to the low-altitude simu-
lation boundary, it produces a dawn-dusk asymmetric potential distribution at the boundary with more flux
circulating in the dusk cell. Thus the nightside reconnection potential is expected to exhibit similar asymme-
try as discussed in section 3.2. Despite differences in symmetry of the potential distribution, the pseudo-CPCP
at the low-altitude boundary is essentially the same as the CPCP in the run without auroral potential drops, to
within the numerical accuracy of 2–3% in the CPCP values given to the top left of each plot in Figure 3.

The time-average distributions (not shown) of field-aligned Poynting flux at the low-altitude simulation
boundary and Joule dissipation (ΣPE

2) in the ionosphere are essentially the same (to within the numerical
accuracy of about 2%) for the run without auroral potential drops, as expected for Poynting flux-conserving

Figure 3. (first column) Electric potential distribution in the ionosphere for the runs (top row) without and (bottom row)
with auroral potential drops included in the system dynamics; (second column) distributions of auroral potential drop
mapped to the ionosphere; and (third column) potential distributions at the low-altitude computational boundary mapped
to the ionosphere. In Run 1, the auroral potential drops are calculated from the FAC but they do not influence the dynamics.
Left and right of Figure 3 (top row) are identical. The dusk minimum potential and dawn maximum potential are indicated
below the plots; the cross polar cap is given above the plots.
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boundary conditions of Xi et al. [2015]. For
the run with potential drops, differences
in these distributions are most prominent
in the premidnight sector where the
upward region 1 currents and field-aligned
potential drops are largest. The distribution
of the combined ionospheric and field-
aligned dissipation and their total hemi-
spherically integrated power closely match
the Poynting flux at the low-altitude
boundary (to within numerical accuracy)
as expected from conservation of energy.
The hemispherically integrated Poynting
flux (320GW) in the run with potential
drops is about 5% greater than the iono-
spheric Joule dissipation (303GW) in the
run and about 8% less than in the run with-
out potential drops (346GW).

3.2. Magnetosphere

Figure4 shows themagnitude in color of the
2 h average MHD velocity projected onto
the z=0 plane, with vectors indicatingmag-
nitude and direction of the x and y velocity
components in the plane. The solar wind
flows from right to left. The white curve is
the Bz=0 contour, which is a good proxy
for themagnetic X line for the purely south-

ward IMF conditions, no dipole tilt and radially outward flow from the Sun in the simulations. The bow shock is
evident as a discontinuity in the flow upstream of the Bz= 0 contour with a nose near x= 12 RE.

Several differences are apparent in the two runs. For the run with auroral potential drops (lower plot):

1. The reconnection exhaust velocities are larger.
2. The exhaust velocities are larger in the premidnight (dusk) sector than in the postmidnight (dawn) sector.

To some extent the effect is also evident in the run without potential drops, but it is much weaker.
3. The closed field line region (encircled by the Bz= 0 curve) is smaller, primarily because the nightside X line

is closer to Earth. The central portion of the nightside X line is located at approximately 29.4 RE in the run
without auroral potential drops and at approximately 25.4 RE in the run with them.

4. Comparison of the white and yellow Bz= 0 curves in the upper plot shows that the X line and the flow
state at x> 0 are practically identical in the two runs, so the effect of auroral field-aligned potential drops
in the simulation mainly affects the state of the nightside magnetosphere.

The work done by the magnetic field on the fluid (j � E= v � j×B) is largest in the simulations where reconnec-
tion occurs, essentially along the X line. Time-average distributions of j � E integrated from�0.5 RE ≤ z ≤ 0.5 RE
(not shown) are nearly identical in the vicinity of the dayside magnetopause. The magnetic field in nightside
reconnection does more work on the fluid in the run with potential drops because the X line is closer to Earth
where the lobe field of the reconnection inflow is greater. When j � E is integrated over the two-dimensional
domain�0.5 RE ≤ z ≤ 0.5 RE and �40 RE ≤ x ≤�20 RE in each run (which encompasses the dominant region of
energy conversion in both runs), it is about 50% larger for the run with auroral potential drops in the central
tail (|y|< 8 RE). This last result is consistent with two other features. Faster exhaust flows imply a larger electric
field to drive them in the ideal region away from the X line, and with the X line closer to Earth, where the lobe
field intensity is larger, a larger cross-tail current is required near the X line. Both features lead to larger j � E.

The simulated reconnection potential, ΦR≡�∫ER �dl, is determined from the counterclockwise (viewed

above north magnetic pole) line integral of the component of the reconnection electric field (ER) tangent

Figure 4. Magnitude of the MHD velocity (in color) projected onto the
z = 0 plane, with vectors indicatingmagnitude and direction of the x
and y components of velocity in the plane. Thewhite curve is the Bz = 0
contour. The perimeter of the white circle centered on x = y = 0 is the
low-altitudeboundaryof the simulation (r = 2RE). Theblack circle inside
it is located at r = 1 RE. For comparison, the Bz = 0 contour in the lower
plot has been replicated as the yellow contour in the top plot.
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to the X line (Bz=0 contour) as described
by Lotko et al. [2014]. This potential is
shown in Figure 5 as a function of MLT.
The integration along the X line starts at
noon on the duskside and returns to
noon on the dawnside. The reconnection
potential is arbitrary up to a constant of
integration, with the ΦR = 0 point chosen
as follows. First the average X line (Bz=0
contour) is mapped along time-average
magnetic field lines to the ionosphere.
The intersection of the mapped X line
and the zero value in the nightside iono-
spheric potential on the lowest altitude
computational cell (i=1) above the resis-
tive layer (Figure 3, third column) is then
located. This point is then magnetically
mapped back to the X line in the
equatorial plane.

In Figure 5, the crosses near 0:00 MLT
mark the ΦR = 0 locations. The zero
potential occurs at 23:55 MLT for the case

without auroral potential drops and at 0:01 MLT for the run with them. Both are essentially at 00:00 MLT to
within the numerical uncertainties. For run 1 (2), the minimum potential on the duskside is �98.3 kV
(�100.5 kV), while the maximum potential on the dawnside is 100.6 kV (100.0 kV). If the differences in these
extrema for the two runs are numerically significant, the effect is certainly weak. The pseudo-CPCP at the
low-altitude simulation boundary is essentially the same for both runs because the reconnection potentials
are essentially the same. Thus, the lumped circuit of the time-average magnetosphere-ionosphere system con-
sists of a DC battery (same reconnection potential drop in both runs) imposed on a resistive ionosphere (same in
both runs). The case with auroral potential drops includes an additional effective series resistance.

If the magnetospheric time-variation is quasi-stationary, Faraday’s law applied globally requires the time-
average magnetic induction to be zero. Thus, the line integral of the electric field parallel to the X line
ideally will be zero. However, in both runs shown in Figure 5, the line integral does not return to the
same value at 12:00 MLT. This discrepancy may be due to a signed bias in finite difference numerical
errors and to a small secular variation in the rate over the 2 h averaging interval. For Run 1 (no potential
drop), the difference at 12:00 MLT is 10.2 kV, and the total length of the X line is 134.6 RE. The estimated
average numerical error in the reconnection electric field along the X line is then about 0.08 kV/RE or
0.013mV/m. For Run 2, the difference at 12:00 MLT is 11.7 kV, and the total length of the X line is
129.7 RE. The estimated average numerical error in the reconnection electric field along the X line for
Run 2 is about 0.09 kV/RE or 0.014mV/m.

Figure 5. Simulated reconnection potential, ΦR≡�∫ER � dl, versus MLT
determined from the counterclockwise line integral of the electric field
tangent to the X line (Bz= 0 contour). Integration starts at noon on the
duskside and returns to noon on the dawnside. The reconnection potential
is arbitrary up to a constant of integration, which as discussed in the text, is
chosen so that the ΦR = 0 points on the nightside X line (crosses near 0:00
MLT) magnetically map to the intersection of the mapped X line and the
zero potentials on the boundary computational cell (i = 0).

Table 1. Average reconnection rate in the dawn and dusk sector

Run Location
Mean Rate
(mV/m)

MLT
(h:min)

Potential
(kV)

X line length
(RE)

Mean Error
(mV/m)

No potential drops Dusk 0.464 20:50 �98.3 33.2 0.013
Dawn 0.455 03:25 100.6 34.6 0.013
½ Dusk 0.775 22:27 �82.1 16.6 0.013
½ Dawn 0.768 01:35 84.9 17.3 0.013

With potential drops Dusk 0.522 20:35 �100.5 30.2 0.014
Dawn 0.434 03:20 100.0 36.1 0.014
½ Dusk 0.822 22:30 �79.2 15.1 0.014
½ Dawn 0.708 01:29 81.5 18.0 0.014
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Table 1 gives average reconnection rates in various nightside sectors for the two runs (third column). One set
of entries (dusk, dawn) are spatial averages obtained by integrating the reconnection electric field along the
X line from the zero potential point near midnight to the point on the dawnside or duskside where the
electric field is zero (MLT indicated in Table 1, fourth column).

The second set of entries (½ dusk, ½ dawn) are averages over half those lengths starting from the zero poten-
tial point near midnight. The associated reconnection potential (Table 1, fifth column) and the length of X line
(Table 1, sixth column) for which that potential occurs are also given. The estimated mean errors in reconnec-
tion rate were obtained from the data in Figure 5 as discussed above.

For the run without field-aligned potential drops, the average reconnection rate on the duskside
(0.464mV/m) is 0.009mV/m higher than the average rate on the dawnside (0.455mV/m). The average recon-
nection rate taken over one half the duskside X line is 0.007mV/m higher than the average over one half the
dawnside. Thus, the dawn and dusk reconnection rates are the same to within the estimated numerical errors.

For the run with field-aligned potential drops the average reconnection rate on the duskside (0.522mV/m) is
0.088mV/m higher than the average rate on the dawnside (0.434mV/m), a difference of about 20%. The aver-
age rate over one half the duskside is 0.114mV/m or 16% higher than the average rate over one half the
dawnside. This asymmetry in reconnection rate exceeds the estimated numerical error. Thus, faster exhaust
flows are expected from reconnection on the duskside relative to the dawnside, as observed in the simula-
tion. This asymmetry is due to the effects of auroral potential drops.

3.3. Magnetosphere-Ionosphere Coupling

The relationship between field-aligned current generation and the location of nightside X line in Figure 4
poses a basic question for magnetosphere-ionosphere coupling. The reconnection potential and pseudo-
CPCP are very nearly the same in both runs (with some loss in diagnostic accuracy when mapping
between the two), so the increase in the effective load resistance of the ionosphere plus auroral field-
aligned resistance for the case with auroral potential drops included understandably draws less current
from the generator. The reconnection process serves as both voltage and current generator. How does
it manage to adjust its current supply to the ionospheric end of the circuit without changing its voltage?
To address this question, the field-aligned currents (FACs) connecting the magnetosphere and ionosphere
have been analyzed.

Figure 6 shows 2 h average distributions of FAC in the ionosphere (r= 1.02 RE) and in the z= 0.5 RE plane of the
magnetosphere. Positive/negative FAC (red/blue) indicates current flowing parallel/antiparallel to the mag-
netic field. Figure 6 (top row) shows the of FAC density in the ionosphere. Three contours (1–3 and 4–6) in
different colors are drawn in the ionospheric dawn and dusk sectors at 0.2, 0.6, and 0.8 times the peak value
of the region 1 FAC (whitened specks). These colored contours are magnetically mapped into the z= 0.5 RE
plane from ionospheric surface. The total average field-aligned current in MA flowing into the hemisphere
is indicated above each plot.

Numerical artifacts appear in the field-aligned currents in both runs in the form of radial striations in the
low-latitude ionosphere and inner magnetosphere (semitransparent disk in magnetospheric plots) and
along the x axis in the magnetosphere. The electric current density tends to acquire grid structure in the
plots because it is calculated on the numerical grid from finite differences of the magnetic field. These arti-
facts are relatively unimportant in the high-latitude ionospheric and outer magnetospheric regions of
interest for this study.

For the run with no field-aligned potential drops, the locations of the peak field-aligned current density
(white specks) and ionospheric contours 1 and 6, 2 and 5, and 3 and 4 are relatively symmetric across the
noon-midnight line. When these contours are mapped to the z= 0.5 RE plane, the locations of contours 1
and 6 and 2 and 5 remain relatively dawn-dusk symmetric. The location of mapped contours 3 and 4 are sym-
metric for x>�10 RE, but some differences appear between them for x<�10 RE.

For the run with field-aligned potential drops included, the locations and magnitudes of peak field-aligned
current density (white specks) and ionospheric contours 1 and 6, 2 and 5, and 3 and 4 are not as symmetric
as for Run 1, especially for contours 2 and 5 and 3 and 4. The asymmetry persists when these contours are
mapped to the z=0.5 RE plane, and in particular, the dawnside curves extend farther downtail.
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In both runs, the dayside region 1 currents are generated within or very near the dayside magnetopause and
straddle the open-closed boundary. Their peak intensities are comparable in both runs, but the near-
magnetopause region of current diversion into FACs is thicker in the run without potential drops.

The nightside generators of FAC are located within the plasma sheet, most prominently in the flank side
plasma sheet. Although the intensity of the field-aligned current is weaker in the plasma sheet than near
the magnetopause, the lensing effect (j||/B≈ constant) due to convergence of the magnetic flux tubes in
going from the equatorial magnetosphere to the ionosphere is greater on the nightside than dayside.
Thus, the nightside R1 currents intensify proportionally more at low altitude than the dayside R1 currents.
The characteristic reversed FACs at the edges of plasma sheet fast flow channels [Sergeev et al., 1996] are very
evident in the middle to inner central portion of the plasma sheet in both runs, but more prominently in the
run without potential drops. The FAC for the most part is weaker in the plasma sheet in the run with field-
aligned potentials drops, e.g., compare the FACs at a given downtail distance, say x=�10 or 15 RE.

Figure 7 shows intensities of FAC at the ionosphere (r= 1.02 RE) and on two constant x planes (x=�10 RE, and
�15 RE) for z> 0. Constant FAC contours are also mapped along magnetic field lines between these surfaces
with select color contours similarly denoted as in Figure 6. The black curves in each plot are the separator
between the open and closed boundary (open-closed boundary) for the geomagnetic field lines.

For the run with no field-aligned potential drops (Run 1), the distribution of FAC at different x locations
exhibits some weak asymmetries, most noticeable at x=�10 RE. These asymmetries appear to be more
prominent in the run with field-aligned potential drops included (Run 2). For example, at x=�10 RE, the

Figure 6. Two hour average distributions of FAC in the ionosphere above 65° MLAT (top at r = 1.02 RE) and in the (bottom)
z = 0.5 RE plane in the magnetosphere. The semitransparent grey disk in the lower plots corresponds to the excluded lower
latitude region in the ionospheric plots. Contours 1–6 are mappings of constant FAC contours along magnetic field
lines between the two surfaces. Positive/negative FAC (red/blue) indicated current flowing parallel/antiparallel to the
magnetic field lines. Peak FAC are white specks in the ionospheric plot with values in μA/m2 indicated below each plot.
The thin black curve in the z = 0.5 RE plane is the Bz = 0 contour. Its magnetic mapping to the ionospheric surface is drawn
as a thick black line there.
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relatively intense FAC away from Earth (blue) between z= 0 and z=5 RE and at 1 RE< y< 5 RE does not
have much of a toward Earth counterpart for y< 0. Comparing the FAC structure in the plasma sheet region
(z< 5 RE) on the two constant x cross sections (x=�10 and �15 RE) in the two runs, the FAC intensity is
weaker in Run 2 and narrower in the y direction. This feature is consistent with the shape and location of
Bz=0 contour shown in Figure 5.

The mapping of the select ionospheric contours to the x = constant planes in Figure 7 appear more sym-
metric for Run 1 than for Run 2, although even Run 1 exhibits some weak asymmetry in the mapping.
The contours in the open field line region above the black curves in Run 1 are clearly muchmore symmetric
than in Run 2.

The open-closed boundary in the ionosphere for Run 1 is symmetric. In contrast, this boundary is asymmetric
for Run 2 in the ionosphere, especially between 18 and 21MLT. The dawnside open-closed boundary in Run 2
is similar to that in Run 1, but the duskside open-closed boundary is modified in Run 2 by the effect of the
larger duskside auroral potential drops. On the constant x planes, the open-closed boundary for Run 1 is also
symmetric. For Run 2, this boundary does not extend as high in z on the duskside in all y-z plane cross sec-
tions, nor does it extend quite as far in y on the duskside as on the dawnside.

Significant portions of the region 1 currents flow in the lobes in Figure 7. They appear to be generated on
open field lines, or perhaps more correctly, they are diverted from perpendicular currents flowing across
open field lines there. This feature is consistent with recent Cluster satellite observations [Ren et al., 2016].
The reversed field-aligned currents at the edges of plasma sheet fast flow channels in the equatorial cut of
Figure 6 are also evident in the y-z cuts of Figure 7.

Figure 7. Same 2 h average distributions of FAC at the ionosphere (r = 1.02 RE) as in Figure 6 but now mapped to two con-
stant x planes (x =�10 RE, and �15 RE) for z> 0. Constant FAC contours are also mapped along magnetic field lines
between these surfaces with select color contours similarly denoted as in Figure 6. The black curves in each plot are the
separator between the open and closed boundary (open-closed boundary) for the geomagnetic field lines.
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Drivenmagnetotail reconnection generates field-aligned currents with the region 1 sense. The currents strad-
dle the magnetic separator above the equatorial plane and earthward of the X line in Figures 6 and 7.
Diversion of the cross-tail perpendicular current into field-aligned current is most effective in magnetotail
regions where the perpendicular current flows into a magnetic gradient (J⊥ �∇B) [Sato et al., 1984; Ogino,
1986; Birn and Hesse, 1996]. These regions are mostly located near the flanks in Figures 6 and 7. The resulting
field-aligned currents produce a z component of the magnetic field in the reconnection exhaust flow with
Bz> 0 on the earthward side. When auroral potential drops arise, the ionosphere draws less field-aligned cur-
rent than it otherwise would without auroral potential drops, causing Bz to be smaller in the earthward
exhaust flow. The jyBz force earthward of the X line is also reduced when auroral potential drops occur.

A near-Earth X line starts developing in the distant tail in LFM simulations after a southward turning from
northward IMF and over an interval of about 2 h through a substorm cycle, it progressively and erratically
migrates earthward in time until a quasi-stationary state of steady magnetospheric convection is reached.
This evolution can be seen in the four snapshots in time in Figure 1 of Wiltberger et al. [2015], also in their
embedded movie links. Wiltberger et al. used the same SW/IMF conditions as in this study but with a factor
of 2 higher grid resolution. Gross features of the M-I coupling in the present study and in the Wiltberger et al.
study are similar, but their detailed dynamics differ because in addition to the different grid resolution,
Wiltberger et al. use the “standard” LFM low-altitude boundary conditions rather than flux-conserving low-
altitude boundary conditions (see Xi et al. [2015] for descriptions and simulation diagnostic of both types
of boundary conditions). The same basic development of the near-Earth X line occurs in the runs with and
without auroral potential drops, but the X line stabilizes at a location about 4 RE closer to Earth in the run with
potential drops. What brings it closer to Earth?

We posit the following principle. Themagnetotail X line achieves a quasi-stationary equilibriumwith zero tail-
ward or earthward motion when the tailward directed force in the tailward exhaust flow is balanced by an
equal and opposite earthward directed force in the earthward exhaust flow. When auroral potential drops
occur and diminish the field-aligned current on the earthward side of the X line, the intensity of Bz is also
diminished there and therefore, the jyBz force is weaker on the earthward side of the X line. In this case,
the X line must migrate earthward to a region of larger Bz in order to achieve force balance.

This development would be consistent with the dynamic earthward migration of the X line evident in
Wiltberger et al. [2015, Figure 1] in the later phase when force balanced is reached, if not throughout the evo-
lution. This scenario may explain how the lower field-aligned current in the run with auroral potential drops
draws the X line closer to Earth, thereby producing the weaker FAC intensities in the plasma sheet that are so
evident in Figures 6 and 7. The enhanced reconnection that occurs when the X line is closer to Earth does not
seem to be required by the global magnetohydrodynamics; rather, it is a by-product of the global configura-
tion and the change in the local parameters (lobe magnetic flux and Alfvén speed) that determine the
reconnection rate.

4. Conclusions

The forgoing results provide a provisional answer to the question of how the reconnection process manages
to adjust its current supply to the ionosphere without changing its voltage.

1. The voltage applied to the ionosphere (cross polar cap potential) is set by dayside reconnection. In the
present study, the dayside reconnection voltage is essentially the same in the runs with and without
auroral potential drops (Figure 5), mainly because the field-aligned potential drops are concentrated in
the nightside auroral region and have little effect on dayside reconnection. Therefore, regardless of the
different nightside auroral physics in the two runs, Faraday’s law applied globally requires the time-
average potential drop along the nightside reconnection line to be the same.

2. For the run with potential drops, the average nightside reconnection line moves closer to Earth by about
4 RE because the lower hemispheric field-aligned current in the run alters the force balance that deter-
mines its quasi-stationary location. The premidnight portion of the nightside X line where upward
region 1 currents are generated is also closer to Earth than the postmidnight portion where downward
region 1 currents are generated. This asymmetry occurs because the modeled (and observed) field-
aligned potential drops are larger in regions of upward field-aligned current than in downward currents.
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More detailed studies of the current generation process for these runs are needed, but it is clear that if
reconnection occurs closer to Earth, the lensing effect for reconnection-generated, field-aligned currents
mapped to the ionosphere will be weaker when reconnection occurs closer to Earth. Consequently, less
field-aligned current flows to the ionosphere.

3. The first two results indicate that the location of the nightside X line is determined by both global and
local conditions. The reconnection rate along the X line depends on local parameters and is higher for
the run with auroral potential drops because the X line is closer to Earth where the inflow (lobe) magnetic
field and Alfvén speed are locally larger. This higher reconnection rate is not required by the ionospheric
load, and the power delivered to the ionosphere is less for this run. The higher reconnection rate and its
distribution along a shorter nightside X line (shorter because the line is closer to Earth) integrate to pro-
vide the same reconnection potential as in the run without potential drops, as discussed in conclusion 1
above. The constraint on the time-average state — that the magnetic flux reconnected on the dayside
and nightside must balance on average — is thereby satisfied.

4. With the X line closer to Earth in the premidnight sector for the run with potential drops, the reconnection
rate and associated exhaust flows are locally larger there. This effect produces a modest dawn-dusk asym-
metry in nightside plasma sheet properties, consistent with observation [Nagai and Machida, 1998; Raj
et al., 2002], but it appears to be a weaker asymmetry than that due to meridional gradients in Hall con-
ductance [Lotko et al., 2014].

Treatment of the ionospheric conductance as constant and uniform in this study eliminates nonlinear inter-
actions between Ohmic dissipation in field-aligned potential drops and spatiotemporal variations in iono-
spheric conductivity due to ionizing precipitation produced by the potential drops. Their combined effects
on the magnetosphere-ionosphere system should be investigated in future studies.
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