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Abstract We investigate the propagation of Pi2 period pulsations from their origin in the plasma sheet
through the braking region, the region where the fast flows are slowed as they approach the inner
edge of the plasma sheet. Our approach is to use both the University of California, Los Angeles (UCLA)
and Lyon-Fedder-Mobarry (LFM) global magnetohydrodynamic (MHD) computer codes to simulate the
Earth’s magnetosphere during a substorm that occurred on 14 September 2004 when Pi2 pulsations were
observed. We use two different MHD models in order to test the robustness of our conclusions about Pi2.
The simulations are then compared with ground-based and satellite data. We find that the propagation
of the pulsations in the simulations, especially through the braking region, depends strongly on the
ionospheric models used at the inner boundary of the MHD models. With respect to typical observed
values, the modeled conductances are high in the UCLA model and low in the LFM model. The different
conductances affect the flows, producing stronger line tying that slows the flow in the braking region more
in the UCLA model than in the LFM model. Therefore, perturbations are able to propagate much more freely
into the inner magnetosphere in the LFM results. However, in both models Pi2 period perturbations travel
with the dipolarization front (DF) that forms at the earthward edge of the flow channel, but as the DF slows
in the braking region, −8 ≤ x ≤ −6 RE , the Pi2 period perturbations begin to travel ahead of it into the inner
magnetosphere. This indicates that the flow channels generate compressional waves with periods that fall
within the Pi2 range and that, as the flows themselves are stopped in the braking region, the compressional
wave continues to propagate into the inner magnetosphere.

1. Introduction

ULF waves observed on the ground at substorm onset with periods between 40 and 150 s, categorized as Pi2
pulsations, have been observed and studied for over 50 years. Because the pulsations are observed concur-
rently with substorm onset, they are often used to determine the precise onset time and location of substorms,
[e.g., Saito et al., 1976; Sakurai and Saito, 1976; Olson, 1999; Miyashita et al., 2000; Kepko et al., 2004; Hsu and
McPherron, 2007; Kim et al., 2007; Keiling et al., 2008]; however, there is currently no consensus on how and
where the pulsations themselves are generated in the magnetosphere. A recent review of Pi2 by Keiling and
Takahashi [2011] lists seven different models for Pi2 generation. The source regions described in these models
range from the reconnection region in the tail to the plasmasphere, and each describes a different mechanism
for generating the pulsations.

In the tail models the Pi2 frequencies are inherent to the flow channel (bursty flow model [Kepko et al., 2001],
described below) or the reconnection region itself (pulsed reconnection model [Keiling et al., 2006]), or they
are generated by plasma instabilities in the near-Earth plasma sheet (instability-driven model [Solovyev et al.,
2000; Keiling et al., 2008]). In the bursty flow model [Kepko and Kivelson, 1999; Kepko et al., 2001, 2004], bursty
bulk flows (BBFs), which are plasma flows in the tail with vx > 100 km/s [Angelopoulos et al., 1992, 1994]
produced by reconnection in the near-Earth plasma sheet, generate Pi2 period pulsations as they travel earth-
ward. The bursty flow model separates Pi2 into three distinct categories: transient response (TR), inertial
current (IC), and directly driven (DD). As BBFs propagate earthward from the reconnection region they send
Alfvén waves along the field lines into the ionosphere. Due to an impedance mismatch between the plasma
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sheet and the ionosphere, part of that signal is reflected. This generates a bouncing Alfvén wave on the field
lines associated with the fast flow. From the ground, this bouncing Alfvén wave would be observed as Pi2
pulsations at high latitudes since it is linked to the relatively distant tail. This source for Pi2 pulsations was first
discussed by Southwood and Stuart [1980], and it is included in the bursty flow model as the source for TR Pi2.

As BBFs propagate into the braking region and approach the inner edge of the plasma sheet, the dipolariza-
tion front signature in Bz diminishes as the flow speed decreases to background levels. IC Pi2 are generated
by time variations in the flow velocity in the braking region [Shiokawa et al., 1997; Yumoto et al., 1989; Nagai
et al., 1998; Kepko et al., 2001]. Both TR and IC Pi2 pulsations are associated with the substorm current wedge
McPherron [1972]. However, they have slightly different signatures on the ground. Specifically, TR Pi2 have
a damped sinusoidal form that continues after the driving flow has stopped, and IC Pi2 have a relatively
constant amplitude and are only present while the flows are present. In addition, the waveforms of the IC Pi2
match the flow variations in the magnetotail while the TR Pi2 waveforms do not [Kepko and Kivelson, 1999;
Kepko et al., 2001].

For the disturbance generated by the flow channels to be observable on the ground at middle to low latitudes,
the disturbance must continue propagating earthward from the inner edge of the plasma sheet to low
L shells. In the bursty flow model, when the BBFs reach the inner edge of the plasma sheet, they generate a
compressional pulse that continues to travel earthward into the inner magnetosphere. Trains of flow bursts
generate packets of compressional pulses that travel earthward, coupling to the shear wave at low L shells
and are observed on the ground at middle to low latitudes. These perturbations make up the DD category of
Pi2 pulsations.

Another model for the generation of Pi2 pulsations in the magnetotail is the instability-driven model [Solovyev
et al., 2000; Keiling et al., 2008; Keiling, 2012]. Keiling [2012] specifically identifies the drifting ballooning mode
in the near-Earth plasma sheet as the source for Pi2 period pulsations measured on the ground. Pulsations
generated through this mechanism would be observed at high latitudes and could potentially coexist with
Pi2 generated through the transient response mechanism described above.

The set of models that describe Pi2 generation by mechanisms in the magnetotail account mainly for Pi2
pulsations observed at high latitudes on the ground. The bursty flow model also includes a mechanism for
the generation of middle- to low-latitude Pi2 pulsations via the directly driven (DD) category of Pi2. There
are several additional models that can account for middle- to low-latitude Pi2 pulsations. Each of the models
for Pi2 generation in the inner magnetosphere requires that a disturbance in the tail must impact the inner
edge of the plasma sheet, exciting a compressional wave that travels earthward. The Pi2 frequencies are then
selected out by some mechanism in the inner magnetosphere. Some of the candidates for Pi2 selection in
the inner magnetosphere are plasmasphere cavity modes [Saito and Matsushita, 1968; Yeoman and Orr, 1989;
Sutcliffe and Yumoto, 1991; Takahashi et al., 1992], plasmasphere virtual resonance (PVR) [Fujita et al., 2002],
and plasmapause surface waves [Chen and Hasegawa, 1974; Sutcliffe, 1975; Southwood and Stuart, 1980]. The
difference between these models and the bursty flow model is the source of the Pi2 period in the magnetic
pulsations. The bursty flow model attributes the period of the pulsations directly to the flow bursts, while the
inner magnetosphere models attribute the period to wave modes associated with the plasmasphere. Obser-
vations of Pi2 by Uozumi et al. [2009] verify the existence of shear waves that are generated by a compressional
wave in agreement with the directly driven model for generation of middle- to low-latitude Pi2.

Each of the existing Pi2 models is based on satellite and ground-based observations. However, the short
duration of Pi2 packets (10–15 min), combined with the low spatial and temporal resolution of measurements
both on the ground and in the magnetotail make it very difficult to understand Pi2 generation based on
measurements alone. Few simulation studies have been carried out to investigate Pi2 generation. Lee and
Lysak [1999] used an MHD simulation with ideal dipole to investigate Pi2 generation in the plasmasphere
as a result of a compressional disturbance propagating Earthward in the magnetotail. More recently, Fujita
and Tanaka [2013] used a global MHD simulation to investigate the TR and PVR generation mechanisms for
Pi2. The authors of that study found that their simulation results showed compressional waves generated at
the inner edge of the plasma sheet that would then be trapped in the inner magnetosphere, consistent with
the PVR mechanism for Pi2 generation. They also concluded that if the Alfvén waves were properly reflected
by the ionosphere, the TR Pi2 would be established. A recent event study of a substorm on 14 September
2004, simulated by using the UCLA 3-D global magnetohydrodynamic (MHD) model [Ream et al., 2013],
examined whether flow bursts generate Pi2 period fluctuations in the tail as they travel earthward from the
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reconnection region. The authors showed that inside ∼ −12 RE the earthward velocity, magnetic field, and
pressure all fluctuate at Pi2 frequencies when a flow channel is present. In this paper, we follow on the results
of Ream et al. [2013] and use both the Lyon-Fedder-Mobarry (LFM) and the UCLA 3-D global MHD simulations
to further study the Pi2 pulsations observed during this substorm event. We investigate how the fluctuations
generated by fast flows in the tail propagate through the braking region into the inner magnetosphere. We
also investigate the effects of different ionospheric models used in the simulations on the propagation of the
perturbations. It has been shown that convection in the tail is strongly linked to the ionospheric conductance
[Coroniti and Kennel, 1973]. If the perturbations are being carried by the fast flows from the tail into the inner
magnetosphere, the magnitude of the ionospheric conductance should strongly affect how far earthward the
perturbations can propagate. The global MHD simulations that we use lack a plasmasphere, so we are not
able to investigate models in which the plasmasphere’s response is important. We focus on the disturbance in
the magnetotail and near-Earth plasma sheet and investigate whether the Pi2 period perturbations are con-
tained within the fast flow channels or if the flow channels carry a broadband signal that would have to be
filtered by some additional mechanism in the inner magnetosphere.

The paper is organized as follows: Satellite and ground-based observations for 14 September 2004 are
described in section 2. In section 3 we describe the MHD simulations, and in section 4 we compare the results
from both the UCLA and LFM models to the observations. In section 5, we identify and compare the Pi2 period
perturbations in the simulations and discuss their relation to the ionospheric parameters and dipolarization
fronts. A summary of our conclusions is given in section 6.

2. Observations

The substorm selected for this case study occurred on 14 September 2004. Observations of this event have
previously been presented by Cao et al. [2008, 2012] and Ream et al. [2013] and are shown for the interval
from 1700 to 1900 UT in Figure 1. The panels from top to bottom show the AL index [Davis and Sugiura,
1966] (Figure 1a), BH from the Urumqi magnetometer (northwest China; 43.80∘ latitude, 87.70∘ longitude)
(Figure 1b), 𝛿BH filtered to Pi2 frequencies (Figure 1c), and magnetic field observations from the Double Star
(TC1) satellite located in the plasma sheet at (−10.2, −1.6, 1.2) RE GSM (Figure 1d).

Based on the AL index (Figure 1a), there is an interval of moderate activity (AL < −200 nT) and variable con-
vection that begins at ∼1715 UT and lasts for ∼1 h. At ∼1815 UT AL recovers slightly before dropping again at
1827 UT. The minimum of −857 nT occurs at 1844 UT.

At the time of substorm onset (1822 UT), the ground station is situated at ∼0230 MLT. Although this station
is not ideally located to observe the substorm, it is the only magnetometer available for the event with high
enough resolution to observe Pi2 pulsations. The observations have been band-pass filtered to 6–25 mHz
(Figure 1c) to identify the Pi2 pulsations. Fluctuations in the H component begin at ∼1822 UT and are broken
up into packets. The first packet, and the one with the largest amplitude, begins at 1822 UT and continues for
∼10 min. The period of the pulsations is between 60 and 90 s.

There is a discrepancy of ∼5 min between the Pi2 onset in the Urumqi magnetometer measurements
(1822 UT) and the main decrease in the AL index (1827 UT). This discrepancy may be due to the poor ground
coverage in the MLT region where the substorm was located. However, it has been shown by Hsu et al. [2012]
that it is not uncommon for Pi2 onset to precede substorm onset determined using the AL index by several
minutes.

Auroral observations from the IMAGE spacecraft (not shown) [Mende et al., 2001] show a full auroral oval
remaining from a previous substorm which occurred at∼1520 UT. A bright spot begins to form in the equator-
ward oval at∼1814 UT then remains stagnant for several minutes before brightening further and breaking up
between 1822 and 1825 UT. Based on the agreement between the timing for Pi2 onset and auroral breakup,
we identify 1822 UT as substorm onset. Cao et al. [2012] argues that the auroral streamers observed in the
IMAGE satellite auroral data between∼1801 and∼1820 UT give evidence of earthward flows prior to substorm
onset.

In addition to the ground-based and auroral observations, plasma sheet observations are available from the
Double Star (TC1) satellite. Data from the TC1 Fluxgate Magnetometer (FGM) [Carr et al., 2005] are shown in
Figure 1d. The traces show Bx (black), By (red), and Bz (green) in nanotesla in GSM coordinates. Based on the
magnetic field measurements, the satellite is near the edge of the plasma sheet during the interval leading
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Figure 1. Ground and satellite observations for 14 September, 2004. (a) The 1 min AL index from the OMNI database,
(b) BH from the ground magnetometer in Urumqi, China, (c) 𝛿BH for the Urumqi observations filtered to Pi2 frequencies,
(d) Double Star (TC1) magnetic field observations in the plasma sheet, Bx (black), By (red), and Bz (green) in nanotesla in
GSM coordinates for the interval 1700–1900 UT. Geotail solar wind measurements in GSM coordinates for the interval
1400–1930 UT used for input in the MHD simulations are shown in Figures 1e and 1f. (e) Magnetic field Bx (black),
By (red), and Bz (green) (black) (nT), (f ) Solar wind velocity vx , (g) Solar wind velocity vy (black), vz (red) (km/s), (h) density
(cc−3), and (i) ion temperature (eV). The dashed purple line marks the time of Pi2 onset at Urumqi. Solid purple line
marks AL substorm onset. Solid blue lines mark the start and stop times for the interval shown in Figures 1a–1d.
Arrows mark DF in the observations.

up to onset and within the plasma sheet during the expansion and recovery phases. TC1 observes a DF at
∼1825 UT that is preceded by Pi2 period fluctuations in Bz by several minutes. We will come back to this point
in section 4. This suggests a link between the two phenomena and is consistent with models of Pi2 generation
in the tail [e.g., Kepko et al., 2001].

At the time of the substorm Geotail was located in the solar wind just outside the bow shock at∼(25, 17,−2) RE

GSM. Solar wind measurements from Geotail, propagated to the bow shock, are also shown in Figure 1. The
panels show magnetic field (nT) (Figure 1e), solar wind velocity vx (km/s) (Figure 1f ), solar wind velocity vy and
vz (km/s) (Figure 1g), density (cm3) (Figure 1h), and temperature (eV) (Figure 1i). Between ∼1640 and 1720 UT
By dominates in the solar wind. The solar wind magnetic field turns southward at 1707 UT, just over an hour
before substorm onset. There is a northward turning just after 1830 UT, a few minutes after substorm onset.

3. Simulation

To investigate the propagation of Pi2 pulsations, we have simulated this substorm using both the LFM and
the UCLA 3-D global MHD models. The goal in using two models is to determine whether the fluctuations
observed in the simulation are an artifact of the numerical methods used in the models or if they are indicative
of a more general response to solar wind driving that is independent of the details of the models.

There are several differences between the two models in both the numerical methods used and in the general
setup. A detailed description of the UCLA model can be found in Raeder et al. [1998], El-Alaoui [2001], and
El-Alaoui et al. [2009]. A detailed description of the LFM model can be found in Lyon et al. [2004].

REAM ET AL. PI2 PULSATIONS IN THE BRAKING REGION 10,577



Journal of Geophysical Research: Space Physics 10.1002/2015JA021572

One of the major differences is in the gridding. The UCLA model uses a stretched Cartesian grid which is
optimized to keep high spatial resolution in the plasma sheet, specifically in the near-Earth region. LFM uses
a nonorthogonal, stretched spherical grid. Grid spacing is set up to keep resolution high in regions of interest
such as the dayside magnetosphere, the magnetopause, and the plasma sheet. The grid resolution in the tail
region between−5 and−20 RE is∼0.17 to 0.30 RE in both models for the simulations used in this investigation.

Additionally, the treatment of the boundary conditions differs between the two models. For the inner bound-
ary, both simulations include ionospheric conductance models based on the formula presented by Robinson
et al. [1987], which accounts ionization arising from both solar EUV and auroral precipitation to solve for the
Hall and Pedersen conductances in the ionosphere. However, the auroral contribution is calculated differently
in each of the models. To account for the discrete auroral contribution to the conductance, the UCLA model
uses the precipitation model proposed by Knight [1973] and Lyons et al. [1979] to calculate the energy and
energy flux of precipitating electrons that have been accelerated by a parallel potential drop (see also Fridman
and Lemaire [1980]). The model assumes steady state and incorporates precipitation only in regions of upward
field-aligned currents. To account for the diffuse auroral contribution, following Kennel and Petschek [1966],
the ionospheric model used in the UCLA simulation assumes that the electron distributions become isotropic
at a radial distance of 3.7 RE .

The ionospheric model used in LFM has been described in detail in Fedder et al. [1995] and Wiltberger et al.
[2009], so we only give a brief description here. The model calculates the number flux and mean energy
of the precipitating electrons by first calculating the initial energy and thermal flux using the sound speed
and the plasma density at the inner boundary of the MHD region in the simulation. Constants are used in
the equations for number flux and mean energy to scale the precipitation energy to reasonable values in
order to obtain results for the conductances that are consistent with measurements [Slinker et al., 1999]. Next,
following work by Chiu and Cornwall [1980] and Chiu et al. [1981], the parallel potential drop along field lines
between the inner boundary of the simulation grid and the ionosphere is calculated. A scaling factor is used
in this step to include an effective resistivity to the field-aligned current that is taken to be 5 times larger for
upward current than for downward current. This accounts for the stronger electric field required to draw “hot”
electrons from the magnetosphere into the ionosphere than that required to draw “cold” electrons out of the
ionosphere. Finally, the effects of the field-aligned potential on the electron flux in a geomagnetic mirror field
are accounted for based on work by Owens and Fedder [1978].

The sunward outer boundary in the simulations is set by using solar wind observations from Geotail
(Figures 1e–1i). In both simulations the solar wind magnetic field propagates as a plane wave from the
sunward boundary. Since the magnetic field is divergence-free, the normal component of the solar wind
magnetic field, Bn, is set to a constant in both models. The UCLA model uses a minimum variance technique to
identify Bn, which is then set to a constant for the entire simulation interval [El-Alaoui, 2001]. The LFM model
assumes that BxSM

= 0.

To ensure that we have a uniform time base for comparison between the simulations and the observations, we
line up the times when the northward turning in the solar wind reaches the bow shock position (12.5 RE). The
northward turning occurs at 1832 UT in the observations. Lining up the structure in the simulations resulted
in a temporal shift of 4 min in the UCLA results, and 18 min in the LFM. These time shifts ensure that features
discussed in the simulations and satellite observations have the same solar wind driver. Throughout this paper
we will discuss the simulation results based on the timing relative to the observations.

4. Simulation Results

Cross-field flows are fastest near the center of the plasma sheet. In order to identify the perturbations asso-
ciated with the fast flows, we must first determine the location of the plasma sheet in the simulation results.
We identify the plasma sheet by selecting the surface of minimum |Bx| in GSM coordinates. Since the UCLA
model is set up on a Cartesian grid we simply select the z location for each (x, y) pair that has the minimum
|Bx| value in the region |z| < 8 RE . Due to the nature of the grid in the LFM model we cannot use the same
technique to identify the plasma sheet as was used for the UCLA model. Instead, we select the grid points that
have |Bx| < 2.5 nT and 4> z >−8 RE . The selected points are then projected onto a plane, and linear inter-
polation is used to plot them on a regular grid with a grid spacing of 0.2 RE in both the x and y directions.
The average z value is found for each point on the grid to determine the location of the plasma sheet. In the
simulation results the plasma sheet is displaced from the geomagnetic equator by several RE at distances
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greater than 15 RE down tail. The large span in z included in the selection criterion accounts for that
displacement and allows for identification of the plasma sheet as far tailward as −40 RE . We find that, in both
simulations, the plasma sheet is located between z = 2 and z = 0 RE in the region −12 ≤ x ≤ 0 RE then begins
to tilt in the −z direction so it is located at z ≈ −7 RE at x = −30 RE .

Snapshots of the plasma properties at the location of the plasma sheet from the simulations are shown
in Figure 2. The top panels show results from the UCLA model, and the bottom panels show results from
the LFM model, every minute between 1821 and 1826 UT. The background color shows Bz between 50 and
−50 nT. The green color marks −0.15 ≤ Bz ≤ 0.15 nT to show approximate locations for the reconnection
regions in the plasma sheet. Black arrows show the velocity in the plane, and gray contours show thermal
pressure. In most cases there is a stagnation point in the flows at or near the green regions where Bz=0,
supporting the assumption that reconnection is occurring in those regions.

There are several similarities in the global configurations in the two simulations. Through most of the
substorm intervals, the reconnecting regions (green in Figure 2) in both simulations are located between
−20 and −25 RE . Reconnection in the UCLA results is more patchy than in LFM, probably because the
current-dependent anomalous resistivity in the UCLA model allows for reconnection in more localized
regions. Most of the fast flows from the reconnection regions in both models are slowed and diverted before
reaching −12 RE . As a result of this diversion, the flow channels that penetrate farther earthward are pinched
into azimuthally thin structures, in agreement with observations of narrow channels of fast plasma flows in
the tail. The diversion itself is due to vorticity from earlier flow channels and the formation of a secondary min-
imum in Bz 2–5 RE earthward of the reconnecting regions. The vorticity observed in the simulation results is
similar to that presented in previous MHD studies of flow channels [e.g., El-Alaoui et al., 2009; Birn et al., 2011;
El-Alaoui et al., 2013]. An example of the secondary minimum in Bz can be found in the 1821 UT snapshots in
Figure 2 at the locations marked by the light blue triangles.

The flow channel in the UCLA results that agrees in timing and location with the appearance of dipolariza-
tion at the TC1 spacecraft is fairly isolated and forms near midnight (0045 MLT). There are other DFs that form
around the same time as the DF that agrees with the TC1 observations, but they are located at different local
times so they would not have been observed by TC1. The flow channel in the LFM results is also located very
close to midnight between 0045 and 0100 MLT, but there is also a very strong flow channel that forms ear-
lier, just after 1800 UT and persists for over 20 min just to the dusk side of midnight between 2300 MLT and
midnight. Thus, the LFM flow channel that agrees with the TC1 observations is not as isolated, spatially or
temporally, as is the corresponding flow channel in the UCLA simulation. The dark green cross in each panel
of Figure 2 marks the location of TC1 and the large dark blue arrows mark the earthward edge of the flow
channel that corresponds to the observations. The flow channels that correspond to the Double Star obser-
vations in each simulation occur at similar times, reaching −8 RE at ∼1826 UT, close to the time of substorm
onset. Both simulations did a reasonable job reproducing DFs at the location of the TC1 observations. How-
ever, with the sparse observations available for this event it is difficult to determine how localized the DF was
for this event, so we cannot determine whether one simulation or the other more accurately recreated the DF.
In general, the DFs in the UCLA model look more like the medium-scale flows presented by Henderson [2012].

To study the changes in the plasma sheet leading up to substorm onset in the simulations, we have taken
snapshots at each time step and subtracted values of the parameters at the previous time step (𝛿t=30 s).
Figure 3 shows the results of the differencing for the snapshots shown in Figure 2. The background color is 𝛿Bz

and the arrows show 𝛿v in the plane. The gray contours show the total thermal pressure giving us a reference
for where the DF has formed in the simulation. The DF appears as an enhancement in 𝛿Bz that is both preceded
and followed by a depression in 𝛿Bz . This structure is accompanied by an enhancement in the earthward flow.

By plotting the perturbations in the plasma sheet in this manner we can see that the flow channel and asso-
ciated DF that forms in the UCLA results is a very well defined structure that forms near 20 RE and travels
earthward, reaching∼8 RE at 1826 UT. We can also see that the flow channel that formed in the LFM simulation
around 1800 UT is relatively steady. There is a set of DFs that form in the LFM simulation and travel earthward
with the flow early on, but after ∼1815 UT there is relatively little change associated with the flow channel
until 1820 UT when the flow channel widens and a new DF forms. As was noted above, this new DF is in the
correct location to account for the observations from the Double Star (TC1) satellite in the plasma sheet and
the available ground-based magnetometer. The green crosses and large blue arrows are the same as those
found in Figure 2 and mark the TC1 location and closest approach of the observed DF to Earth at each time
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Figure 2. Plasma sheet results from the (top) UCLA and (bottom) LFM simulations for 14 September 2004. Snapshots are
shown each minute between 1821 and 1826 UT. The area shown is −30 ≤ x ≤ 0 RE and −15 ≤ y ≤ 15 RE . Background
color shows Bz from −50 (blue) to 50 (red) nT with the green color marking |Bz| < 0.15 nT. A reference vector is shown
for 500 km/s. Black arrows show the velocity in the plane and the gray contours show thermal pressure (0–4000 pPa,
𝛿P = 500 pPa). The solid black line marks the radial distance of 6 RE . The TC1 location is marked by the dark green cross.
The large blue arrow indicates the earthward edge of the DF that is consistent with TC1 observations. The blue triangle
marks an example of a secondary Bz minimum a few RE earthward of the reconnection regions. The Sun is to the right.

step. A movie of the simulated plasma sheet (UCLA, top left; LFM, top right) and the time-differenced plasma
sheet (UCLA bottom left, LFM bottom right) for the event is included in the supporting information. The pan-
els in the movie frames are laid out in the same format as the panels in Figures 2 and 3. The series of events
that occur during the course of the simulation interval are similar in the two models. Reconnection begins
between 1715 and 1720 UT and several flow channels form and travel earthward during the hour leading up
to the substorm. Most of the activity prior to the substorm onset occurs in the dusk sector. At ∼1820 UT, a
flow channel with an associated DF forms and crosses the TC1 location. Several additional DFs form and travel
earthward until∼1845 UT when the reconnection regions move tailward and activity in the near-Earth plasma
sheet diminishes.
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Figure 3. Time-differenced plasma sheet results for 14 September 2004 in the same format as Figure 2. The color bar
shows −10 ≤ 𝛿Bz ≤ 10 nT and the reference vector shows 𝛿v = 200 km/s.

Figure 4 shows 𝛿Bz , filtered to Pi2 frequencies from (a) the UCLA model and (b) the LFM model at the location
of the Double Star (TC1) satellite (Figure 4b), and Double Star observations (Figure 4c), along with ground Pi2
signatures (𝛿H) (Figure 4d). In each data set there is a DF accompanied by Pi2 period perturbations. The large
peak at 1825 UT in the TC1 𝛿Bz corresponds to the DF in the observations; however, as was noted in section 2,
smaller amplitude Pi2 period pulsations begin at ∼1820 UT, 5 min before the DF arrives. In the UCLA trace
(Figure 4a) perturbations begin at nearly the same time as the perturbations observed by TC1 and correspond
to the DF indicated by the thick arrows in the top panels of Figures 2 and 3. In the LFM trace (Figure 4b) there
are perturbations beginning 1753 UT which are related to the earlier, persistent, flow channel in the dusk
sector. These perturbations damp out by∼1815, then a new packet forms at ∼1823 UT. It is the second packet
that agrees most closely in time and location with the available observations. There are also perturbations
that begin around 1730 UT and just after 1750 UT in the UCLA simulation but the responsible flow channels
are a very transient structures and the perturbations damp out quickly, whereas the flow channel in the LFM
simulation is a persistent structure, as mentioned above, that continues to drive perturbations for more than
20 min.
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Figure 4. 𝛿BZ band-pass filtered to 6–16 mHz for the interval 1700–1900 UT for (a) UCLA, (b) LFM simulations results
near the TC1 location, and (c) TC1 observations. The gray areas indicate times when the Pi2 in the simulation correspond
to the TC1 measurements. Figure 4d shows the Pi2 pulsations measured from the ground for comparison (also shown in
Figure 1c.)

Although there are some obvious differences in the two simulations, each individual simulation can account
for the observations available during the event. The Urumqi magnetometer was located at∼0300 MLT during
the expansion phase of the substorm. In the simulations and observations available for this event the flow
channel locations are within 2.5 h of the Urumqi local time. Using a selection of 48 Pi2 events that occurred
when Time History of Events and Macroscale Interactions during Substorms (THEMIS) was in the inner magne-
tosphere, Kwon et al. [2012] has shown that space and ground observations of Pi2 are coherent if the satellite
is within about 3 h of MLT of the ground station. Ream et al. [2013] showed that the pulsations observed in the
UCLA simulation are coherent for ∼2.5 h MLT at a radial distance of 6 RE , in good agreement with the obser-
vational results. The upper limit of the coherence in the LFM results is 2 h MLT. Therefore, it is reasonable to
assume that the flow channel observed by TC1 and the corresponding flow channels in the simulations would
contribute to the fluctuations observed by the Urumqi magnetometer beginning at∼1822 UT. Although there
are several flow channels that form in each of the two simulations during the substorm interval, we focus on
the flow channel located closest to midnight since that structure can account for the observations available
for this event. The timing for the TC1 DF also indicates that it is related to substorm onset.

The changing properties of the ionosphere in the two simulations are shown in Figure 5 for 1818 UT (disturbed
interval prior to onset), 1828 UT (substorm onset), and 1838 UT (recovery phase). In general, the magnitudes
of the Hall and Pedersen conductances are much higher in the UCLA simulation than in the LFM simulation.
As a result the potential is much lower in the UCLA simulation than in the LFM simulation. However, the con-
figuration and strength of the field-aligned currents are very similar in the two models throughout the growth
and expansion phases of the substorm.

Large differences in the ionospheric conductance and potential can have a dramatic effect on flow patterns
in the plasma sheet. If the conductance in the ionosphere becomes too large, the flows in the tail are slowed
or stopped because the field-aligned currents are insufficient to support the full solar wind potential drop
across the polar cap and the ionosphere is unable to return the magnetic flux to the dayside [Coroniti and
Kennel, 1973; Walker et al., 2006]. Therefore, the high conductances in the UCLA model result in very small
flow velocities in the near-Earth plasma sheet, earthward of ∼8 RE . In contrast, the low conductances in the
LFM results allow the plasma flows to move more freely into the inner magnetosphere. This effect can be seen
in Figure 2. Comparison of the flow vectors between UCLA and LFM shows that the flow speeds in LFM are
typically higher than those in the UCLA results, particularly in the fast flow channels and in the flow moving
around Earth toward the dayside. Figure 2 also shows that in the region 7 < r < 10 RE the velocity in the flow
channels in the UCLA results drops to < 50 km/s, while in the LFM results the velocity in the flow channels
is > 100 km/s and only drops below 50 km/s inside of ∼6.5 RE . In the LFM results, the flow-braking region is
more smeared out in radial distance and the inner edge is located closer to Earth than in the UCLA results.

Figure 6 shows field line traces taken from latitudes of −80∘ to −60∘ at 0100 MLT for (1) UCLA and (2) LFM.
Panels a and b show the Pedersen conductance and the field-aligned currents for the respective simulations
at 1828 UT, just after substorm onset. The numbered locations in each plot show where the foot points of
the field line traces are located in the ionosphere. The top row in panels c–e show the field lines in x –z with
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Figure 5. Ionospheric plots for (a) 1808 UT, (b) 1828 UT, and (c) 1848 UT. The top row in each panel shows UCLA results and the bottom row shows LFM results.
Columns from left to right show Pedersen conductance (S), Hall conductance (S), Potential (kV), and parallel current [μA/m2].
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Figure 6. Results of field line traces from (1) UCLA and (2) LFM for times before, during, and after substorm onset. (a) Pedersen conductance and (b) parallel
currents at 1828 UT. Field lines with foot points at the numbered locations in Figures 6a and 6b are shown at (c) 1818 UT, (d) 1828 UT, and (e) 1838 UT. The top row
in each panel shows an x –z view of the field lines with vx shown in the color background. The bottom row shows an x –y view of the same field lines with Bz in
the background. Field lines south of the geomagnetic equator are dashed. The numbers indicate which foot point the field line corresponds to in panels a and b.

vx at y=0 plotted in color. Red shows velocity in the positive x direction and blue shows velocity in the
negative x direction. The bottom row shows the same field lines in x –y with Bz in color (red, positive; blue,
negative). Figures 6-1c and 6-2c show a snapshot at 1818 UT during the disturbed interval prior to substorm
onset. Figures 6-1d and 6-2d show a snapshot at 1828 UT, about 1 min after onset during the expansion phase.
Finally, Figures 6-1e and 6-2e show a snapshot at 1838 UT which is in the recovery phase of the substorm.

Although both simulations show plasma sheet thinning, in general, the plasma sheet is thicker in the LFM
model than in the UCLA model, which may be due to the resistivity being purely numerical in LFM while UCLA
includes an anomalous resistivity term in Ohm’s law. The field lines in the UCLA model are more stretched than
those in the LFM results for latitudes >65∘. Additionally, the field lines become open between 70∘ and 75∘
latitude in the UCLA model. In the LFM model field lines become open between 75∘ and 80∘ latitude. Figure 6
shows that in both simulations the field lines are dragged duskward at radial distances greater than∼6 RE . The
same is true when we map field lines from the local time of Urumqi into the plasma sheet. We find that they
are dragged toward midnight in the plasma sheet with the displacement becoming larger at higher latitudes.
Therefore, even though the substorm is occurring near midnight the field lines map from a local time at the
equator to an ionospheric location farther into the dawn sector, close to the Urumqi location.

To look at the fluctuations associated with the flow channels observed in the simulations in association with
substorm onset, we first identified the path of the flows in each of the simulations by selecting the points
in the simulation where the flows exceeded 250 km/s in the interval during which the flow was observed.
We then calculated the average y location for each x location in that region to find the average center of the
flow channel as it propagated earthward. This effectively traces the path of the flow channel marked by the

REAM ET AL. PI2 PULSATIONS IN THE BRAKING REGION 10,584



Journal of Geophysical Research: Space Physics 10.1002/2015JA021572

Figure 7. Average quantities and perturbations for 15 min of MLT on the dusk half of the flow channels that agree with the TC1 measurements as identified in
Figures 2 and 3 for (top) UCLA and (bottom) LFM between 1700 and 1900 UT. From left to right, color plots show the average quantities Bz , B𝜙 , and |v| plotted
versus radial distance from Earth and time. The black line shows the path of the DF through the system determined using Bz and copied onto the other panels.
The line plots show cuts between 6 and 8 RE for each of the components band-pass filtered to 6–16 mHz (the portion of the Pi2 band that can be resolved in the
simulations). Red arrows indicate the DF crossing time at each radial distance.

large blue arrows in Figures 2 and 3. To identify the fluctuations in the magnetic field (radial and azimuthal
components), velocity, and pressure in the flow channel, we averaged across 15 min of MLT on the dawn half
of the flow channel at fixed radial distances and plotted the results as a function of radial distance and time.
Only the dawn half of the flow channel was selected because the fluctuations in 𝛿B𝜙 are ideally antisymmetric
about the center of the flow channel.

The magnetic field and velocity fluctuations for the interval 1700–1800 UT in the region 5–15 RE are plotted
in Figure 7. The columns show Bz (Figure 7a), B𝜙 (Figure 7b), and |v| (Figure 7c) for UCLA (top) and LFM (bot-
tom). Bz and |v| were taken at the center of the plasma sheet while B𝜙 was taken 1.5 RE above the center of
the plasma sheet. Color plots show the total value for each of the three components with the path of the DF
indicated by the solid black line. The path of the DF was determined by using the beginning of the enhance-
ment in the total Bz in Figure 7a. The line plots show radial cuts at 6.0, 6.5, 7.0, 7.5, and 8.0 RE band-pass filtered
to 6–16 mHz (16 mHz is the Nyquist frequency for the simulation output). Red arrows indicate the crossing
time of the DF. There are Pi2 period perturbations in Bz , B𝜙, and |v| in both simulations; however, there is also
a significant broadband signal in Bz . The broadband signal is more prominent in the UCLA simulation than in
LFM. With the limited observations available in the tail for this event, it is difficult to determine whether one or
the other simulation has more accurately reproduced the event itself. However, in general, both models show
Pi2 period perturbations associated with the flow channels that form in the plasma sheet and reproduce TC1
observations, even though the models use dramatically different grids and numerical methods to solve the
set of MHD equations. As a result, we believe that the modeled Pi2 period pulsations are inherent in the MHD
description of the system and are independent of the initial setup and the numerical methods used.

REAM ET AL. PI2 PULSATIONS IN THE BRAKING REGION 10,585



Journal of Geophysical Research: Space Physics 10.1002/2015JA021572

5. Discussion

By using MHD simulations to address the question of how Pi2 period perturbations propagate through the
near-Earth plasma sheet, we are able to get a global view of the system. By using two different simulations
to study the same event, we are able to ascertain those features of Pi2 propagation that are robust and those
that reflect idiosyncrasies of the simulations themselves.

Throughout the magnetotail, flow velocities in the LFM simulation are typically higher than those in the UCLA
simulation (see Figure 2). Because the flows do not propagate as far earthward in the UCLA simulation, the
perturbations carried by the flow channels are also not able to penetrate as far into the inner magnetosphere.
This effect can be seen in the line plots in Figure 7. Fluctuations in the flow velocity and magnetic field diminish
to noise levels before reaching 6.5 RE in the UCLA results, while in the LFM results the fluctuations are still
evident at 6.0 RE . This is likely a result of the differences in the ionospheric conductance models used in the
simulations (see section 4). Figure 5 shows very clearly that the magnitudes of the conductances in the UCLA
model are much higher than those in the LFM model. The high Pedersen conductance in the UCLA simulation
effectively stops the earthward flow in the tail inside of ∼7.5 RE [Coroniti and Kennel, 1973; Walker et al., 2006].
In contrast, the flow in the LFM simulation is able to penetrate much farther earthward; in some cases as far
as 5 RE .

In order to confirm our interpretation of the effects of the different Pedersen conductances in the two mod-
els, we compare two additional simulations run with the same model, in this case the UCLA model, with
different ionospheric conductances. Only the UCLA model was used in order to isolate the effects of the con-
ductance. Both simulations were driven by constant idealized solar wind conditions. Solar wind conditions
were vx =450 km/s, n=10 cm−3, and P=20 pPa. The IMF was set to a constant −5 nT for the entire 4 h
simulation interval. The only difference in the two simulations is in the Pedersen conductance (ΣP). For Run 1
ΣP=6 S. For Run 2 ΣP=20 S. The results of the simulations can be seen in Figure 8. The figure shows that in
Run 1 fast flow channels have formed by t=3600 s, 1 h into the simulation. Fast flows continue to form and
propagate earthward until t=10800 s. In Run 2 we also see that the flow channels form in the simulation by
t=3600 s. However, by t=7200 s those flows have died out and no new flow channels are propagating into
the near-Earth region. In general, the larger the Pedersen conductance, the fewer the flow channels. Those
that develop for large ΣP stop further out in the tail. Run 1, with low ΣP gives results similar to the LFM results
where the Pedersen conductance stays low throughout the event, and fast flows continue to form and prop-
agate into the near-Earth region well into the recovery phase. Run 2, on the other hand, gives results similar
to those found in the UCLA simulation for the current event study. Flow channels form early on in the simula-
tion, but as the event progresses, the Pedersen conductance increases and fast flows are stopped further out
in the magnetotail. There is also a very large gradient that forms in the magnetic field which can be seen in
Figures 8e and 8f. This is similar to the magnetic field gradient that forms in the UCLA model (see Figure 2).
The ionospheric results for Runs 1 and 2 also correspond to the LFM and UCLA results, respectively, for the 14
September event. In Run 1, with low Pedersen conductance, the potential gets very large, with ΔΦ exceed-
ing 150 keV, similar to the values seen in the LFM simulation. In Run 2, with high Pedersen conductance, ΔΦ
stays well below 100 keV throughout the simulation, similar to the UCLA results for 14 September. Since the
only difference between the two runs is the magnitude of the Pedersen conductance, it is reasonable to con-
clude that the conductance is responsible for the differences in the magnetotail dynamics. This, along with
the similarities between the simulations mentioned above, suggests that the Pedersen conductance is also
responsible for differences between the UCLA and LFM results for the current event study.

Figure 9 shows the magnitude of v × B at the location of the flow channel for UCLA (top) and LFM (bottom)
in the same format as the color panels in Figure 7. The flux transport in the UCLA model falls to very low
values between 6 and 7 RE , near the inner edge of the plasma sheet. In the LFM model the flux transport stays
relatively high across the inner edge of the plasma sheet. This difference in the flux transport is due primarily
to line tying, but the pressure gradients in the two simulations also play a role in how far earthward the flows
are able to penetrate. The largest pressure gradients are closer to Earth in the LFM simulation than in the
UCLA simulation. As a result, the flow speeds decrease at larger radial distance in the UCLA model so the flow
channels are not able to penetrate as far earthward as those in the LFM simulation.

The two simulations also differ in the thickness of the plasma sheet (see Figure 6) and in the size and duration
of the flow channels that form in the plasma sheet (see Figures 2 and 3). Given these differences, when we look
at the perturbations generated in the flow channels observed in the simulations near the time of substorm
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Figure 8. Simulation results from (a–c) Run 1 (ΣP = 6 S) and (d–f ) Run 2 (ΣP = 20 S). Simulation times from left to right
are t = 3600, 7200, and 10,800 for each simulation. Background color shows Bz . Arrows show the velocity in the plane.

onset we see that Pi2 period fluctuations are being generated in both simulations in the same way. Perturba-
tions in Bz develop with the flow channel and the DF that forms at the earthward edge of the flow channel.
Ream et al. [2013] showed that once the flow channel reaches ∼ −12 RE , the frequency of the perturbations
is within the Pi2 spectrum. The fact that the frequency of the perturbations increases as the flow channel
propagates earthward supports the transient response (TR) model for Pi2 generation. Pi2 period fluctuations
also develop in By in association with the vortices that form on either side of the flow channel, generating
field-aligned currents, in support of the inertial current (IC) mechanism for Pi2 generation that is included in
the bursty flow model [Kepko et al., 2001; Keiling et al., 2009; Ream et al., 2013]. Because the period for the TR
fluctuations depends on the Alfvén transit time, and both simulations have similar results for the lengths of the
field lines, density and magnetic field magnitudes tailward of∼ −7 RE , both simulations exhibit similar periods

Figure 9. The flux transport |v × B| plotted in the same format as the color panels in Figure 7 for (top) UCLA and
(bottom) LFM.
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Figure 10. Pressure perturbations in the dusk half of the flow channel plotted in the same format as the line plots in
Figure 7 for the interval 1800–1900 UT. Traces show 𝛿Ptotal (black), 𝛿Pth (red), and 𝛿Pmag (green) for (a) UCLA and (b) LFM.

related to the flow channels at substorm onset in that region. In the UCLA model, earthward of−7 RE line tying
damps the Earthward propagation of the disturbance. However, in the LFM model the perturbations are able
to propagate much farther earthward, so the simulation results look very different in that region. However,
to verify that the mechanism for Pi2 generation in the simulation is, in fact, the transient response mecha-
nism, additional work is required. We need to model an additional event where there are enough ground
observations to validate the ionosphere results and determine whether there are Pi2 period fluctuations in
the ionosphere that map to the flow channels in the plasma sheet. This work is currently underway.

In both simulations the braking region lies in the region −8> x >−6 RE consistent with the source region
for Pi2 period compressional waves identified by Uozumi et al. [2007]. As the flow channel and its associated
DF travel through the braking region and approach the inner edge of the plasma sheet the perturbations
begin to travel ahead of the DF. This effect is most evident in B𝜙 (Figure 7b) where the separation between
the beginning of the perturbations and the red arrow marking the crossing time of the DF gets larger as the
disturbance propagates earthward. The separation of the DF and the Pi2 period fluctuations in the braking
region supports the idea proposed by Kepko et al. [2001], that a compressional wave traveling ahead of the DF
into the inner magnetosphere could generate directly driven (DD) Pi2 pulsations at middle to low latitudes
on the ground. As the compressional wave travels earthward it couples to an Alfvén wave and is transported
into the ionosphere where it can be observed by magnetometers on the ground [Uozumi et al., 2009, 2011].

Figure 10 shows the perturbations in the pressure for the interval 1800–1900 UT for (a) UCLA and (b) LFM.
The traces show total pressure (black), thermal pressure (red), and magnetic pressure (green) at 6.0, 6.5, 7.0,
7.5, and 8.0 RE associated with the flow channel identified in Figure 2. The red arrow marks the time of
the DF crossing at each radial distance. In both simulations, the fluctuations associated with the DF show a
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mixed mode compressional wave with the thermal and magnetic pressure nearly out of phase and significant
fluctuations in the total pressure. This agrees well with observations of magnetotail Pi2 by Nakamizo and Iijima
[2003], which showed that the thermal and magnetic pressure fluctuations associated with the Pi2 fluctua-
tions were out of phase. The pressure fluctuations (magnetic, thermal, and total) in LFM and UCLA have about
the same amplitude at 7.5 and 8.0 RE ; however, at 7.0 RE the amplitude of the pressure fluctuations in LFM
start to get larger while the pressure fluctuations in the UCLA results do not. Pressure perturbations travel
farther earthward in the LFM model, and the oscillations become very large at radial distances smaller than
7.5 RE . Meanwhile, pressure perturbations in the UCLA model decay earthward of ∼7.0 RE . As noted above,
this is most likely an effect of the differences in the conductances between the two models. The line tying in
the UCLA model is so strong that the flow perturbations are not able to propagate earthward of 7.0 RE . Based
on the pressure perturbations shown in Figure 10, the compressional wave propagates more easily into the
inner magnetosphere in the LFM model than in the UCLA model. However, as mentioned above, based on
the line plots in Figure 7, both simulations show a compressional wave traveling ahead of the DF as it slows in
the braking region.

6. Summary

We have used two different 3-D global MHD models, UCLA and LFM, to model the generation and propagation
of Pi2 pulsations during a substorm event on 14 September 2004. Although we are unable to rule out plasma-
spheric eigenmodes as a source for Pi2 pulsations observed on the ground, the simulations demonstrate that,
in some cases, fast flows in the plasma sheet are directly responsible for generating Pi2 pulsations. When we
focus on the flow channel that forms around the time of substorm onset in the simulations, we observe Pi2
period perturbations inside ∼ −12 RE in the magnetic field, velocity, and pressure propagating at the same
speed as the DF at the earthward edge of the fast flow until it reaches the braking region in agreement with
the transient response model for Pi2 [Southwood and Stuart, 1980; Kepko et al., 2001]. However, more work is
needed to verify the transient response mechanism in the simulations. Pi2 period perturbations are observed
in By in association with the vortices that form on either side of the flow channel in support of the inertial cur-
rent component of the bursty flow model. As the DF approaches the inner edge of the plasma sheet and is
slowed in the braking region, the perturbations begin to travel ahead of it as a mixed mode compressional
wave. These propagating compressional waves generated by the fast flows in the braking region can produce
Pi2 pulsations observed on the ground as described by the bursty flow model for Pi2 generation [Kepko and
Kivelson, 1999; Kepko et al., 2001, 2004].

Although the perturbations are generated in the same way in both models, the propagation of the pertur-
bations into the inner magnetosphere is greatly affected by the differences in the ionospheric models in the
simulations. The high Pedersen conductance (∼25 S) in the UCLA results causes the flow channels and the
perturbations to stop propagating earthward at ∼7 RE , whereas the perturbations in the LFM results, with its
maximum Pedersen conductance around 9 S, are able to propagate more easily into the inner magnetosphere.
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