
Test particle simulations of the effect of moving DLs on ion outflow

in the auroral downward-current region

K.-J. Hwang,1 R. E. Ergun,1,2 L. Andersson,1 D. L. Newman,3 and C. W. Carlson4

Received 11 July 2007; revised 15 August 2007; accepted 2 November 2007; published 23 January 2008.

[1] Test particle simulations of ion outflow in the auroral downward-current region are
carried out to investigate the effect of a series of highly localized, moving double
layers. Double layers (DLs) have been observed in the downward-current region, but may
not be the only source of electron acceleration. However, when present, they may
dramatically affect ion outflow. In the simulation the double layers (DLs) move anti-
earthward along the magnetic field (B) at the ion-acoustic speed and are assigned a
perpendicular ion heating profile along B that moves with them. The DL speed and the
associated ion heating profile are based on in situ observations and dynamic simulations.
This configuration greatly changes the mechanism of the ion outflow in the
downward-current region from the classical ion-pressure cooker picture. In the moving DL
model, a majority of out-flowing ions do not pass through the DL. Instead, the ions tend to
be pushed in front of a DL or trapped between two DLs which enforce outward
motion and result in a significant increase in net number and energy fluxes of upgoing
ions. The ion distributions from the simulations compare well to FAST observations as a
function of the relative distance from the DL position along B.
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1. Introduction

[2] Ionospheric ion outflow is referred to as the transport
of the ions from Earth’s ionosphere to the magnetosphere,
sometimes resulting in a significant composition of heavy
ions in the plasma sheet [Chappell et al., 1987]. Outflows of
heavy ions can influence the global magnetospheric dynam-
ics by reducing the cross-polar cap potential and by acting
as an energy sink of the solar wind energy flowing into the
auroral region [Winglee et al., 2002]. Spacecraft observa-
tions from Polar, Akebono, and FAST [Yau and Andre,
1997; Fuselier et al., 2006; Peterson et al., 2001, 2002;
Andersson et al., 2004] found that ion outflows are most
intense along the longitudinally extended auroral oval and
in the cusp region. The strongest outflows are observed at
noon and midnight sectors, especially at the poleward edge
near midnight [Andersson et al., 2005].
[3] The mechanism associated with ion outflow may be

separated into two processes. The initial process involves
bulk ion upflows in which cold (�0.1 eV) ionospheric ions

acquire a greater scale height with average energies less
than 10 eV [Yau and Andre, 1997]. The energy for bulk
upflows is either from dissipative Joule heating by Poynting
flux into the lower ionosphere or from the ambipolar
electric field formed by enhanced electron temperatures
from the precipitation of soft (less than 500 eV) electrons
[Strangeway et al., 2005; Andre and Yau, 1997]. These
heated, upwelling ions comprise a seed population for the
second process in ion outflow in which a fraction of
upwelling ions is further energized to surpass their escape
velocity, sometimes up to keV energies. In auroral upward
current regions, the ions can be accelerated by parallel
electric fields (Ek). Other important processes include
wave-resonant heating from, for example, broadband ELF
and VLF waves termed Broadband Extremely Low
Frequency waves (BBELF) [Lynch et al., 2002], lower
hybrid waves, or electromagnetic ion cyclotron waves
[Andre and Yau, 1997], non-resonant wave heating
[Norqvist et al., 1998], or electron phase-space holes
[Ergun et al., 1999].
[4] This article concentrates on ion outflow in downward-

current regions of the aurora [Carlson et al., 1998a, 1998b].
The downward-current region is characterized by intense
upgoing electron beams with a downward directed Ek. Ion
outflow in the downward-current region is commonly
observed despite the fact that Ek should retard the upward
ion motion. An often-referenced model for ion outflow
known as the ‘‘ion pressure cooker’’ [Gorney et al., 1985]
invokes perpendicular ion heating and the magnetic mirror
force to explain how the ions overcome the downward
Ek; Ek confines ions until their perpendicular velocity is
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increased enough so that the upward mirror force exceeds
the retarding downward force of Ek.
[5] Direct observations of localized (�10 Debye lengths)

double layers (DLs) in the downward-current region
[Ergun, 2003; Ergun et al., 2001; Andersson 2002] indicate
that they may be an important electron-acceleration mech-
anism. There are insufficient statistics to determine if DLs
are dominant processes, but when present, they clearly
change how ion outflow must be modeled. These observa-
tions [Ergun, 2003; Ergun et al., 2001; Andersson, 2002]
indicate that the DLs move upward (anti-earthward) at
velocities comparable to the ion-acoustic velocities and
generate intense, broadband electrostatic turbulence on the
high-altitude side. Numerical simulations of DLs in the
downward-current region [Newman et al., 2001] support
the observations. The anti-earthward motion, seen in both
observation and simulation, is needed to satisfy the Böhm and
Langmuir criteria [Raadu and Rasmussen, 1988]. The Ek
structures consist of several regions: a low-potential region
with moderate low-frequency turbulence, a nearly mono-
tonic potential ramp region, a beam region with an unstable
electron distribution, and a turbulent region with intense
electrostatic waves and nonlinear structures interpreted as
electron phase-space holes. The intense electrostatic waves
and electron phase-space holes are expected to heat ions,
possibly acting as one of the major sources of ion heating in
the downward-current region [Ergun et al., 1999]. In
contrast to the heating profiles used in many models
without DLs [e.g., Gorney et al., 1985; Jasperse, 1998],
these observations suggest that, if DLs are present, the most
intense ion heating occurs on the high-altitude side of Ek.
[6] The purpose of this paper is to investigate how

moving DLs and their heating profiles can influence the
ion heating and outflow process in the downward-current
region. Using a test particle simulation, we impose DLs and
ion heating profiles that are based on observations and
simulations. The 11=2-D (1-D space and 2-D velocity)
box is initially filled with ionospheric H+ and O+ ions.
The DLs and their heating profiles have continuous anti-
earthward motion at velocities on order of the local ion
acoustic velocity. The results show that ion outflow
associated with moving DLs and their incorporated heating
profiles significantly differs from the ion pressure cooker
model. The ions do not penetrate the DL potential but,
instead, are trapped above or between the moving DLs by
the rapid perpendicular heating by the DL’s turbulence (on
the high-altitude side) combined with the magnetic mirror
force.
[7] In section 2, we describe our 1-D test-particle simu-

lation code for the auroral downward-current region ion
outflow. In section 3, a simulation run with non self-
consistent moving DLs is presented. Comparison to FAST
observation of downward-current-region ion outflow with a
moving DL is introduced in section 4. Results are discussed
in section 5 followed by summary comments in section 6.

2. Description of Test-Particle Simulation

[8] Although the technique is relatively rudimentary, test-
particle simulations can include most of the salient physical
processes which are critical for ion outflow in the down-
ward-current region, and have the advantage over fully self-

consistent codes that they can cover an extended region
(1000s of kilometers) along a flux tube. This code is not
self-consistent in that moving DLs and their heating profiles
are artificially imposed. However, all the parameters
describing the DLs and their heating profiles are con-
structed from observation [Karlsson and Marklund, 1996;
Marklund et al., 1997; Elphic et al., 2000; Marklund et al.,
2001; Andersson, 2002; Ergun, 2003] and dynamic simula-
tion results [Newman et al., 2001; Singh and Khazanov,
2005].
[9] The test particles (ions) are treated in one spatial (z)

and two velocity (vz, v?) dimensions. The simulation
domain extends from the F region ionosphere �200 km in
altitude, to 12,000 km (about 2.9 RE) reaching the plasma
sheet at night-side aurora latitudes (L � 7–8). At both the
top and bottom of the simulation domain we incorporate
open boundaries, which allow particles within the box to
leave the domain without affecting the interior state.

2.1. Equations of Ion Motion

[10] Particles in the box are subject to the gravitational
force, the magnetic mirror force, and parallel electric fields
as they move along the flux tube:

ms

dvk

dt
¼ �msag � mrkBk þ qsEk

vk ¼
dz

dt

where ms and qs are, respectively, the mass and the charge
of species s, ag is gravitational acceleration, m is the
magnetic moment. The ion energy in the perpendicular
direction of B is governed by adiabatic motion along B and
perpendicular heating;

dW?

dt
¼ �mvkrkBk þ H

where H is the heating rate. These forces, m, and heating
rate are a function of z, the distance along B (referred to as
altitude for convenience), and time. In our study the
perpendicular heating is assumed to be applied to individual
particles stochastically, i.e., by a series of perpendicular
random velocity kicks representing scattering by waves (on
both the high- and low-potential sides of the DL) or by
electron phase-space holes (on the high-potential side of the
DL). This heating can be carried out, in practice, by
changing the perpendicular velocity each step (n);

v2? nþ1ð Þ ¼ v2? nð Þ þ 2v? nð Þdv? nð Þ cos 2panð Þ þ dv2? nð Þ

where dv? (n) is a random (Gaussian) velocity increase
adjusted to impose the desired heating rate, and an is a
random number between 0 and 1. This mathematical
formalism is meant to mimic both resonant and non-
resonant heating.
[11] Since the DLs are localized to an extremely small

region along B in the simulation domain, they are treated as
being infinitesimally thin. Trajectories of ions near a DL are
calculated from the relative motion between the ions and the
DL. Ions that catch up with the DL (from below) are either
reflected by the DL with a final velocity, vn+1 = 2vDL � vn
(if their parallel energies in the DL frame are less than the
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DL potential) or pass through the DL with a resulting

velocity, vn+1 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vn � vDLð Þ2�2qsFDL=ms

q
+ vDL if their

parallel energies are greater than DL potential. Ions that
pass through the DL from top to bottom down experience an
increase in energy.

2.2. Initialization and Equilibrium

[12] 120,000 particles of ionospheric H+ (48,000) and O+

(72,000) ions are initially loaded inside of the box, with a
Poisson distribution in space (based on a selected iono-
spheric temperature, both H+ and O+ at 0.1 eV) along B, a
normal distribution in parallel velocity, and in perpendicular
energy. A higher temperature or initial scale height of
ionospheric ions will result in a larger seed population for
ion outflow.
[13] Most initialized ions are gravitationally bound and

would exit the at the bottom boundary of the simulation
domain. Very few of the initialized ions exit at the top
boundary (considered to have escaped) without additional
heating. In the simulation, DLs are imposed no lower than
1500 km and the heating can extend below the DL by no
more than 500 km (see later in section 2.4). To save
computing time, ions with insufficient energy to reach
1000 km in altitude are not explicitly advanced in time.

However, we account for these ions in the calculation of the
density profile, as in Figure 1a, below 1000 km in altitude.
The region between 200 km and 1000 km is included in the
simulation domain to account for mirroring ions.
[14] As the simulation advances, ions are replenished at a

constant rate by injection at 1000 km. Injection rates are
determined by the initial temperature and density of each
species, so that the quasi-static environment of the lower-
altitude region (i.e., below the region influenced by forces
associated with the DL) ot the flux tube is maintained. A
third population, precipitating plasma sheet ions, also can be
included, but are ignored in this paper since we only focus
on outflow. They may, however, contribute to the density of
ions in the flux tube.
[15] In this work, we first advance the simulation with no

DLs for 7000 time steps (1 time step = 0.1 s, i.e., tfinal =
700 s) to verify the equilibrium state (stipulated at time, ‘t0’)
with the nominal injection rates. Figure 1a shows density
profiles of H+ (red: at t0; orange: at tfinal) and O+ (green: t0,
blue: tfinal) ions. A small, natural ion upwelling without any
acceleration or heating assigned to the system is shown as an
increase in the ion scale-height at higher altitudes. However,
the initial density profiles of H+ and O+ at low altitudes
remain relatively constant throughout the run.

2.3. Double Layers

[16] The imposed DL potential and speed vary as func-
tions of distance along the flux tube (z) and time. Andersson
[2002] and Ergun et al. [2001], Ergun [2003] each reported
events showing highly localized structures with a net
potential of a few tens to a few hundred Volts moving
anti-earthward at the local ion-acoustic speed. The net
potentials on these events were roughly ten times the
electron temperature of the low-altitude side. The potential
jump of a DL in numerical simulations is also scaled as the
electron temperature in the low-potential side of the DL
[Newman et al., 2001]. These observations and simulations
imply that DL potential increases with altitudes or there
exists another DL of a higher-potential jump above it. In
one published event [Andersson, 2002], the electrons on the
low-altitude side of a 750 V DL appeared to have been
accelerated to �70 eV by a similar processes at lower
altitudes suggesting that more than one DL could reside
on the same flux tube.
[17] Similar downward-current region DLs have been

observed �1400 km and up to 4200 km in altitude (FAST
apogee). Ergun et al. [2001] estimated the altitude range
from just below �2000 km to FAST apogee based on VLF
saucer observations. Since no downward-current region
DLs have been reported from the Polar satellite (perigee
�1 RE), the occurrence of these structures must decline near
�1 RE. Electron and electric field observations from Freja,
FAST, Polar, and Cluster [Karlsson and Marklund, 1996;
Marklund, 1993; Elphic et al., 2000; Marklund et al., 1997,
2001] support a �1500 km - �1 RE altitude range.
[18] In our simulation, a series of localized DLs are

modeled with a potential profile of a step-function (down-
ward-directed Ek a delta function). In accordance with the
observations, we generate a DL at 1500 km in altitude with
an initial velocity of 1 km/s (on order of the ion-acoustic
velocity at 1500 km) and a potential of 1 V. Since the
initially loaded ions have a thermal energy of 0.1 eV, a 1-V

Figure 1. Initialization of the simulation: (a) H+ and O+

profiles at two different times of t0 (H
+ in red, O+ in green)

and tfinal (H
+ in orange, O+ in blue), (b) DL potential (black)

and velocity profile (blue), and (c) the DL-associated
heating profile relative to the DL position.
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DL at 1500 km in altitude already can affect the lower
ionospheric ions. The DL potential grows as it moves along
B (200–300 V at FAST altitudes of 2500–4000 km) until it
eventually reaches a saturation altitude (set at 6000 km in
the simulation) and then decays (Figure 1b). The velocity
profile of the DL along z is pre-determined according to the
measured local ion acoustic velocities at three reference
altitudes of 1500 km, 4000 km, and 12,000 km, and shown
as a blue curve in Figure 1b. The DLs travel faster at higher
altitudes since the ions are hotter.
[19] The first DL is created at t0, and the second and third

DLs with the same velocity and potential profiles are each
launched 150 seconds apart. A total run time of 700 seconds
is selected to represent a typical time period of a few
hundred seconds for the topside-ionospheric ions to reach
several thousand km in altitude [Yau and Andre, 1997]. This
time period is also sufficient for the second DL to move
through the box completely.

2.4. Ion Heating Rates

[20] The next step is to associate a realistic heating profile
with each of the moving DLs. Observations demonstrate
that the highest wave turbulence is within a few tens of
electron Debye lengths above the DL, and falls off with
distance from the DL location [Andersson, 2002; Ergun,
2003; Ergun et al., 2001]. Dynamic simulation results
[Newman et al., 2001, 2007] also suggest that the level of
intense wave turbulence and electron phase-space holes
peak very close to and above the DL. Both observations
and simulations are consistent with a model in which the
strongest heating occurs on the high-potential (high-alti-
tude) side and that the heating profile moves with the DL.
[21] The heating rates from waves and turbulence asso-

ciated with the DL can be estimated directly from the
observations. One method is calculating the random veloc-

ity kicks from observed perpendicular electric fields. Using
this method of calculation, the heating rates are inferred to
peak at �11 eV/s for H+ based on a published event by
Andersson [2002]. Another estimation of the heating rates
can be made from the power of the broadband wave
turbulence (Figure 2) in a narrow band (10%) surrounding
the ion cyclotron frequency [Chang et al., 1986]. This
method provides somewhat higher heating rates, typically
tens of eV/s for H+, but up to several hundred eV/s for O+ in
the strongest region of turbulence.
[22] Because of the rapid anti-earthward motion of the DL

(tens km/s) [Ergun, 2003; Ergun et al., 2001; Andersson,
2002], the electric field turbulence responsible for ion
heating can be measured above and below the DL when
the spacecraft is in the middle of DL passage. However, the
spacecraft motion is primarily across B, so the wave power
observations are only well defined close to the DL. The
observations indicate that (1) the ion heating extends many
tens of kilometers from the DL on both the high- and low-
potential sides, (2) ion heating is less intense on the low-
potential (low-altitude) side, (3) the ion heating decays more
rapidly on the low-potential side, and (4) the ion heating is
highly variable. It is difficult to estimate the extent of the ion
heating from published numerical simulations because of the
limited simulation domain.
[23] For our test-particle simulations, we make several

simplifying assumptions. First, the separation between the
DL and the location of the strongest heating is small, so we
set the peak heating rate to be coincident with the position
of the DL. Second, since ion heating is a slow process, we
model the ion heating rate as a smooth function of altitude
(z) ignoring the strong, small-scale variations. Third, we
assume the heating rate scales as the net potential of the DL
squared (see Table 1). This assumption gives a good
correspondence to the measured heating rate at the
position of the DL from published FAST observations
[Andersson, 2002; Ergun, 2003]. Finally, we model the
ion heating as decreasing exponentially with distances from
the DL. Figure 1c shows a heating rate profile associated
with a single DL of 1 V. The extension (decay length) of the
heating differs above and below the DL. They are but
crudely estimated from observations so we treat them as
parameters.
[24] The equations for the heating-rate profiles as a

function of z on the high- and low-potential sides of the
DL are given, respectively:

HH z � zDLð Þ ¼ AH Fð Þ exp 2 z� zDLð Þ
LH

� �

HL z < zDLð Þ ¼ AL Fð Þ exp 2 zDL � zð Þ
LL

� �

[25] Selection of various peak amplitudes (AH, AL) and
vertical extension (LH, LL) can define a series of different
heating profiles, although in this present study we restrict
consideration to a single, nominal set of values. The scale of
the high-potential-side heating, LH, is partly motivated from
FAST observations of where electric field turbulence and
electron phase-space holes are observed up to 1000 km
from the accelerating source [Ergun et al., 1999]. The low-
potential-side heating is expected to be neither as extensive

Figure 2. Power spectral density of broadband low-
frequency waves below 1 kHz (BBELF) from a published
FAST case study [Andersson, 2002]. Two vertical lines
indicate O+ and H+ gyrofrequencies.
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nor as intense as the heating in the high-potential region,
based on the levels of fluctuating electric fields in DL
simulations [Newman et al., 2001; Singh and Khazanov,
2005]. For the run presented in this paper, LH and LL are
set to 500 km and 50 km, respectively, as indicated in
Figure 1c.
[26] Analytic estimations of ion-wave heating rate [e.g.,

Chang et al., 1986] indicate that ion heating rates are
proportional to the wave power spectral density divided
by ion mass. Figure 2 shows BBELF (below 1 kHz) power
spectral density during the time of the FAST crossing of a
DL [event published by Andersson, 2002]. The slope of
about �1.7 corresponds to the Kolmogorov five-thirds law
in turbulence theory. Two vertical lines mark the gyrofre-
quencies of H+ and O+ ions. Under the assumption of
resonant heating, the heating rates for H+ and O+ differ by
a factor of seven. To accommodate this difference, we
assign seven times larger heating to O+ ions than H+ but
use the same values of LH and LL for each species. Table 1
shows (1) the peak heating rates (AH, AL) at the position of
a DL and (2) the total (integrated) heating rates (SH, SL) on
the high- and low-potential sides of a DL for both H+

and O+.

3. Simulation Results

3.1. Ion Dynamics in the Presence of Moving DLs

[27] Figure 3 shows a snapshot in time from the test-
particle simulation with nominal heating profiles. Ions are
plotted as single points in red for H+ and green for O+. In
each of the panels, the vertical axis represents the altitude.
Panels (a) and (b) display the parallel energy of earthward
and anti-earthward moving ions, respectively. Panel (c)
plots the potential profile (green), the location of the three
individual DLs (black), and the heating rate (blue). Panels
(d) and (e) display the perpendicular energy and density
profile of all ions. We selected two virtual observation
altitudes, 4000 km (near FAST apogee) and 10,000 km, to
quantify ion number fluxes as well as to probe ion distri-
bution patterns (marked as horizontal lines in Figure 3).
[28] It is clear from the test-particle simulations that ion

outflow is regulated by the DLs. The most interesting
feature is that the first (uppermost) DL appears to ‘‘plow’’
the majority of the ambient ions upward through a combi-
nation of its motion, the strong ion heating immediately
above the DL, and the magnetic mirror force. As a result,
the ion density is increased just above the DL and is very
low immediately below the DL (Panel e).
[29] As the double layer forms and grows, ions that were

initially above the DL are heated by high-potential side
turbulence as seen in their perpendicular energy profiles

(Panel d). If an ion’s perpendicular energy is increased fast
enough that the mirror force accelerates it to the DL speed,
it remains on the high-potential side of the DL and con-
tinues to be heated. As a result of heating, most of these ions
reach their escape velocities and exit the top of the simu-
lation box (Panel b). If the parallel velocity of an ion does
not increase fast enough, the DL overtakes the ion and
accelerates it downward. The result is a downgoing ion
beam (shown as weak streaks in Panel a) which implies that
a small fraction of ions above the DL pass through the DL
from top to bottom. Hot plasma sheet background popula-
tions, which are not as significantly affected by the
DL-associated heating as ionospheric populations, would
provide a background density in the vicinity of the DL,
possibly contributing to the sustenance of a self-consistent
DL.
[30] Ions immediately below the DL are heated by the

weaker low-potential side wave heating. Most of these ions
are not heated fast enough to catch up with the DL. Of the
few ions that catch the DL, most do not have sufficient
energy to pass through the DL. As a result, very few ions
pass through the DL from low to high altitude (Panel b).
Interestingly, many of these ions left behind the DL can
slowly escape from gravity just from the heating on the low-
potential side of the DL. Furthermore, if a second DL grows
at a lower altitude, it provides significant additional heating
to the ‘‘left over’’ ions which reside between two DLs. Such
particles ultimately are trapped between the two DLs, and
move upward with the DLs.
[31] The O+ ions are found to reach higher temperatures

than H+ ions (Panels b and d) because of their slower speed
(i.e., O+ ions stay longer in the heating region) as well as
higher heating rate assigned to them. These heated O+

outflows persist at a moderate level until the end of the
run, whereas the majority of H+ ions leave the box during
the first DL passage. The moving DLs effectively empty the
flux tube of H+.

3.2. Density Evolution

[32] Figure 4 shows the density profiles for H+ (red) and
O+ (green) ions at selected times during the run. Panels a to
c show how the flux tube density is altered and depleted by
the DLs. Panels d to g show the evolution of H+ and O+

density profiles during the DL passages. In all of the plots,
the position of the first DL is marked with a blue star, the
second DL with a green star, and the third DL with a violet
star.
[33] The initial density profiles are shown in Figure 4a.

As a DL develops, a corresponding dip in the H+ density
develops slightly above a density dip in the O+ profile

Table 1. The Vertical Extents of a Heating Rate Profile (LH and LL), Peak Heating Rates (AH and AL, Set to be Equivalent in This Paper),

and Total Heating Rates (SH and SL) for a DL of a Potential of F-Volts are Showna

LH, km LL, km AH, AL, eV/s SH =
R

z� zDL

HH dz SL =
R

z< zDL

HL dz

H+ 500 50 9.0 � 10�5 � F2 2.25 � 10�2 � F2 2.25 � 10�3 � F2

O+ 500 50 6.3 � 10�4 � F2 1.58 � 10�1 � F2 1.58 � 10�2 � F2

aSubscripts, H and L, indicate the high- and low-potential side, respectively. O+ ions are assigned to higher heating than H+ ions by a factor of 7, based on
analytic and observational studies.
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(Figure 4b). At the end of the run (Figure 4c), the flux tube
has been significantly depleted compared to the initial state.
[34] Figures 4d–4e show a series of H+ and O+ profiles

selected to follow the first DL. Each successive density
profile is shifted vertically by 10 cm�3. As the DL moves
along the flux tube, the density minimum remains immedi-
ately below the DL and the density maximum remains
above the DL up to 6000 km for H+, the altitude at which
the DL begins to decay. The density structure is not as
prominent for O+ when the DL is at high altitudes
(Figure 4e). These figures demonstrate the ‘‘plowing’’ effect
of DL; the DL appears to push bulk H+ and O+ ions along
the flux tube with its motion up to and above the DL decay
altitude of 6000 km in case of H+ ions. At low altitudes, O+

ions also appear to be ‘‘plowed’’ by the DL. However, the
higher heating rate of the O+ combined with their relatively
slow parallel speeds causes the O+ distribution to acquire a
broader energy range. The hotter part of the O+ distribution

reaches the top of the simulation box before the H+ ions.
The low-energy part of O+ distribution does not have
sufficient speed to keep pace with the DL. As a result of
the broader energy range, the O+ density jump associated
with the DL quickly fades with altitude. The resulting
density profile differs from that of H+.
[35] Figures 4f–4g show a series of H+ and O+ profiles

that follow the second DL (generated 150 s after the first
DL). The position of the second DL is marked as a green
star, the third one marked as violet. The effect of the second
DL on the ion density is not as dramatic as that of the first
DL (Figures 4d–4e) since the first DL changed the back-
ground ion conditions. The density decrease below the
second DL and the density increase above the second DL
are less developed.
[36] After the passage of the first DL from the simulation

domain, the number of H+ ions within the box has decreased
by �36 percent, and O+ has been reduced by �12 percent.

Figure 3. A snapshot of H+ (red) and O+ (green) ion outflow simulation at t = 408 s: (a) parallel energy
of earthward ions, (b) parallel energy of anti-earthward ions, (c) DL potential (green) and heating rate
(blue) with the location of the three individual DLs (black), (d) ion perpendicular energy, and (e) total (H+

and O+) density profile. Two horizontal lines at 4,000 km and 10,000 km in altitude indicate the locations
of virtual observation points.
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After the second DL passage, H+ has further decreased by
�10 percent and O+ by �6 percent. Clearly, first DL has the
largest effect on ion outflow such that it leaves the flux tube
significantly depleted. Subsequent DLs have a smaller
effect due to lower ion densities.

3.3. Number Fluxes

[37] Figure 5 shows the time history of number fluxes of
ions (H+ in red, O+ in green, and sum of the two in black) at
altitudes of 4000 km (Panel a) and 10,000 km (Panel b). The
transits of the first and second DL are marked with vertical
lines.
[38] The upper plot shows that the out-flowing flux peaks

just prior to the transit of a DL. As the DL passes a rapid
decrease in fluxes is seen. The density decrease is in the
regions of highest heating just above and immediately
below the DL. The O+ flux peaks (Panel a, �330 s) before
H+ peaks (Panel a, �370 s) by a few tens of seconds, most

likely because of the broader energy range of O+. The first
H+ flux peak (Panel a, �370 s) has very high number fluxes
and dominates the outflow associated with the passage of
the first DL. The subsequent DL passages, however, have
much lower fluxes of H+ whereas O+ fluxes remain nearly
the same. The highest O+ fluxes are associated with the
passage of the third DL. The O+/H+ flux ratio increases with
time from 0.6 during the first DL to 2.1, and 4.9, for the
second- and third DL, respectively.
[39] Figure 5b plots number fluxes of ions at 10,000 km.

Recall that the DLs in the simulation decay above 6000 km.
None-the-less, the H+ fluxes peak sharply before the pas-
sage of the first DL. Subsequent DL passages are not as
pronounced. The H+ fluxes appear to decrease monotoni-
cally with time. O+ fluxes are relatively constant but
increase somewhat near the end of the run. At initial
(around t = 300) and final (t = 700) times O+ fluxes
dominate over the H+ fluxes.

Figure 4. Panels a to c: H+ (red) and O+ (green) density profiles at t0 (a), 300 s later (b), and at the end
of the run (c), showing that the flux tube density fluctuations and evacuation by moving DLs. Panels d
and e: the evolution of H+ and O+ density profiles during the first DL (marked as a blue star) passage
across the simulation domain. Panels f and g: H+ and O+ density profiles during the second DL (a green
star). Density profiles at delayed times are represented by vertical shifts by 10 cm�3 repeatedly.
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[40] During the early development of the DL, the higher
heating rate of O+ ions leads to a broader energy range and
gives rise to a tail in the ion distributions. This ‘‘tail’’
component rapidly mirrors upward showing a faster initial
response to the DL of O+ outflow. The low-energy O+ ions
move considerably slower than the H+ ions and lag behind,
but they can be moved upward by later DLs. As a result, O+

fluxes are seen over a longer time period whereas H+ fluxes
show a comparatively rapid burst of outflow. The time-
average number fluxes over the simulation run are 4.4 �
1010 (H+) and 4.8 � 1010 m�2s�1 (O+) at 4000 km, and
7.0 � 1010 (H+) and 4.7 � 1010 m�2s�1 (O+) at 10,000 km.
The fluxes from the simulation are within the flux ranges of
the out-flowing ions from in situ observations [Andersson
et al., 2005].

3.4. Ion Distributions

[41] The ion distributions in the simulation vary as a
function of altitude and time. At low altitudes (below
�10,000 km), they can differ dramatically depending on
the position relative to the DL. We first look at a series of
distribution functions surrounding the DLs. In Figure 6,
the distributions are compiled at an instant in time over an
altitude range of 500 km (needed for statistics). These
velocity plots are derived from the combined energy
distribution of both O+ and H+ ions by assuming a
hydrogen mass (for comparison to measured distributions
from FAST). Negative parallel velocity corresponds to the
anti-earthward velocity. The distributions surrounding the
first DL and the second DL are presented in Figures 6a–6c,
and Figures 6d–6f, respectively.

[42] The weak effect of the second DL can be explained
from the comparison of Figures 6a and 6d. These panels
show ion distributions at low altitudes around the newly
generated first (Panel a) and second (Panel d) DLs. The first
DL acts on the bulk ion population. As the second DL is
being generated (Panel d), there is a downward ion beam
created by the first DL and mirroring population which have
already been heated to a couple of hundred km/s. These pre-
heated ions are less affected by the second DL.
[43] At higher altitudes (Panels b, c and e, f), the ion

distributions surrounding the DL look similar in shape, but
the lack of background ions reduce the overall ion outflow
associated with the second DL. The pre-heated ion popula-
tion associated with the second DL creates a somewhat less-
distinct ion conic.
[44] Figure 7 shows how the ion distributions differ when

observed above the DL (i.e., before the DL passage across
the observation altitudes) and below the DL (after the DL
passage). The distributions show a dramatic change from
before to after the DL passes at both 4000 and 10,000 km in
altitude.
[45] Before the DL passes (above the DL), narrow conic

shapes are prevalently at both 4000 km and 10,000 km in
altitude (Figures 7a and 7b). The conic angles at 10,000 km
are narrower than those at 4000 km, showing a pitch angle
folding toward the anti-parallel direction to B with alti-
tude. However, adiabatic evolution based on the pitch
angle at 4000 km (Figure 7a) predicts an 11� pitch angle
at 10,000 km, which is much smaller than the average pitch
angle of 31� in the simulation (Figure 7b). The perpendicular
ion heating associated with DLs continuously counteracts
the shrinkage of conic angles toward the anti-parallel direc-

Figure 5. Time variation of outflowing ions fluxes at 4,000 km (a), and 10,000 km (b). Red (green)
curve represents H+ (O+) ion number flux, and black is sum of the two. Two vertical lines in each panel
indicate the times of sequential DL passages at each altitude.
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tion to B, thereby maintaining a relatively well-defined conic
at wider angles than adiabatic evolution would predict.
[46] After the DL passes, the distribution at 4000 km

comprises conic ions, mirrored particles with maximum
energies of thousands eV, and a downward ion beam
(Figure 7c). At 10,000 km after the DL has passed
(Figure 7d), the distributions show that the decaying DL
at that altitude has little contribution to a downward beam
generation. However, it continues to (perpendicularly) heat
the lower-energy ions at 10,000 km so as to widen their
conic angle. The heating is less effective on high-energy
ions, so the conic appears somewhat U-shaped. Another
cause of the U-shape may be from velocity dispersion.

4. Comparison With FAST Observations

[47] Figure 8 displays ion distributions measured by the
FAST ion electrostatic analyzer [Carlson et al., 2000].
These ion distributions are from a published case study
[Andersson, 2002], where physical processes were studied
in regions before, near, and immediately after a FAST
crossing of a moving DL (labeled S1–2, S3, and S4,
respectively in Figure 1 of the paper). Figures 8a–8c show
ion distributions corresponding to before (earlier than S1),
near (S1–S3), and after (S4) a DL crossing.
[48] Figures 9a–9f shows ion distributions from the

simulation at 4000 km, i.e., near FAST altitudes, plotted in

the same fashion for comparison. Far above a DL (before a
DL passage), a typical V-shape conic of up to a few hundred
eV is found (Figure 9a). The distributions closer to the DL
(e.g., the DL approaches the observation point) show that
the ion conics have energies up to and beyond hundreds of
eV and conic angles close to 90� (Figures 9b–9d). Below
the DL (Figures 9e and 9f), the ion distributions are
composed of low-energy conics, high-energy mirroring
ions, and downgoing ion beams.
[49] Ion distributions in Figures 9b–9e correspond well

to the ion distributions observed by FAST (Figures 8a–8c).
As the DL approaches the observation altitude at 4000 km,
one observes a widening conic angle and increasing conic
energy followed by the sudden appearance of downgoing
ion beams as the DL passes. After the DL passage, a
population of downgoing beam ions is seen at a constant
parallel velocity which is in agreement with the DL
potential (Figures 9d and 9e). After the DL moves far away
from the observation point (Figure 9f), heated downgoing
beam ions become mirrored upward. The simulation dis-
tributions show a good correspondence to FAST time series
observations.
[50] Ion density decrease near the FAST crossing of a

moving DL is shown in the bottom panel of Figure 8d. This
density decrease has also been found at or immediately
below the DLs in our simulation, as presented in Figure 4.
The observed density drop can be explained by the result of

Figure 6. Ion distribution functions surrounding a DL when the DL is positioned at 1,500 km (Panels a
and d), 4,000 km (b and e), and 10,000 km (c and f) in altitude. Panels a to c are following the first DL,
and Panels d to f are the second one. A negative parallel velocity corresponds to the velocity anti-parallel
to B. Both H+ and O+ ions are combined to draw the distribution patterns.
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the ‘‘plowing’’ effect of the dynamically moving DL which
disperses ionospheric ions above it by the heating from the
turbulence on the high-potential side combined with the
magnetic mirror force.

5. Discussion

[51] The test-particle simulation results demonstrate that,
if moving DLs are carrying the parallel electric field [Ergun,
2003; Ergun et al., 2001; Andersson, 2002], ion outflow
results from a quite different physical process than de-
scribed by the ion pressure cooker model [Gorney et. al.,
1985]. Most out-flowing ions do not need to overcome the
downward-pointing electric fields of the DL. Rather, they
flow in front of the DL. The DL appears to ‘‘plow’’ ions
upward along with its anti-earthward motion through the
combination of heating and the magnetic mirror force. As a
result, moving DLs can give rise to more effective ion
outflow, evacuating the downward-current-region flux tube
in a relatively short time comparable to (or even faster than)
the timescale associated with the DL lifetime.
[52] The simulation shows that, while a DL develops at

lower altitudes, the majority of the ambient ions initially
above the DL are lifted by it. If the ions gain perpendicular
energy above the DL fast enough, they can attain a

sufficient parallel (anti-earthward) velocity via the magnetic
mirror force to stay in front of the DL. For the heating rates
and DL speeds used in our simulations, a majority of the
ions are ‘‘plowed’’. Furthermore, the ions that are overtaken
by the DL are given sufficient perpendicular energy that
they continue the anti-earthward motion; even though
accelerated earthward, they mirror at lower altitudes, so
most have enough energy to escape. Once the DL grows to
large amplitudes (typically >3000 km in altitude), the
heating rates are high enough that very few ions pass from
though the DL from high to low altitude.
[53] Observations and simulations both show turbulence

on the low-potential side, albeit weaker than that on the
high-potential side. Thus ions overtaken or reflected by the
DL are still heated by the turbulence associated with the DL.
A significant fraction of those particles acquires enough
energy to escape after mirroring. Interestingly, the strong
heating limits the formation of intense downgoing ion
beams.
[54] The heated ions below the DL can still be ‘‘plowed’’

by the subsequent DLs. If so, they become trapped between
the DL above and the DL below them. These trapped
particles are lifted along with the DL motion to several
thousand km in altitude, up to the decay altitude of the DL.

Figure 7. Comparison of ion distribution functions from the simulation before (Panels a and b) and after
(c and d) a DL passage at two different altitudes of 4,000 km (a and c) and 10,000 km (b and d).
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Figure 8. Ion distribution functions from FAST observation [Andersson, 2002], corresponding to before
(a), near (b), and after (c) a DL passage. The bottom panel (d) shows ion density dip at the time of FAST
DL passage (from FAST IESA measurements).

Figure 9. Ion distributions from the simulation at 4,000 km in altitude to be compared with the
observed distributions by FAST in Figure 8. Dynamic variations of ion conic shape and energy are shown
as a function of a relative distance from the DL position.
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Again, the majority of these escaping ions do not pass
through the DL. The test-particle simulations show that the
first moving DL has the largest effect on ion outflows. It
nearly empties the flux tube with its passage across the box.
The subsequent DLs have less effect mainly due to a lack of
a source population. If there is an additional supply of a
source population such as F-region plasma patches [Semeter
et al., 2003] drifting into the downward-current-region flux
tube, the later DLs are expected to keep producing a
significant ion outflow.
[55] An analysis of the power spectral density of the

turbulence associated with the DL indicates that the heating
rate for O+ is a higher than that for H+. Because of the
higher heating rate and slower speeds the O+ distribution is
given a comparatively broad energy range (relative to H+).
Thus O+ ion fluxes can reach higher energies and are found
to emerge before H+. After the high-energy components of
O+ ions exit the simulation, a strong peak in H+ outflow is
seen. Most of the H+ outflow is associates with the
passage of the first DL; their fluxes then decrease rapidly.
The O+ outflow appears to be more steady at high altitudes
(10,000 km). As a result, the O+ contribution to the total
outflow compared to H+ ions becomes more and more
significant with time.
[56] A series of moving DLs creates a highly inhomoge-

neous ion-density profile along the flux tube. A density
increase is formed immediately above the DL. The lowest
densities are found at or immediately below the location of
the DL. At the end of the run, a significant fraction of ions
are evacuated from the flux tube above the formation
altitude of the DL. This implies that a moving DL can be
one of the important mechanisms of auroral density cavity
formation [Persoon et al., 1988] since the field lines can
drift into the upward current regions.
[57] The distributions from the test-particle simulations

are similar to observed ion distributions in many respects.
The predominant form taken by distributions of out-flowing
ions is that of ion conics. However, the ion distribution at
4000 km shows dynamic variations as a function of the
relative distance from the DL. Distributions close to the DL
have pitch angles near 90�. The DL-associated perpendic-
ular heating is found to suppress the shrinkage of conic
angles of the ion conics along the flux tube, showing a
slower folding of conics toward B. Observations of a
relatively constant conic angle with altitude in ion outflows
have been reported and statistically studied [Peterson et al.,
1992; Miyake et al., 1996; Andre and Yau, 1997].

6. Summary and Future Work

[58] The test particle simulation of ion outflows in the
auroral downward-current region indicate that a series of
localized moving DLs and associated perpendicular heating
profiles can greatly regulate the mechanics of ion outflows,
explaining the diversity of in situ observations of ion
outflows:
[59] 1. Under the moving, localized DL configuration, the

out-flowing ions do not necessarily pass through the DL.
Instead, they tend to be ‘‘plowed’’ in front of a DL or
trapped between two DLs as the DL potentials grow with
time and increasing altitude.

[60] 2. The moving DL can effectively empty the flux
tube, by lifting a significant amount of the ambient ions
along with its anti-earthward motion.
[61] 3. As the DL ‘‘plows’’ lower ionospheric ions

upward, a density pile-up is formed above the moving DL
(with a density dip at, or immediately below the DL). As a
series of DLs moves anti-earthward along the flux tube, ion-
density profiles remain inhomogeneous throughout the run.
[62] 4. The first DL has the largest effect on ion outflow,

and later DLs do less and less. Therefore ion outflow caused
by a moving DL would be seen as sporadic, but might
produce an effective ion outflow for a short time.
[63] 5. The O+ ions tend to reach higher temperatures

than H+ ions because of their slower speed and greater
heating rates. However, the bulk of the O+ ions move more
slowly than H+ ions, so the H+ ions exit the simulation box
more quickly. Therefore the relative contribution of O+

fluxes becomes larger with time.
[64] 6. The ion distributions are found to be predomi-

nately conic-shaped, but they dynamically change as a
function of the relative distance to the DL position and
over time, reproducing a variety of in situ ion-distribution
observations.
[65] 7. The ion distributions derived from the simulation

show a good correspondence to the in situ observations
from the FAST case study including the time density profile,
and up-flowing energy and number fluxes.
[66] 8. The perpendicular heating associated with the DL

is found to continuously suppress the shrinkage of ion conic
angles along the flux tube, maintaining wider conic angles
than expected for adiabatic ions.
[67] The next steps, motivated by these findings, will be

to qualitatively compare the ion outflow mechanics associ-
ated with the localized, moving DLs to that of a spatially
extended potential drop configurations. A parametric study
of heating-rate profiles and DL speeds might also provide a
better understanding about the DL-associated heating,
which is difficult to be derived from in situ observations.
In addition, the code can be further developed so as to
include hot plasma sheet background populations, and
electrons. Ultimately, self-consistent kinetic DL simula-
tions, which include the feedback of modified ion flows
due to perpendicular heating on the DL dynamics, will
make more realistic ion out-flow studies possible in the
auroral downward-current region.
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