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Abstract Particle injections occur frequently inside 10 Re during geomagnetic storms. They are commonly
associated with bursty bulk flows or plasma sheet bubbles transported from the tail to the inner
magnetosphere. Although observations and theoretical arguments have suggested that they may have an
important role in storm time dynamics, this assertion has not been addressed quantitatively. In this paper, we
investigate which process is dominant for the storm time ring current buildup: large-scale enhanced
convection or localized bubble injections. We use the Rice Convection Model-Equilibrium (RCM-E) to model a
series of idealized storm main phases. The boundary conditions at 14–15 Re on the nightside are adjusted to
randomly inject bubbles to a degree roughly consistent with observed statistical properties. A test particle
tracing technique is then used to identify the source of the ring current plasma. We find that the contribution
of plasma sheet bubbles to the ring current energy increases from ~20% for weak storms to ~50% for
moderate storms and levels off at ~61% for intense storms, while the contribution of trapped particles
decreases from ~60% for weak storms to ~30% for moderate and ~21% for intense storms. The contribution
of nonbubble plasma sheet flux tubes remains ~20% on average regardless of the storm intensity. Consistent
with previous RCM and RCM-E simulations, our results show that the mechanisms for plasma sheet bubbles
enhancing the ring current energy are (1) the deep penetration of bubbles and (2) the bulk plasma pushed
ahead of bubbles. Both the bubbles and the plasma pushed ahead typically contain larger distribution
functions than those in the inner magnetosphere at quiet times. An integrated effect of those individual bubble
injections is the gradual enhancement of the storm time ring current. We also make two predictions testable
against observations. First, fluctuations over a time scale of 5–20min in the plasma distributions and electric
field can be seen in the central ring current region for the storm main phase. We find that the plasma
pressure and the electric field EY there vary over about 10%–30% and 50%–300% of the background values,
respectively. Second, the maximum plasma pressure and magnetic field depression in the central ring
current region during the main phase are well correlated with the Dst index.

1. Introduction

Geomagnetic storms are identified using the Dst or SYM-H indices, whose depression is mainly attributed to
the enhanced ring current in the inner magnetosphere [Dessler and Parker, 1959; Frank, 1967]. The major
source of the ring current is regarded as the plasma transported from the main plasma sheet. From the
viewpoint of solar wind-magnetosphere coupling, the main phase of a major storm is associated with the
enhanced dawn-to-dusk electric field when the interplanetary magnetic field (IMF) Bz is strongly southward
for hours [e.g., Gonzalez and Tsurutani, 1987]. Intuitively, a larger dawn-to-dusk electric field in the plasma
sheet suggests that the earthward E× B drift would be stronger, and thus, the plasma from the main plasma
sheet (for example, tailward of �15 Re) could be readily transported to the inner magnetosphere. However,
Hori et al. [2005] showed that the large-scale electric field in the near-Earth plasma sheet is not enhanced
during the storm main phase.

It remains quantitatively unclear what the dominant transport mechanism from the plasma sheet to the ring
current is: large-scale increased convection or localized bursty injections. There are several arguments based
on observations and theory suggesting that bursty bulk flows (BBFs) play an important role in the storm time
ring current enhancement. BBFs are also commonly termed “bubbles,” which are defined as bundles of flux
tubes containing a lower value of the entropy parameter PV5/3 than their neighbors [Pontius and Wolf, 1990],
where P is the plasma pressure and V= ∫ds/B is the flux tube volume per unit magnetic flux. Bubbles acceler-
ate to a high speed due to the earthward tension force inside their depleted flux tubes. Those BBFs/bubbles
are believed to account for the majority of transport in the plasma sheet [e.g., Angelopoulos et al., 1994],
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serving as an important mechanism for particle acceleration and transport from the magnetotail to the inner
magnetosphere [e.g., Lyons et al., 2003; Birn et al., 2011; Yang et al., 2011]. They can penetrate deep into the
inner magnetosphere through interchange instability [e.g., Wolf et al., 2009], which often leads to magnetic
field dipolarization and particle energization during storm times [Ohtani et al., 2007; Gkioulidou et al., 2014;
Turner et al., 2015]. On the other hand, numerical simulations of Lemon et al. [2004] suggested that it was
difficult for lossless adiabatic convection to transport a fully populated flux tube from the middle plasma
sheet into the ring current region even when the cross polar cap potential (CPCP) drop is 100 kV. This is
because the inflation of the magnetic field induces a dusk-to-dawn induction electric field on the nightside
that partially counterbalances the convection electric field.

In recent years, the Rice Convection Model (RCM) and the Rice Convection Model-Equilibrium (RCM-E) have
been extensively used to investigate how the plasma inside depleted flux tubes is transported in the near-
Earth region [Lemon et al., 2004; Zhang et al., 2008; Zhang et al., 2009a, 2009b; Yang et al., 2008, 2011,
2012, 2014a, 2014b]. The model uses the slow-flow approximation and assumes an isotropic pressure distri-
bution along magnetic field lines. The RCM computes the adiabatic E× B and gradient/curvature drifts of
plasma in the inner and middle magnetosphere and its coupling to the underlying ionosphere by using a
multifluid representation of the plasma distribution (see review by Toffoletto et al. [2003]). The potential elec-
tric field is calculated by solving the fundamental magnetosphere-ionosphere coupling equation [Vasyliunas,
1970]. In the RCM-E, the RCM code is coupled with amagneto-friction code, which keeps themagnetic field in
equilibrium with the plasma pressure [Lemon et al., 2003].

The goal of this paper is to investigate the effects of localized plasma sheet injections quantitatively. For the
first time, we have simulated idealized storm main phases with the RCM-E augmented by additional bubble
injections to a degree consistent with their statistical properties. The setup of the simulation and the details of
the test particle tracingwill be given in section 2. Wewill show themodeling results in section 3 and summarize
the paper in section 4.

2. RCM-E Simulation Setup and the Test Particle Tracing

A two-step approach is employed. In the first step, we design a series of RCM-E simulations of the storm
main phase. The basic idea is similar to Yang et al. [2014a], which is to adjust the tailward boundary condi-
tions of the RCM so that the modeled probability density function (PDF) of the plasma sheet velocity is
roughly consistent with Geotail data. In the second step, we trace test particles backward in time in the
RCM-E computed fields to identify the source of the ring current. The details will be given in sections 2.1
and 2.2, respectively.

2.1. RCM-E Simulation Setup

We first use the magneto-friction code [Lemon et al., 2003] to relax the empirical magnetic field model
[Tsyganenko, 1989] with Kp= 1 and the plasma pressure model [Tsyganenko and Mukai, 2003] to equilibrium.
The force-balanced magnetic field and the plasma distribution are used as initial conditions for all the runs.
The RCM simulation region is set as elliptical shaped in the equatorial plane as

X � X0

a

� �2

þ Y
b

� �2

¼ 1 (1)

where a and b are the semimajor and semiminor axes of the ellipse with its origin at (X0, 0). This RCM
simulation uses 400 nonuniformly spaced grid points in latitude and 361 uniform grid points in longitude,
which can resolve about 0.1 × 0.1 Re spatial structure, on average, in the r= 3–15 Re region. We only
include protons and electrons in the RCM-E simulations, and other species are not considered in this study.
The ionospheric conductances are estimated from the International Reference Ionosphere 90 empirical
ionospheric model plus enhancement due to electron precipitation, which is assumed to be at one third of
the strong-pitch angle scattering limit in the plasma sheet. Ion loss by charge exchange is based on a
model provided by J. Bishop (private communication, 1988), who provided lifetimes for both H+ and O+
with different energies and at L values based on an approximate equilibrium pitch angle distribution that
the flux tube attains after charge exchange has depleted the small pitch angles. The details of the model
are reported in Freeman et al. [1993].
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In the RCM, the distribution function fs of a certain species for a given energy invariant λs (=EsV
2/3, where Es is

the particle kinetic energy in channel s) is conserved along the drift path except for losses. The plasma bound-
ary condition for fs is given as

f s t;ϕ; λsð Þ ¼ q t;ϕ; ξð Þf bg λs;ϕð Þ (2)

where fbg is the distribution function for the background; q is a scaling function, governing the degree of
depletion and dependent on a set of random numbers ξ ; and ϕ is the local time angle in the ionosphere
(0 at noon, π at midnight, and 0.5π and 1.5π at the dusk and dawn terminators). We choose fbg as a kappa
(κ = 6) distribution function [Christon et al., 1989], i.e.,

f bg λs;ϕð Þ ¼ m

2π κ � 1:5ð ÞkB TV2=3=CT
� �" #3

2 Γ κ þ 1ð Þ
Γ κ � 0:5ð Þ

nVð Þ

1þ λs
κ�1:5ð ÞkB TV2=3=CTð Þ

� �κþ1 (3)

where nV is the number of particles per unit magnetic flux, TV2/3 is the energy parameter, and CT is a factor
that controls the plasma sheet temperature. For protons, we set T and n as the proton temperature and
number density given by the Tsyganenko and Mukai [2003] model, determined by hypothetic solar wind
conditions, i.e., IMF Bz, VSW, and NSW. The electron temperature is assumed to be one sixth of the proton
temperature, and the electron number density is assumed to be the same as protons. V is set as the flux
tube volume from the equilibrated magnetic field model used for the initial condition. Because T, n, and V
are dependent on local time, fbg is thus implicitly dependent on ϕ along the boundary. The function q is a
bounded function, i.e.,

q t;ϕ; γð Þ ¼
l if 1� dpAm tð ÞH ϕð Þcos Mϕð Þ < l

1� dpAm tð ÞH ϕð Þcos Mϕð Þ if l ≤ 1� dpAm tð ÞH ϕð Þcos Mϕð Þ ≤ h

h if 1� dpAm tð ÞH ϕð Þcos Mϕð Þ > h

8><>: (4)

where

H ϕð Þ ¼
cos2 ϕ � πð Þ if ϕ � πj j < π

2

0 if ϕ � πj j ≥ π
2

8><>: (5)

and

Am tð Þ ¼
X2

n¼1
cos

2πnt
T

þ 2πξm;n

� �
(6)

In this paper, l= 0.05, which corresponds to a maximum depletion of 95%; h= 1.0, enforcing only bubbles (no
blobs with larger PV5/3 than the background) on the boundary; dp= 0.8, specifying the degree of depletion.
The function H(ϕ) allows depletion only on the night sideoundary. Am(t) represents the effects of fluctuations
associated with bubbles and is governed by a set of random numbers, ξm,n, where m=1 for the first bubble
channel, m= 2 for the second bubble channel, etc. Mathematically,

m ¼ INT M* ϕ � π=2ð Þ=πð Þ þ 1 (7)

where the function INT(x) rounds down to the next lower integer. We set M=6, which yields effective widths
of bubbles being 2–3 Re, with the tailward boundary set at ~15 Re; we also set T= 900 s, which yields effective
injection time of bubbles being 3–4min. Those values in the simulations are consistent with observed spatial
[Nakamura et al., 2004] and temporal characteristics [Ohtani et al., 2004] of BBFs. For example, Movie S1 in the
supporting information shows PV5/3 along the boundary for run #1, and Movie S3a shows the bubble
injections in the equatorial plane. The characteristic features of the PV5/3 reduction are clearly illustrated in
these animations.

The electric field inside a bubble is physically enhanced, for both induction and potential components. The
increase of the induction electric field is associated with the magnetic field dipolarization, which is calculated
self-consistently in the RCM-E. The increase of the potential electric field is associated with the buildup of
charges on the edges of the bubble [e.g., Pontius and Wolf, 1990; Nakamura et al., 2001]. Therefore, we place
a concentrated electric field along the sector of the boundary where the bubble is injected. We define the
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electric potential distribution in equation (8) such that the majority of the electric potential is applied inside
the bubble channels in the night side boundary.

Φ ϕ; tð Þ ¼
� CPCP

1
2
� V ϕ; tð Þ
V

3π
2
; t

� �
0BB@

1CCA if ϕ � πj j < π
2

� sin ϕð Þ
2

CPCP if ϕ � πj j ≥ π
2

8>>>>>><>>>>>>:
(8)

where

V ϕ; tð Þ ¼ ∫ϕπ
2
g ϕ ′; t
� �

rdϕ ′ (9)

and

g ϕ; tð Þ ¼ CEAm tð ÞH ϕð Þ cos Mϕð Þ if Am tð ÞH ϕð Þ cos Mϕð Þ > 0

1 if Am tð ÞH ϕð Þ cos Mϕð Þ ≤ 0

�
(10)

Here g(ϕ, t) is essentially proportional to the westward electric field in the plasma sheet. We set CE=20 so that
g(ϕ, t) for a given time t is much larger than unity when the flux tube is depleted (Am(t)H(ϕ)cos(Mϕ)> 0), and
the intensity of the electric field is proportional to the degree of depletion. CPCP is the cross polar cap poten-
tial drop applied to the RCM simulation region, defined as

CPCP ¼ Φ1 þΦ2 �Φ1

T2
t if t < T2

Φ2 if t ≥ T2

8<: (11)

It gradually ramps up from Φ1 to until time T2 and then levels off at Φ2. (CPCP is a constant if Φ1=Φ2.) Movie
S2 shows electric potentials along the boundary. The steep slopes in the nightside correspond to enhanced
electric field inside bubbles where PV5/3 is reduced (Movie S1).

Using controlled MHD experiments, Birn et al. [2004] have found that stronger entropy reduction leads to
faster earthward flow speeds of bubbles, and wider bubbles tend to be slower than narrow ones, for the
same entropy reduction. While our boundary conditions also control the widths, the entropy depletion
of bubbles and enhanced azimuthal electric field, they are also varied with time and with local time in a
random fashion. Therefore, these parameters span in a fairly large range, with their averages consistent
with aforementioned observed statistics. We also used Geotail data to constrain the modeled PDF of
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Figure 1. Probability density functions of VX from 11 years of Geotail data (black) and from the RCM-E simulation of run #1
for X<�10 Re region (red) and Vr for the region inside geosynchronous orbit (blue).
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earthward flows (see Figure 1). Among the adjustable parameters, we found that the degree of depletion
and the concentration of the electric field inside bubbles are most critical for producing a PDF of VX in the
plasma sheet that is consistent with Geotail observations, while the variable widths of the bubbles have
only minor effects on the velocity PDF. Thus, two parameters, dp in equation (4) and CE in equation (10),
are adjusted by trial and error to best match the data in run #1 and are then fixed for all other runs. Ten free
parameters are used in this study: three for the geometry of the RCM simulation region (x0, a, and b in
equation (1)); three for the solar wind conditions, IMF Bz, VSW, and NSW; one for the plasma sheet tempera-
ture CT in equation (3); and three for the CPCP,Φ1,Φ2, and T2 in equation (11). In this study, we modeled 20
idealized storm main phases, from minor to intense ones. Table 1 lists the values of these free parameters
and the Dst index at the end of the each simulation, calculated using a synthetic magnetogram code
[Ontiveros, 2009; Yang et al., 2010]. The magnetic field in these 20 simulations is re-equilibrated every
5min; effects of that will be discussed in section 3.1.3.

2.2. Test Particle Tracing

A test particle tracing code has been developed for this study. The code places one test particle for a given
energy invariant channel on each RCM grid point that is mapped inside geosynchronous orbit at the end of
a simulation. Therefore, the total number of test particles for an RCM-E run is the number of the energy invar-
iant channels, which is 120, times the number of grid points mapped inside geosynchronous orbit, which var-
ies from ~65,000 to ~100,000. Thus, a total of 8–12 million test particles, including both electrons and protons,
are traced for each simulation. The test particles are traced backward with time from the end of the simulation
to the beginning. If a particle remains inside the RCM simulation region, the particle is defined as a “trapped
particle”; if it crosses the boundary at time t and through a local time ϕ, and if q(t, ϕ, ξ)> 0.75 at that given
t and ϕ, the particle is defined as a “nonbubble particle,” meaning it crossed the boundary outside bubble
channels; if it crosses the boundary and if q(t, ϕ, ξ) ≤ 0.75 at that given t and ϕ, the particle is defined as a
“bubble particle,” meaning it crossed the boundary inside a bubble. The distribution function obtained from
RCM-E code at each grid point at the end of the simulation is assigned to the test particle. Knowing the sources
of all the test particles and the distribution function, we are able to calculate the contribution from each source
to the total plasma kinetic energy inside geosynchronous orbit.

The drift physics in the test particle tracing code is the same as in the RCM-E, which is the sum of E× B and
gradient/curvature drift. The electric and magnetic fields obtained from the RCM-E are used in the tracing.
The adaptive Runge-Kutta method is used for the particle advection scheme. To ensure the accuracy of the

Table 1. Setup Parameters for 20 Idealized Storm Main Phase Simulations

Run No. Time (h) Dst (nT) Φ1 (kV) Φ2 (kV) T2 (h) x0 (Re) a (Re) b (Re) CT NSW (cm�3) VSW (km/s) IMF Bz (nT)

1 8 �186 150 150 NA �3.25 11.75 10 2.5 5 400 �3
2 6 �123 100 160 6 �3.25 11.75 10 1 5 400 �3
3 8 �213 150 150 NA �3.25 11.75 10 2 5 400 �3
4 5 �257 100 200 3 �3.25 11.75 10 2 5 400 �3
5 4.5 �273 200 200 NA �3.25 11.75 10 2 5 400 �3
6 3 �50 100 100 NA �3.25 11.75 10 1 5 400 �3
7 5 �63 100 100 NA �3.25 11.75 10 1 5 400 �3
8 8 �71 100 100 NA �3.25 11.75 10 1 5 400 �3
9 6 �198 100 200 3 �3.25 11.75 10 1 5 400 �3
10 6 �190 100 200 3 �4 13 12 2 5 400 �3
11 4.5 �179 100 200 3 �3.25 11.75 10 1 5 400 �3
12 5 �188 100 200 3 �3.25 11.75 10 1 5 400 �3
13 7 �199 100 200 5 �3.25 11.75 10 1 5 400 �3
14 4 �159 200 200 NA �4 13 12 2 5 400 �3
15 8 �35 50 50 NA �3.25 11.75 10 1 5 400 �3
16 9 �56 75 75 NA �3.25 11.75 10 1 5 400 �3
17 4 �96 150 150 NA �4 13 12 1 5 400 �3
18 4 �145 200 200 NA �4 13 12 1 5 400 �3
19 7.5 �81 150 150 NA �3.25 11.75 10 1 15 600 �15
20 7 �127 150 150 NA �4 13 12 2 5 400 �3

Journal of Geophysical Research: Space Physics 10.1002/2015JA021398

YANG ET AL. PLASMA SHEET BUBBLES IN STORM TIME RING CURRENT 7420



tracing, a maximum allowed time step is also set for each test particle such that the particle will come back to its
starting location after it is traced backward and then forward. We also calculate the mean absolute errors

Ej ¼
XN

i¼1
Xij
o � Xij

R

			 			
N

(12)

and the mean of square of absolute percentage error

Fj ¼
XN

i¼1

Xij
o�Xij

R

Xij
o


 �2

N
(13)

obtained from the particle tracing code. Here Xij
o and Xij

R represent the starting location and the returning
location (after tracing backward and then forward) for a given test particle, i is the number index for a test
particle for a given energy invariant channel, N is the total number of particles for that given channel, and
j= X or Y, denoting the position in the equatorial plane. In our results, we find that Ej is mostly between
10�6 and 10�3 Re and Fj is mostly between 10�7 and 10�5 for both X and Y. This is a clear indication that
the numerical accuracy achieved in the particle tracing code is very good.

3. Simulation Results
3.1. Run #1, an Intense Storm With Dst=�186nT
3.1.1. Overview
Run #1 is a simulation of an 8h storm main phase with a constant CPCP=150 kV (Table 1). We set a relatively
colder plasma sheet than Tsyganenko andMukai [2003], with CT=2.5, which encourages the ring current forma-
tion for a given plasma sheet pressure. The calculated Dst index gradually decreases to �186nT at t=8h
(Figure 2a), which is qualified as an intense storm [Gonzalez et al., 1994]. Movie S3 shows an overview of the
storm main phase development in the equatorial plane, which depicts the formation of a very strong ring cur-
rent pressure distribution (Movie S3b) accompanied with numerous fast flows (Movie S3c) that are associated
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Figure 2. (a) CalculatedDst index, (b) plasmapressure, and (c) electric field EY atX=�4 and Y=1 Re in the equationplane for run #1.

Journal of Geophysical Research: Space Physics 10.1002/2015JA021398

YANG ET AL. PLASMA SHEET BUBBLES IN STORM TIME RING CURRENT 7421



with bubble injections (Movie S3a) in
the near-Earth plasma sheet. Figure 1
compares the PDF of VX in the RCM-E
simulation and from the Geotail data.
VX in the RCM-E is the sum of E× B
and proton diamagnetic drift in the
equatorial plane tailward of X=�10
Re. To our knowledge, there is no
PDF of plasma sheet flows specifically
for the storm main phase; therefore,
we choose to use 11 year Geotail data
of all geomagnetic conditions as our
guide for setting the boundary
conditions. The Geotail data set for
VX is within �19< X<�10 and
�10< Y< 10 Re from the plasma
sheet, the same as used in Yang et al.
[2014a]. By tuning the parameters dp
and CE, we were able to make the
modeled PDF (red) highly consistent
with the Geotail data (black). The
PDF of the radial component of

plasma flows earthward of geosynchronous orbit has a much narrower spread, suggesting more than 2
orders of magnitude smaller probability of observing ~100 km/s flows inside geosynchronous orbit than in
the plasma sheet.

In the central ring current region, the peak plasma pressure is about ~117 nPa at t= 8h. Figure 3 shows the
differential fluxes of protons at X=�3 and Y=2 Re where the plasma pressure is 101 nPa at the storm
maximum. The differential fluxes are elevated between 8 and 150 keV, with a peak value at about 70 keV.
3.1.2. Contribution of Bubbles to the Ring Current Energy
In this study, we define the ring current as the region inside geosynchronous orbit. The test particle tracing
results summarized in Table 2 indicate that the particles coming from the bubble channels through the RCM
boundary are the major contributor to the ring current. Particles from bubble channels, from nonbubble chan-
nels and from initially trapped population contribute 70%, 16%, and 14% of the plasma kinetic energy inside
geosynchronous orbit, respectively; in terms of number of particles, they contribute 80%, 14%, and 6%, respec-
tively. It is worth noting that based on Table 2, the mean kinetic energy of particles in the ring current region is
lower for those coming from the bubble channels than those coming from nonbubble boundary conditions.
This is because a substantial fraction of energetic protons (above ~80 keV) are transported into the 5–6.6 Re
region from the dawnside through nonbubble forms, while the particles transported by bubbles are mainly
coming frompremidnight to postmidnight sectors and are less energetic than those coming from the dawnside.

Our calculation also indicates that the number of particles transported into the RCM simulation region
through bubble channels constitutes only 30% of the total, while those particles coming from a nonbubble
boundary is actually more than bubbles, i.e., 70% of the total number. These numbers clearly suggest that the
bubbles are much more effective than non bubbles in injecting plasma into the inner magnetosphere.
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Figure 3. Differential fluxes of protons at X =�3 and Y = 2 Re in the equation
plane at T = 0 (black) and T = 8 h (red) of run #1.

Table 2. Contribution of Different Sources to the Ring Current Region (Inside Geosynchronous Orbit) for Run #1

Plasma Energy Inside
Geosynchronous Orbit

Number of Particles Inside
Geosynchronous Orbit

(1015 J) (%) (1029) (%)

Total 1.95 100% 5.66 100%
From bubbles 1.37 70% 4.52 80%
From nonbubbles 0.31 16% 0.80 14%
From trapped particles 0.27 14% 0.34 6%
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One comment on the results shown in Table 2 is that we use q(t, φ, ξ) = 0.75 for the criterion to distinguish bubbles
and non bubbles. This number does not have any particular fundamental physical significance, but was chosen to
better relate the fast flow nature with bubbles. We believe that very little depletion in PV5/3 is unlikely to lead to
significant flow velocity; therefore, a strict definition of bubbles and nonbubbles with q(t, φ, ξ) = 1.0 is not most
appropriate for our study. Nevertheless, for completeness and rigor, we calculated the contributions of different
sources, using q(t, φ, ξ) = 1.0 to distinguish bubbles and nonbubbles in the test particle tracing code. Thenwe find
that bubbles and nonbubbles contribute about 80% and 6% to the total ring current energy inside geosynchro-
nous orbit, respectively. This is because we now count some of the nonbubble particles as bubble particles when
we change the critical value of q from 0.75 to 1.0. Of course, the trapped particle contribution remains unchanged.

The test particle tracing results for λs=1000 eV(Re/nT)2/3 are animated in Movie S4. This energy invariant
channel corresponds to ~8 and 50 keV plasma kinetic energy at X=�6.6 and�3 Re in themidnight. Note that
the animation plays forward in time, although particles were traced backward. The purple dots represent
trapped particles, which are mainly circling westward around Earth due to gradient and curvature drifts;
the black and red dots represent bubble particles and nonbubble particles. Consistent with the values in
the previous paragraphs, there are certainly many more black dots than red ones, because the bubbles
are the major source of the ring current. Figure 4 shows snapshots for selected times, with blue arrows
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particles that are defined as trapped particles, bubble particles, and nonbubble particles. The blue arrows indicate bubble injections through the tailward boundary.
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assisting in the visualization of several large clusters of black dots injected through bubble channels. The
readers may notice that particles coming through the boundary tend to be injected primarily from the dawn
side at the beginning of the storm (Movie S4), so that those particles seem to spend much more time in the
simulation region than those are injected from the dusk side in the later times of the storm. This is because
the electric potentials tend to be swept toward dawn in the dawnside and then toward dusk near the Alfvén
layer (at r~3 Re); thus, the particles coming from the dawnside boundary have a longer distance to travel than
those injected through premidnight sector. Thus, Movie S4 might give the readers an impression that the
transport through the dawnside boundary contributes more than the transport through the premidnight
and midnight sectors, which is not true. Our calculation shows that only 34% of the number of particles from
the outer boundary are injected through 00:00–12:00 magnetic local time (MLT), while 66% are injected
through 12:00–24:00 MLT. The fact is that injections from both the dawnside and the premidnight sector
are continuously feeding plasma into the inner magnetosphere, although through distinct trajectories.

The mechanism for the ring current enhancement is through two related elements, bubbles and the flux
tubes pushed ahead of bubbles. An example of such a coherent structure moving earthward is shown in
Figure 5. In the context of RCM, the increase of the plasma pressure in the inner magnetosphere can be
roughly approximated as the increase of PV5/3, because the flux tube volume there is expected to change lit-
tle. Movie S5 demonstrates that PV5/3 inside r~9 Re at t= 8h (blue curve) is significantly elevated compared
with the initial condition (red curve), indicating the strong ring current formation. Every sharp dip near the
boundary (black line) is associated with one bubble injection. Those bubbles typically have a value of PV5/3

in the range of 0.02–0.08 nPa(Re/nT)5/3, which is substantially larger than the values inside geosynchronous
orbit during nonstorm times (e.g., red curve). Therefore, the bubbles themselves are directly transporting
plasma with larger distribution functions into the inner magnetosphere. The flux tubes immediately earth-
ward of the bubbles are pushed inward by the bubbles. They are the other element that also plays an impor-
tant role in the pressure buildup [Zhang et al., 2008; Yang et al., 2011]. The electric field that is concentrated
inside a bubble channel leaks out at the head of the bubble, which yields strong earthward E× B drift velocity
there. Thus, the flux tubes that were not part of the bubble are nowmoving coherently with the bubble. They
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upward indicate flux tubes earthward of the bubble and the bubble itself.
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also contain values of PV5/3 that are larger than the quiet time values inside geosynchronous orbit, which can
increase the ring current pressure as well. The spatial extent of these flux tubes is usually 1 Re in our simula-
tion. These two mutually related elements can be seen clearly in Movie S5 as the small oscillations propagat-
ing earthward. Of course, when the bubbles reach inner magnetosphere, they slow down and deform into
the background as the particles with different values of the invariant λs drift differently.
3.1.3. Signatures in the Central Ring Current Region
Due to the strong magnetic field, bubble injections are expected not to cause fast flows in the central ring cur-
rent region between r=3 and 5 Re. Instead, we find that the plasma pressure and the electric field EY experience
numerous fluctuations in that region. The fluctuations in the plasma pressure are about 5–10nPa and the
fluctuations in EY are about 0.5–2.0mV/m on a background value of 0.5–1.0mV/m (Figure 2). We also notice that
their magnitudes have a tendency to increase toward the stormmaximum. The reason is that PV5/3 in the inner
magnetosphere increases as the ring current builds up; thus, the bubbles with the same amount of PV5/3

reduction will penetrate deeper in the storm maximum than in the beginning of the storm and the perturba-
tions also become more intense [e.g., Birn et al., 2004; Wolf et al., 2009].

However, a substantial fraction of the fluctuations registered in Figures 2b and 2c are artifacts associated with
the update of the force-balanced magnetic field. Due to the numerical limitations, the magnetic field equili-
brium in the RCM-E simulation of storms cannot be calculated less than every few minutes. For run #1, it is
every 5min. Each time the newly calculated magnetic field is updated, the plasma pressure and the electric
field have a sudden change, which is particularly clear in the regular zigzags during the first 2 h of the simula-
tion. In order to investigate the effects of the magnetic field re-equilibrium frequency on the simulation, we
reran this simulation with exactly the same initial and boundary conditions but with magnetic field re-
equilibrated every 20min and every 40min, named run #1-20min and run #1-40min. The comparison is
shown in Figure 6, which indicates that the background ring current pressures in the three runs agree very
well. The magnetic field depression in run #1-20min is almost always smaller than that in run #1 and depres-
sion in run #1-40min is always smaller than that in run #1-20min. Again, the magnetic field re-equilibrium at
designated time intervals introduces sudden changes in the plasma pressure and EY. However, when the
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Figure 6. (a) Plasma pressure, (b) electric field EY, and (c) Bzwith dipole component subtracted at X =�4 and Y = 1 Re in the
equation plane for run #1 with magnetic field re-equilibrated every 5min (red), every 20min (black, run #1-20min), and
every 40min (blue, run #1-40min).
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magnetic field was hold constant between every 20min in run #1-20min and between every 40min in the
run #1-40min, we still obtained a large number of fluctuations (especially in EY) with a time scale of only
5–20min. Furthermore, the magnitudes of the fluctuations in both pressure and EY are comparable with
those in run #1. Thus, we believe that those fluctuations should be considered as real physical signatures
associated with the flux tubes pushed by bubble injections. Most of the bubbles in this simulation did not
penetrate as deep as r= 4 Re (see Movie S5); however, the electric field that leaked earthward of the bubbles
did perturb the plasma population, and thus, the registered real signatures in Figure 6 are associated with
bubbles, indirectly. This 5–20min time scale is related to the bubble injection time scale and/or the temporal
separation of different bubble injections. We have also calculated the contributions of different sources to the
ring current energy at the end of run #1-20min and find bubbles, nonbubbles, and trapped particles contri-
bute 71%, 18%, and 11% to the total, consistent with the results from run #1.

3.2. Run #2, an Intense Storm With Dst=�123nT

For the purpose of possible comparison with Van Allen Probes and/or Time History of Events and Macroscale
Interactions during Substorms (THEMIS) data, we also choose to show the results of run #2, an intense storm with
aminimumDst=�123nT (Figure 7a), becausemost of the storms during this weak solar circle have aminimumDst
larger than�150nT. Run #2 is a simulation of a 6h stormmain phase, with CPCP ramping up from 100kV to 160kV.
CT=1.0, representing a hotter plasma sheet than run #1. Again, we used the test particle tracing to investigate the
sources of the storm time ring current. For run #2, particles from bubble channels, from nonbubble channels and
from initially trapped population contribute 61%, 24%, and 15% of the plasma kinetic energy inside geosynchro-
nous orbit, respectively; in terms of number of particles, they contribute 69%, 21%, and 10%, respectively.

The signatures of the plasma pressure (Figure 7b) and EY (Figure 7c) in the central ring current region in run #2
are similar to run #1, e.g., numerous fluctuations, although a substantial fraction of them are still artifacts due
to the magnetic field equilibrium. Their magnitudes also have a tendency to increase toward the storm
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maximum. The magnitudes of fluctuations in pressure and EY are typically about 5–10 nPa and 0.5–3mV/m,
respectively, with a time scale of 5–20min. We have noticed that a large number of fluctuations in the plasma
pressure have roughly the same time scale as those observed in the Van Allen Probes data during a storm
with a minimum Dst~�137 nT [Gkioulidou et al., 2014]. However, the amplitudes of the fluctuations in their
observations were only less than 1–2 nPa, much smaller than the values from our simulation. We think the
difference may lie in the different regions the “observations” were made. In our opinion, the Van Allen
Probes probably did not traverse the central ring current region during the storm main phase (see Figure 1
in their paper), and the observations were made on the edge of the ring current, where their background
pressure was only about 10 nPa. It might also be possible that our calculation overestimated the plasma pres-
sure overall. Based on the results of section 3.1.3, the magnetic field strength in the ring current region
decreases when the frequency of the magnetic field re-equilibrium increases (Figure 6). Thus, we expect that
if the force-balanced magnetic field was calculated at much shorter time scale than every 5min, the obtained
flux tube volume in the inner magnetosphere would be larger, which will decrease the plasma pressure for a
given PV5/3 distribution.

3.3. Results From 20 Idealized Storms

A total of 20 idealized storm main phases are simulated in this study. Their average duration is shorter than
typically observed [Yokoyama and Kamide, 1997], primarily because numerical difficulties prevented us from
modeling longer time periods with the RCM-E. With the test particle tracing code, we can calculate the con-
tributions of different sources as a function of storm intensity. Figure 8a shows that the total plasma energy
inside geosynchronous orbit and that contributed by bubbles are well correlated with Dst index. The linear
fitting results are as follows, with the correlation coefficients (CC) of �0.97 and �0.98, respectively.

Etotal ¼ �8:64�1012Dst þ 4:16�1014 (14)

Ebubble ¼ �6:63�1012Dst þ 0:22�1014 (15)

The energy contributed by nonbubble particles and by trapped particles are at relatively low values. The lin-
ear fitting results are

Enonbubble ¼ �1:02�1012Dst þ 1:42�1014 (16)

Etrapped ¼ �1:00�1012Dst þ 2:53�1014 (17)

with the CCs of only �0.61 and �0.44. Figure 8b shows the best fit of the ring current contribution in
percentage. If Dst<�70 nT,

p ¼
21% for trapped particles

61% for bubble particles

18% for nonbubble particles

8><>: (18)

Figure 8. (a) Plasma kinetic energy inside geosynchronous orbit versusDst index at the end of each simulation for 20 idealized
storm events. Contributions from trapped particles, bubble particles, and nonbubble particles and their summation are in
green, red, blue, and black, respectively. CC represents correlation coefficients. (b) The percentages of the contributions for the
three different sources.
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While if Dst ≥�70 nT,

p ¼
1:32%� Dst þ 70ð Þ þ 21% for trapped particles

�1:32%� Dst þ 70ð Þ þ 61% for bubble particles

18% for nonbubble particles

8><>: (19)

We find that both the plasma pressure and the magnetic field depression in the central ring current region at
the end of each run are also very well correlated with Dst index, as indicated by the CCs being nearly unity
(Figure 9). The polynomial fitting of the peak pressure in the ring current region PRCmax and the linear fitting
of the minimum magnetic field with dipole component subtracted Bz_ext_min are as the following,

PRCmax ¼ 0:0034� Dst2 þ 0:135� Dst þ 19:40 (20)

Bz_ext_min ¼ 2:27� Dst � 32:65 (21)

One would not expect spacecraft to traverse right through the local extremum of the pressure or external Bz.
Therefore, we calculated the quantity averaged over a sector that is centered at the corresponding extremum
and covers over ±1 h in local time and ±1 Re in radial distance. The averaged values PRCavg and Bz_ext_avg are
again fitted with Dst index in the following equations, which should be more feasible for test against data.

PRCavg ¼ 0:00070� Dst2 � 0:252� Dst � 3:91 (22)

Bz_ext_avg ¼ 1:76� Dst � 48:37 (23)

We have shown in section 3.1.2 that the role of bubble injections is to transport flux tubes with higher PV5/3

than the quiet time values into the inner magnetosphere. Another way to look at this is to calculate the total
PV5/3 contained in the ring current region. Kan et al. [2007] proposed to estimate the flux integral of the
entropy function that is required to support a storm time ring current. They define

G ¼ ∫PV5=3dΦ (24)

where Φ is the magnetic flux and the integration is over the region inside geosynchronous orbit. We have
known that the total plasma energy in the ring current region is

W ¼ 3
2
∫Pdx3 ¼ 3

2
∫PVdΦ ≈

3
2
∫PV

5
3dΦ= < V

2
3 > (25)

Combining with the Dessler-Parker-Sckopke relationship [Dessler and Parker, 1959; Sckopke, 1966], we have

Dste�W e�G (26)

Our results in Figure 10 confirm that G is indeed proportional to Dst index as

G ¼ �1:31�Dst þ 102:5 (27)

Figure 9. (a) Maximum plasma pressure and locally averaged values (see text for definition) at the end of each run versus
Dst index for the 20 idealized storms. (b) Minimum equatorial Bz with dipole component subtracted and locally averaged
values (see text for definition) versus Dst index.
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Unfortunately, testing this relationship against data is currently not feasible because of the difficulties in
estimating of the parameter G for the entire ring current region.

Although our RCM-E simulations have emphasized the localized bubble injections as the major contributor to
the storm time ring current, it does not undervalue the importance of the large-scale background electric
field. For example, run #9 and run #15 have exactly the same plasma boundary conditions. However, the over-
all CPCP applied in run #9 is 100–200 kV, which turned out to be an intense storm with a minimum
Dst=�198 nT; while the overall CPCP applied in run #15 is only 50 kV, which is merely a weak storm with a
minimum Dst=�35 nT (Table 1). The test particle tracing results show that the contributions of bubbles, non-
bubbles, and trapped particles to the ring current energy inside geosynchronous orbit are 60%, 23%, and
17% for run #9 and 22%, 16%, and 62% for run #15, respectively. The interpretation of such difference is illu-
strated in Figure 11. Apparently, with a smaller background EY, the inner magnetosphere is less accessible to
the plasma sheet particles, as the Alfvén layer is more distant from Earth, which explains why the trapped par-
ticle contribution is dominant for the weak storm. As the background EY increases, the Alfvén layer is pushed
earthward, which leads to the increase of the plasma sheet contribution in percentage. The argument used
here is essentially the classic inner-magnetosphere drift physics that has been adapted to explain storm time
ring current formation [Brice, 1967; Kavanagh et al., 1968; Chen, 1970; Kozyra et al., 1998; Chen et al., 2003]. Our
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Figure 11. Test particles inside geosynchronous orbit at the end of the simulations for run #9 and run #15. Purple, black,
and red dots represent trapped particles, bubble particles, and nonbubble particles with λs = 1000 eV(Re/nT)2/3. For
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Figure 10. Parameter G at the end of each run versus Dst index for the 20 idealized storms.
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results did not contradict that. The contribution of this study is that we revealed the ring current energy for
moderate and intense stormsmainly due to localized bubble injections, not through large scale convection in
the plasma sheet.

4. Summary

We modeled 20 idealized storm main phases using the RCM-E. The boundary conditions of the model were
designed to include bubble injections such that the modeled statistical properties of plasma flows in the
near-Earth plasma sheet are consistent with observations. We also used a test particle tracing code to identify
the sources for the ring current inside geosynchronous orbit. The main discovery of this study is that the bub-
bles contribute an average of ~61% to the plasma energy inside geosynchronous orbit for storms with Dst
smaller than �70 nT, while nonbubble-like transport from the plasma sheet and the trapped particles only
contribute 18% and 21% on average. The standard deviation is about 10%. Therefore, we conclude that
the plasma sheet bubbles are the dominant source of the ring current for moderate and intense storms.

We have discussed the mechanism of bubble injections to the ring current in detail. To summarize, the bub-
bles penetrate earthward through interchange instability. Those flux tubes and the flux tubes pushed by the
bubbles are two elements that transport higher distribution functions into the ring current region than the
quiet times, which thus leads to higher ring current strength.

We propose two predictions that can be tested against observations. (1) There are fluctuations with a typical
time scale of 5–20min in the plasma pressure and electric field EY in the central region current region (r= 3–5
Re when mapped in the magnetic equator). They are related with bubble injections, but not exactly as bub-
bles in the plasma sheet. The fluctuations in the plasma pressure are likely of the magnitude of 5–10 nPa or
10%–30% of the background values. The fluctuations in EY are likely of the magnitude of 0.5–3mV/m or
50%–300% of the background values. (2) The extrema of the plasma pressure and the external Bz component
in the central ring current region are very well correlated with Dst index (equations (20)–(23)).

The RCM-E simulations presented in this study have several limitations. (1) The code did not include ion outflows
directly onto field lines within the RCM-E modeling region, which is considered to be important for intense
storms [Hamilton et al., 1988] and active associated with substorm activities [Daglis and Axford, 1996]. (2) It is dif-
ficult to change the magnetopause standoff distance in the RCM-E, so that parameter was held constant in runs
presented here. Consequently, the results presented here may not be representative of storms that involve
major compressions and expansions. (3) It did not include the inertial effects that are important when the flow
velocity is large. There are apparently a number of bubble injections presented in this paper reaching an average
velocity greater than 300 km/s in the near-Earth plasma sheet. Yang et al. [2014a] argued that these bubbles
would substantially violate the RCM-E slow-flow approximation. Using MHD simulations, Wolf et al. [2012]
showed that neglect of inertial effects in bubble-injection situations where they are not negligible does not pre-
vent RCM-E from correctly predicting total magnetic-flux transport, magnetic dipolarization, and the associated
particle energization, because bubbles would eventually stop at their equilibrium locations in their simulations.
However, both Panov et al. [2010] and Wolf et al. [2012] showed that bubbles may overshoot and rebound
around their equilibrium location. Therefore, we speculate that bubbles could penetrate deeper into the inner
magnetosphere when effects of their overshoot were taken into account than not, which implies that the con-
tribution of bubbles to the ring current energy may increase further. Wolf et al. [2012] also showed that the
neglect of inertial effects can lead to artificially high velocities for a given reduction of PV5/3. Thus, we anticipate
that when we include inertia, more severely depleted bubbles will have to be introduced in the simulation to
maintain the same degree of agreement in VX PDF, so that the contribution of bubbles to the ring current energy
may also increase. (4) The magnetic field calculation in the magnetofriction code is computationally expensive
and it also accumulates numerical noise. This prevents us from updating the magnetic field at less than 5min
intervals and handicaps the simulation of storms with longer durations. (5) The setup of boundary conditions
for bubbles was simply consistent with several statistical properties, which may fail to represent realistic bubble
injections in storms whose characteristics can substantially deviate from statistical averages. (6) The simulations
did not model explicit substorm injections. Although bubbles or BBFs are generally regarded as substorm asso-
ciated activities, not all the individual bubble injections in the simulations involved necessary elements that
define them as fully developed substorms (e.g., growth phase and auroral poleward breakup). Modeling a real
geomagnetic stormwith the aforementioned limitations addressedwill be a challenging subject for future work.
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