
RCM-E simulation of substorm growth phase arc associated with
large-scale adiabatic convection

Jian Yang,1 Richard A. Wolf,1 Frank R. Toffoletto,1 and Stanislav Sazykin1

Received 7 October 2013; revised 19 November 2013; accepted 20 November 2013; published 5 December 2013.

[1] Substorm auroral breakup often occurs on a longitudinally
elongated arc at the end of a growth phase. We present an
idealized high-resolution simulation with the Rice Convection
Model-Equilibrium (RCM-E) to investigate how large-scale
adiabatic convection under equilibrium conditions can give
rise to an auroral arc. We find that a thin arc that maps to the
magnetic transition region at r~ 8 RE emerges in the late
growth phase. The simulation implies that the arc in the
premidnight sector is associated with a sheet of additional
region 1 sense field-aligned current (FAC) just poleward of
the main region 2 FAC, while the arc in the postmidnight
sector is associated with the poleward portion of the main
upward region 2 FAC. Explanations for the location and the
thickness of the arc are proposed, based on the simulation.
Citation: Yang, J., R. A. Wolf, F. R. Toffoletto, and S. Sazykin
(2013), RCM-E simulation of substorm growth phase arc associated
with large-scale adiabatic convection, Geophys. Res. Lett., 40,
6017–6022, doi:10.1002/2013GL058253.

1. Introduction

[2] Substorm auroral breakup usually occurs on an east-
west-aligned auroral arc that emerges in the growth phase.
The arc has a characteristic thickness of about 10–30 km
[Knudsen et al., 2001] and is relatively stable on the time
scale of ~10min. It sets the precondition for the substorm
expansion phase. Therefore, understanding the formation of
the growth phase arc is important to understanding the initia-
tion of substorm onset.
[3] It has been observed that the upward field-aligned

currents (FAC) associated with growth phase arcs are also
thin in latitude [Nishimura et al., 2012]. Thus, modeling a
thin upward FAC is the key to modeling the growth phase
arc. Among different possible mechanisms for the electric
current generation, one scenario is that the thin upward
FAC is associated with plasma pressure gradient in the
magnetosphere as a result of quasi-static convection [e.g.,
Galperin et al., 1992; Lyons and Samson, 1992]. In force
equilibrium conditions, the FAC density can be expressed as

J jjin � J jjis
Bi

¼ b̂�∇V � ∇P
B

¼ b̂�∇V � ∇PV 5=3

BV 5=3
(1)

where P is the plasma pressure, V = ∫ds/B is the flux tube vol-
ume (FTV), PV5/3 is the entropy parameter, and subscripts i,

n, and s mean ionosphere, northern, and southern, respec-
tively. Both Galperin et al. [1992] and Lyons and Samson
[1992] argued that the enhanced convection in the growth
phase leads to an increased plasma pressure gradient. They
estimated the peak magnitude of FAC density and found that
it is strong enough to support >1 kV field-aligned potential
drop in order to adequately accelerate electrons. In this paper,
we will investigate this idea using the RCM-E with suffi-
ciently high grid resolution.
[4] The RCM-E code couples the Rice Convection Model

(RCM) with an equilibrium solver that keeps the magnetic
field in force balance with model-computed pressures
[Toffoletto et al., 2003]. It is ideal for modeling quasi-static
plasma convection and generation of FACs. The RCM com-
putes the magnetospheric particle distribution function by
assuming that it is constant along a drift path, except for
corrections for precipitation and charge exchange. It also
assumes that the plasma drift is the sum of E×B and energy-
dependent gradient/curvature drifts and that the energy invari-
ant λ=WKV

2/3 is conserved [Wolf, 1983], whereWK is particle
energy. The ionospheric electric field is calculated by solving
the current continuity equation. Although the model assumes
that the field-aligned potential drop is zero, a postprocessing
procedure has been developed to calculate synthetic aurora
on the assumption that the electron auroral energy flux ( fen_m)
is proportional to the sum of the diffuse auroral contribution
and a second term that is proportional to the upward FAC
above a threshold [Yang et al., 2012, equation (1)]. The goal
of this paper is to use the RCM-E to model the formation of
the thin auroral arc that is associated with adiabatic convection
in the substorm growth phase.

2. RCM-E Simulation Results

[5] We simulate a 60 min long substorm growth phase. The
computational grid distribution of the RCM-E simulation
presented in this paper is carefully designed to satisfy the spa-
tial resolution requirement for modeling a thin arc structure.
The uniform longitudinal grid spacing is 1.208°, and the aver-
age latitudinal grid spacing is only 0.065° between 63° and
70°. We start from a T89 empirical magnetic field model with
Kp=1 [Tsyganenko, 1989] and an empirical plasma pressure
model [Lemon et al., 2003] that has been relaxed to a state
of equilibrium. A 50 kV cross-polar-cap potential drop is
applied to the RCM simulation region. The PV5/3 value along
the RCM high latitude boundary has a local minimum at mid-
night. The magnetic field is reequilibrated every 5min.
[6] Figure 1 shows synthetic aurora and FAC density. In

Figures 1b, 1c, 1e, and 1f, both quantities show gradual
intensification with increasing extrema and narrowing peaks
from T= 30 to 60min. It is also obvious that the peaks in both
quantities are pushed equatorward during the growth phase.
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At T= 60min, the maximum upward FAC density is
~3.5μA/m2. It should be noted that the observed upward
FAC densities associated with auroral arcs vary significantly
from a small fraction of unity [Nishimura et al., 2012] to
20μA/m2 [Cloutier et al., 1970] at the center of an arc. The
thin arc consists of two parts. In the premidnight sector
(magnetic local time (MLT) = 22), it is centered at ~65.1°, as-
sociated with a thin upward FAC embedded between a broad
upward FAC that extends to the RCM boundary and a broad
downward FAC. In the postmidnight sector (MLT=01), the
arc is centered at ~64.0°, associated with the poleward portion
of the main upward region 2 FAC. Thus, the arc extends to
slightly lower latitude near midnight than in the premidnight
and postmidnight sectors. The full widths at half maxima of
the modified energy flux at MLT=22 and 1 h are only about
18 and 31 km, respectively.
[7] The FACs in the ionosphere (Figure 1d) and the distri-

bution mapped to the equatorial plane along magnetic field
lines (Figure 2b) clearly exhibit two distinct patterns super-
posed on each other. One consists of the classic region 1
and region 2 FACs which are relatively wide in latitude; the
other consists of additional region 1 sense FACs that are
much thinner, lying between the classic region 1 and region
2 FACs. The additional region 1 sense FACs and the pole-
ward part of the region 2 FACs can also be considered as a
double-sheet FAC loop [Galperin et al., 1992; Liang et al.,
2013]. The equatorial footprints of the arc-associated upward
FACs lie at 7–10 RE with the premidnight part further away
from the Earth than the postmidnight part.
[8] From equation (1), the polarity of FACs is dependent on

the angle between the gradient of V and the gradient of PV5/3

in the equilibrium condition. In the tailward part of the
plasma sheet inside the RCM simulation region, the boundary
condition causes a local minimum in PV5/3 near midnight,
which gives rise to the region 1 FACs outside r ~ 10 RE.

Figure 2c indicates that b̂�∇V � ∇ PV 5=3
� �

> 0 near the inner
edge plasma sheet from dusk to midnight, which, from equa-
tion (1), means current down into the ionosphere; the vector
product has the other sign from midnight to dawn, implying
an upward FAC. These are the standard region 2 currents that
result from sunward convection. However, the sign of b̂�∇V
�∇ PV 5=3

� �
reverses in the region immediately poleward of

the region 2 FACs between 21 MLT and 03 MLT. Thus, the
FACs there are predominantly region 1 sense. This behavior
results from the fact that an eastward induction electric field
(associated with field line stretching) opposes sunward con-
vection, reducing the earthward E×B velocity near midnight
(Figures 2e and 2f ). At this time, the pressure distribution
exhibits a secondary peak at r~8 RE with very wide azimuthal
extent on the entire nightside (Figure 2g). The additional region
1 sense FACs are associated with the immediate tailward por-
tion of that pressure peak. The region 2 and additional region
1 sense FACs can also been seen along the FTV=0.2 RE/nT
contour (Figure 2a). Equation (1) implies that the FAC is
down into the ionosphere if PV5/3 (or P) increases eastward
along a contour of constant FTV, upward when PV5/3 (or P)
decreases eastward (Figures 2d and 2h).
[9] Figure 3 shows the mapping of key parameters along

MLT= 22 and 1 h in the ionosphere. RC/ρ= 8 denotes the
ion isotropic boundary, where RC is the curvature radius
of the magnetic field at the equatorial plane and ρ is the
gyroradius for thermal ions [e.g., Büchner and Zelenyi,
1989]. The plasma pressure peak is ~0.2° poleward of the
ion isotropic boundary. The thin arc is along the tailward
(equatorward) part of the secondary pressure peak and is
~0.35° (0.05°) poleward of the ion isotropic boundary in
the premidnight (postmidnight) sector, which is qualitatively
consistent with Sergeev et al. [2012]. Our simulation also
predicts that the growth phase arc maps equatorward of the
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Figure 1. Ionospheric view of (a) modified electron precipitation energy flux fen_m in units of erg/cm2/s and (d) FAC density
in units of μA/m2 with blue being upward at T= 60min. Latitudinal slices of (b, c) fen_m and (e, f ) FAC density at MLT= 22
and 1 h at two different times.
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BZ minimum and lies in the outermost part of the sharp
magnetic transition region.

3. Discussion

[10] The RCM-E simulation of the substorm growth phase
depicts a self-consistent process in which the plasma trans-
ported adiabatically from the tail interacts with the dipolar
field in the inner magnetosphere. The large-scale convection
naturally leads to a thin auroral arc in the absence of bursty

flows. The magnitude and equatorial mappings of our modeled
arc-associated FACs are approximately consistent with rough
estimates by Galperin et al. [1992] and Lyons and Samson
[1992]. We also find that the ionospheric current distribution
in our simulation (not shown) is qualitatively similar to the
cartoon picture in Haerendel [2010, Figure 2].
[11] From a large-scale convection-modeling point of view,

the growth phase arc is remarkable for two reasons: (1) it
represents upward FACs in the transition region, and (2) it is
thin in latitudinal extent. Figure 4 explains feature (1), i.e.,
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Figure 3. Profiles of plasma pressure (blue), equatorial BZ (black), and FAC density along latitude and along radial distance
at MLT= 22 and 1 h at T= 60min. The green dashed line represents the ion isotropy boundary. The locations of local mini-
mum equatorial BZ, the peaks of the pressure, and upward FAC are shown with vertical lines.

Figure 2. (b) Ionospheric FAC density mapped to the equatorial plane, (c) PV5/3, (f ) X component ofE×B drift velocity due
to induction electric field (color contours) and E×B drift velocity in both induction and potential electric fields (black ar-
rows), (g) P at T= 60min. Four black contour lines represent flux tube volume at 0.2, 0.4, 0.6, and 0.8 RE/nT outward.
Purple circles represent geosynchronous orbit. (a) FAC density, (d) PV5/3, (e) E×B drift velocity parallel to the gradient of
FTV (associated with induction, potential, and total E fields), and (h) P along FTV= 0.2 RE/nT.
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the formation of upward FACs in the transition region. When
the imposed dawn-to-dusk electric field is weak in the quiet
times, E×B earthward convection of pressure-bearing ions
is accompanied by comparable gradient/curvature drift in the
near-Earth plasma sheet which results in a substantial tailward
gradient of PV5/3. The moderately enhanced westward cross-
tail drift current is closed by region 2 FACs on the dawn and
dusk sectors (Figure 4a). When the substorm growth phase
begins, E×B earthward convection becomes predominant in
most of the plasma sheet, i.e., X<�10 RE (Figure 4b). As a
result, the trajectories of the majority of pressure-bearing ions
consist of an earthward path in the plasma sheet followed by a
sharp westward turning to azimuthal direction when they
reach the magnetic transition region. This can lead to a strong
tailward gradient of PV5/3 right at the transition region. Thus,
the compressed upward region 2 current gives rise to the arc
in the postmidnight sector. In the meantime, the response of
the magnetic field to earthward intrusion of fully populated
flux tubes is to stretch itself, making the field very weak near
the equatorial plane, which allows the FTV to become large.
That stretching is strongest near midnight. The dusk-to-dawn
induction electric field chokes the earthward convection there,
leading to a local minimum of PV5/3 in the azimuthal direction
(Figures 2c and 2d), which was first seen by Toffoletto et al.
[2001] in an RCM-E simulation. The localized alternation
in the direction of gradient of PV5/3with respect to the gradient
of V gives rise to intensified additional region 1 sense FACs,
the upward portion of which corresponds to the arc in the
premidnight sector.

[12] Now consider feature (2), i.e., the thin nature of the arc.
For steady conditions, the inner edge of the plasma sheet
forms at the Alfvén layer, which is the separatrix between
open and closed drift paths. Viewed in the ionosphere, the
open trajectories lie poleward of the Alfvén layer and are
dominated by convective motion from the nightside polar
cap through the auroral zone to the dayside polar cap. The
closed ion trajectories lie equatorward of the Alfvén layer
and are dominated by westward gradient/curvature drift. The
bounce-averaged gradient/curvature drift velocity, mapped to
the ionosphere, is proportional to [λ/(qBir)]∂V�2/3/∂θ, where
Bir is the radial component of magnetic field and θ is colat-
itude [e.g., Wolf, 1983]. The quantity Bir varies slowly with
ionospheric latitude, so the gradient/curvature velocity of
a particle with given energy invariant is effectively propor-
tional to ∂V�2/3/∂θ. In the initial Tsyganenko-based config-
uration, ∂V�2/3/∂θ and thus the gradient/curvature drift
velocity gradually increase equatorward through the inner
plasma sheet (dashed curves in Figure 5a). At the end of
the 1 h growth phase simulation, ∂V�2/3/∂θ and the gradient/
curvature drift velocity are quite small for latitudes higher than
65.6° at MLT=22 (solid curves in Figure 5a). As latitude
decreases below 65.6°, the velocity increases by a factor of
18 in only 0.6° latitude, before decreasing by about 40%.
Consequently, gradient/curvature drift switches from minor
to dominant at about 65° latitude, for a range of values of
the invariant λ. The inner edge for much of the plasma sheet
population lies between 64.7° and 65.6°, and PV5/3 conse-
quently jumps by a factor of about 4.6 between those two
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Figure 4. Schematic mechanism of thin arc and convection front formation during a substorm growth phase. Gray areas
represent the equatorial footprints of thin arcs. Region 1 FACs are not drawn.
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locations, generating the spike of upward current. The argu-
ment is the same for MLT=1 (Figure 5b), but the jumps occur
at a slightly lower latitude.
[13] As shown in Figure 1, the sheet of FAC continues to

get thinner and more intense with time after 1 h and presum-
ably would get infinitely thin and infinitely intense if we
could run the code for an infinite amount of time with infi-
nite grid resolution. We refer to this kind of sharp boundary,
which, for a range of λ, separates particles in the open trajec-
tories from those on trapped orbits for a long time, as a
“convection front” (Figure 4b). Thus, the convection front
is a boundary in which the Alfvén layers are pressed tightly
on the nightside for a relatively wide energy range of
pressure-bearing particles.
[14] When solar wind and magnetospheric plasma are

pressed against each other at the dayside magnetopause, the
result, in the ideal MHD approximation, is an infinitely thin
current sheet separating the two plasmas. Now we find that
the assumption of guiding center drifts, along with the
assumption of force balance, also leads to the formation of
current sheets that become thinner and thinner with time.
The difference is that while the field lines on the two sides
of the magnetopause have different topologies, those on a
convection front have the same topology (closed). In both
cases, a small-scale instability is generated when the current
becomes sufficiently intense, invalidating the large-scale
equations (ideal MHD or guiding center drift with force bal-
ance). In one case, the main result is topological reconnection,
while in the other it is an auroral arc. (Of course, both qualify
as reconnection in the more general definition proposed by
Schindler et al. [1988]).
[15] The simulation presented in this paper does not consti-

tute a fully self-consistent theory of the growth phase arc. It
does not include the small-scale processes that create the
field-aligned potential within the arc, and it does not include
the effects of the ionosphere-magnetosphere decoupling
within the arcs that is implied by those field-aligned poten-
tials. Furthermore, to determine sensitivities and to investi-
gate the effects of time-dependent processes, an extensive
series of simulations is needed, with systematically varied
input parameters in the tailward boundary conditions (e.g.,
PV5/3, plasma sheet temperature). It should also be noted that
Nishimura et al. [2011] and Mende et al. [2011] pointed out
that a substantial fraction of growth phase thin arcs are asso-
ciated with streamers. We are currently exploring feasible

simulations using RCM-E in a separate study, aiming at
reproducing their scenario. Nevertheless, this first simulation
is very promising, having produced results that are reasonably
consistent with several key characteristics of observed growth
phase arcs.
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