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The polar cap boundary (PCB) is a fundamental indicator of magnetospheric activities
especially during a substorm cycle. Taking a period on 8 March 2008 as an example,
we investigate the location of PCB and its dynamics during a substorm event. The PCB
location is determined from the Piecewise Parabolic Method with a Lagrangian Remap
(PPMLR) -Magnetohydrodynamic (MHD) simulation data and Defense Meteorological
Satellite Program (DMSP) observations, respectively. Model-observation comparison
indicates that the PPMLR-MHD model gives a reliable estimate of PCB location during
a complex substorm sequence. We further analyze the evolution of PCB in that period.
The polar cap expands under southward interplanetary magnetic field (IMF), since the
low-latitude dayside reconnection produces new open magnetic flux. Meanwhile, more
solar wind energy enters and stores in the magnetosphere with the decreasing SML
(SuperMAG Auroral Lower) index. After the substorm expansion onset, the polar cap
contracts for a while due to the explosive increase of nightside reconnection. When the
IMF direction turns northward, the polar cap contracts continuously, since the dayside
reconnection ceases and no more open magnetic flux are supplied, and the storage
energy in the magnetosphere releases with the increasing SML index. The model results
are in good accord with the features from observations.

Keywords: polar cap boundary, MHD simulation, substorm, DMSP observations, magnetic reconnection, open
magnetic flux

INTRODUCTION

The high-latitude polar ionosphere has two characterized regions, namely the polar cap and the
auroral oval. In the auroral oval, the geomagnetic field lines are closed and map to the plasma sheet
and the plasma sheet boundary layer in the magnetosphere, whereas the field lines in the polar
cap are open and connect to the solar wind. The separatrix boundary which separates these two
basically different magnetic and plasma domains is named as polar cap boundary (PCB).

The polar cap region connects the interplanetary space with geospace. The variations of
PCB location and polar cap area reflect the balance between the dayside merging and nightside
reconnection [1, 2]. The dayside reconnection opens the original closed geomagnetic field lines,
thus the polar cap area will increase and PCB will move to lower latitude with the increasing
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dayside reconnection rate. On the other hand, the nightside
reconnection closes the open field lines. The polar cap area
will decrease, and PCB will move to higher latitude with the
increasing nightside reconnection rate. Since the upstream solar
wind conditions have a major influence on the reconnection
of magnetopause/magnetotail, its variations may lead to the
dynamics of PCB. Especially, the Y component of IMF can cause
an asymmetry of the two-cell plasma convection pattern at the
high-latitude ionosphere (e.g., [3, 4]), thereby the dawn-dusk
asymmetry of cutoft latitudes for protons and electrons [5], and
polar cap boundary (e.g., [6, 7]). In many studies, the polar cap
boundary and area were used as a diagnostic of magnetospheric
activities specifically during a substorm cycle (e.g., [8-13]).

The magnetospheric substorm is a brief disturbance in the
Earth’s magnetosphere. Its main disturbance regions include the
entire magnetotail, plasma sheet and ionosphere near the auroral
zone. In general, the duration of a substorm case ranges from
half hour to several hours. A typical substorm loading-unloading
cycle includes the growth, expansion and recovery phase (e.g.,
[14]). During the growth phase solar wind energy is added
to the magnetosphere and its configuration evolves toward an
unstable state. This unstable situation is followed by a transient
explosive unloading with a very high tail reconnection rate. The
beginning time of this explosive unloading is named as substorm
expansion onset. During the expansion phase the magnetosphere
releases stored energy through a variety of processes. In recovery
phase these die away and the magnetosphere becomes quiet
[15]. Therefore, the magnetospheric substorm is closely related
to the energy store and release in the solar wind-magnetosphere
coupling.

In situ observation has the inevitable disadvantage of
monitoring the entire coupling solar wind-magnetosphere
system and its temporal evolution because of the poor data
coverage of satellite. In comparison, the three-dimensional global
magnetohydrodynamic (MHD) models which aim to model
the fundamental physical processes in the coupling solar wind-
magnetosphere system are powerful tools for simulating and
analyzing the entire process of a real substorm event. Many

studies have already employed global MHD models to simulate a
real substorm event and checked the reliability of their results by
comparing with observations. Using the Lyon-Fedder-Mobarry
(LEM)—MHD model, Fedder et al. [16] reported the first global
MHD simulation of an actual substorm event observed by Viking
spacecraft on 19 October 1986. They compared model-derived
synthetic auroral emissions to Viking images, and also compared
synthetic AU (Auroral Upper) and AL (Auroral Lower) indices
to geomagnetic measurements. Their simulation results are in
reasonable agreement with the observations throughout the
growth phase and expansion onset. Wiltberger et al. [11]
presented LFM simulated results of a substorm that occurred on
10 December 1996, and obtained excellent agreement between
the simulation results and the magnetotail observations during
the growth and expansion phases including lobe field increasing,
dipolarizations, and fast flows. Raeder et al. [17] has simulated
a substorm event of 24 November 1996 using their Geospace
General Circulation Model (GGCM)—MHD model. They
compared the simulated results with ground magnetometers,
Assimilative Mapping of Ionospheric Electrodynamics (AMIE)
polar cap potential and field aligned current, open magnetic
flux estimated by Polar Visible Imaging System, Geostationary
Operational Environmental Satellite (GOES)-8 magnetometer
data, International Monitoring Platform (IMP)-8 magnetic field
data, and Geotail plasma and field data. The comparison showed
their model reproduced the prominent substorm features of this
event. Wang et al. [18] has simulated a substorm event of 28
September 2004 for the first time using Space Weather Modeling
Framework (SWMF)-MHD model, and validated their results
using Geotail and Cluster satellite observations. It was showed
that the SWMF model can predict well the large-scale variations
of the magnetospheric magnetic field and ionospheric currents
during this substorm event. Using the Piecewise Parabolic
Method with a Lagrangian Remap (PPMLR)-MHD model, Wang
et al. [19] simulated the substorm event of 8 March 2008 and
compared the equivalent current systems (ECS) in the ionosphere
derived from the MHD model and geomagnetic observations
using the KRM inversion algorithm. The magnetic latitude and
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FIGURE 1 | SML index and SYM-H index of the 8 March 2008 event.
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FIGURE 2 | Solar wind properties of the 8 March 2008 event from the OMNI data; From the top to the bottom, the three components of interplanetary magnetic field
(IMF) and solar wind velocity, the solar wind plasma number density and temperature, respectively.

local time distributions of the ECS from MHD simulation are in
good agreement with the inversion results.

Recently, Wang et al. [20] showed the PPMLR-MHD model
can present a reliable PCB location under steady magnetospheric
conditions. However, the reliability of PPMLR simulated PCB
and its dynamics under magnetospheric substorm activities

are still unknown. Taking advantage of the simulation data
used previously by Wang et al. [19], we will validate in this
study the PPMLR simulated PCB by comparing with Defense
Meteorological Satellite Program (DMSP) observations, and
analyze further the dynamics of PCB during the substorm event
on 8 March 2008.
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THE 8 MARCH 2008 EVENT OUTLINE

Figure 1 presents the SML (SuperMAG Auroral Lower) and
SYM-H (Symmetric disturbance—Horizontal component) index
during the 8 March 2008 event. The minimum SYM-H index
is about —35 nT, implying there are no major magnetic storms.
Indicated by the SML index, two isolated substorms occurred
during this time period. The first one started at about 1,130 UT,
reached its peak round 1,340 UT, then started to recover till 1,530
UT. The second one started at 1,650 UT and lasted more than
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FIGURE 3 | The dipole tilt angle changes with the universal time during 8
March 2008 event.

3 h before returning to the quiet level. The first substorm seems
more intense than the second one, with the minimum SML value
of about 950 nT compared with 550 nT for the second one.

The upstream solar wind observations of this event which
are obtained from NASA OMNI data (http://cdaweb.gsfc.nasa.
gov/) are plotted in Figure 2. It is noted that the simulation
of 8 March 2008 event in Wang et al. [19] adopted three
assumptions when they used these OMNI data as the input
parameters of PPMLR-MHD model. (1) The OMNI data were
used for the inflow boundary of MHD model without the
correction of the time difference for the solar wind propagation
from 30 Re to the bow shock nose (~5min). (2) The IMF Bx
was fixed as zero for keeping the divergence-free condition in
the PPMLR-MHD simulation. (3) The Earth’s dipole moment
was assumed to be due southward. Figure 3 shows that the
dipole tilt angle changes within the range from —5° to 5°
during the 8 March 2008 event. Since a dipole tilt angle with
the magnitude of 35° just brings 1-2° deviation degree to
the PCB latitudes [21], we do not think that the assumption
of zero dipole tilt angle will significantly affect the PCB
determination.
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FIGURE 4 | Electron and ion precipitation fluxes measured from DMSP F13 during the northern hemisphere pass on 8 March 2008. The first panel plots total energy
flux in eVem=2s~Tsr=1, and the second panel shows average energy in eV Black refers to electron, red to ion. The spectrogram itself shows differential energy flux in
cm=2s~1sr=1. The actual PCB locations are marked by the vertical red lines.
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TABLE 1 | A list of DMSP PCB crossings at the northern hemisphere during the 8
March 2008 event.

Satellite ut ®pmsp (°) fpmsp (°) OmHp (°) do(°)
F17 11:44 65.96 79.55 78.25 1.3
F17 11:50 270.68 76.39 74.37 2.02
F16 12:40 91.61 69.57 67.69 1.88
F15 12:50 86.17 70.48 70.09 0.4
F15 12:59 309.32 75.23 72.35 2.88
F13 13:11 79.38 72.06 69.72 2.34
F13 13:20 290.42 72.43 71.57 0.86
F17 13:22 72.4 69.34 69.02 0.32
F17 13:33 269.48 72.74 70.08 2.66
F16 14:20 97.87 67.11 67.37 —0.26
F16 14:31 320.22 72.73 71.57 1.16
F15 14:32 86.6 72.53 68.67 3.86
F15 14:41 302.19 71.87 73.14 —1.27
F17 15:05 65.33 76.55 77.8 —-1.25
F17 15:12 277.31 78 80.5 —-2.5
F16 16:05 84.78 79.25 80.97 —-1.72
F16 16:10 325.46 78.59 80.06 —1.47
F15 16:16 41.63 84.88 86.15 —-1.27
F15 16:18 333.55 83.89 80.97 2.92
F13 16:35 61.57 82.21 87.59 —5.38
F13 16:40 295.09 77.32 78.24 -0.92
F17 16:47 55.59 80 84.72 —4.72
F17 16:53 281.24 78.06 76.06 2
F16 17:44 101.02 76.33 71.57 4.76
F15 17:53 94 72.77 68.01 4.76
F16 17:54 305.64 68.03 68.33 -0.3
F15 18:03 294.03 68.23 69.36 —-1.13
F17 18:25 66.52 70.74 68.01 2.73
F17 18:37 273.31 67.77 70.07 -2.3
F16 19:24 110.01 73.78 70.81 2.97
F16 19:33 303.61 74.4 77.8 3.4
F15 19:42 294.47 74.66 78.7 —4.04
F13 19:56 74.5 80.23 83.77 —3.54
F13 20:02 290.74 76.14 80.05 —-3.91

DETERMINATION OF PCB FROM
SIMULATION DATA

We diagnose the PCB location from the PPMLR-MHD
simulation data used previously by Wang et al. [19]. For the
details of the PPMLR-MHD model and the simulation of 8 March
2008 event, please refer to Wang et al. [19].

PCB is considered to be the separatrix line between the open
and closed magnetic field lines. To obtain the whole PCB from
the global MHD simulation data, we trace magnetic field lines
from the foot-points at the inner boundary using the Runge-
Kutta method (e.g., [22, 23]). The grid resolution of foot-points
is one degree in both magnetic latitude and longitude with the
latitude changing from 90° to 0° and the longitude from 0° to
360°. Every tracing completes when the field line returns to the

inner boundary, or it reaches the boundary of computational
domain, or its length exceeds 1,000 Re. If the field line finally
reaches the inner boundary, it is assumed to be a closed field
line; otherwise, it is an open one. We map all foot-points of those
field lines from the inner boundary to the ionosphere along the
dipole field lines. The ionospheric grids connected to the open
and closed field lines are marked with 1 and —1, respectively. The
zero contour of these grids is our expected PCB.

RESULTS

In this section, we employ DMSP satellite particle observations to
determine the PCB location, and make comparison between the
MHD results and DMSP crossings. Based on the simulation and
observation results, we also go further to analyze the evolution of
PCB during the 8 March 2008 event.

The DMSP satellites orbit the Earth in a Sun-synchronous
98° inclination orbit near 840 km altitude. Each satellite carries
the SSJ/4 sensor that measures the flux of precipitating ions or
electrons between 30 eV to 30 keV once per second. There are
four DMSP satellites (F13, F15, F16, F17) which overpass the
northern polar region on March 2008.

Since the high energy (>few keV) particles are generally
considered to be trapped on closed field lines only, and
cannot persist for long on open field lines, the boundary
between energetic particles (1~10s keV) at lower latitudes
and softer precipitation at higher latitudes can be identified
with the PCB (e.g., [24-26]). Figure4 shows an example of
the boundary location identification procedures applied to a
northern hemisphere pass of F13. In this overpass the PCB
crossings as the F13 satellite passes into and then out of the polar
cap are marked by the vertical red lines.

Using the above-mentioned method, we determine 34 PCB
crossings at the northern hemisphere during this event. The
specific details of crossings are listed in Table 1, which includes
No. of satellite, universal time, longitude (®pysp) and latitude
(6pmsp) of DMSP crossings in the Solar Magnetospheric
(GSM) coordinate system, the corresponding PCB latitudes
from PPMLR simulation (Opup), the deviations between DMSP
determined and PPMLR simulated PCB latitudes (d6 = Opsp-
OMHD)-

The model-data comparison has been conducted to
test whether the simulations follow general trends of the
observations. The results in Table1 indicate that the average
deviation of PCB latitudes between the MHD simulations and the
DMSP observations is about 2.33°, and the correlation coefhicient
between them is 0.89. Figure 5 shows the pattern of PCB latitudes
changing with the universal time. Here, the dawn-side crossings
correspond to 180° < Ppypsp <360°, the dusk-side crossings
correspond to 0° < ®pypsp <180°, the blue dots refer to the
PCB latitudes from DMSP observations, and the red dots denote
the results from PPMLR simulations. As shown in Figure 5,
we obtain a good agreement of the simulation results with key
DMSP observations. Nevertheless, there are still some small
disagreements between the simulation results and observations;
for instance, the PPMLR-MHD model overestimates the dawn
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FIGURE 5 | The pattern of comparison of PCB latitudes between DMSP observations and PPMLR simulations.

side sector of PCB and underestimate the dusk side sector of PCB
during the second substorm case to some extent. The reasons
that cause the deviation between the PCB location derived from
DMSP measurements and PPMLR-MHD simulations could be
as follows. (1) Based on the PPMLR-MHD simulations, Hu et
al. [27] found that even under quiet interplanetary conditions,
the Earth’s magnetosphere is never exactly steady, but keep
oscillating. Therefore, the MHD simulation has the systematic
error which may cause errors to the PCB determined from
MHD simulations. (2) The PPMLR-MHD simulation adopts
the assumptions of zero IMF Bx and zero tilt angle. While the
IMF Bx and tilt angle are not the main influencing factor of
PCB location, these simple assumptions may bring errors to the
results of MHD simulations. (3) The ionospheric conductances
of PPMLR-MHD model are determined based on two empirical
models shown in Moen and Brekke [28] and Ahn et al. [29]
respectively. The differences between the empirical model and
the real situation should cause errors to the results of MHD
simulations to a certain extent as well.

Furthermore, we analyze the evolution of PCB based on
the Figure 5 and the corresponding SML index and solar wind
conditions as well. At the start of this event, the IMF is oriented
southward except for the time around 1,200 UT when the IMF
has a northward turning briefly, suggesting that the low-latitude
dayside reconnection should be creating new open magnetic flux
[1, 30], and indeed the PCB tends to lower latitude between
1,120 and 1,240 UT. The decreasing SML index means more
solar wind energy flow into and store in the magnetosphere.
Following the expansion onset of the first substorm (1,240 UT,
it is consistent with the results determined by the methods in
[31, 32]), the dusk-side PCB latitude begins to increase until
around 1,315 UT. Due to the limited number of DMSP crossings,

we are not able to obtain the changing tendency of dawn-side
PCB during this time. However, this is still enough to indicate
that the reconnection increases sharply and destroys more open
magnetic flux in the tail after the expansion onset. When IMF
Bz turns northward at 1,345 UT, dawn- and dusk-side PCB
persistently tend to much higher latitude until 1,635 UT since
the low-latitude dayside reconnection ceases and no more open
magnetic flux are produced. Meanwhile, the storage energy in
the magnetosphere releases with the increasing SML index. After
1,640 UT, the turning southward of IMF Bz opens the low-
latitude dayside reconnection again, and causes the PCB latitude
decreases and the polar cap expands. The energy loads in the
magnetosphere with the decreasing SML index. The IMF Bz
once again turns northward at 1,824 UT. After that, the PCB
latitude begins to increase, and the storage energy releases with
the increasing SML index again. Although the DMSP satellite
has a very limited number of crossings, we can still identify the
typical changing features of PCB during this substorm event. The
simulation results reproduce the observations quite well.

CONCLUSIONS

Taking the 8 March 2008 Event as an example, we investigate
the PCB and its dynamics during substorm events. The PCB
locations are directly determined from the simulation data used
previously by Wang et al. [19]. We take advantage of DMSP
particle observations to determine the PCB satellite crossings,
and then present the comparison of PCB locations between the
PPMLR-MHD results and DMSP measurements. During this
event, we find good agreements between the MHD modeling
results and observations.
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Based on the MHD simulations and DMSP observations, we
analyze the evolution of PCB during this event as well. The polar
cap is found to expand when the IMF becomes southward since
the low-latitude dayside reconnection creates new open magnetic
flux. Meanwhile, more solar wind energy flow into and store in
the magnetosphere with the decreasing SML index. After the
substorm expansion onset, the polar cap contracts for a while
due to the explosive increase of nightside reconnection. When
the IMF turns northward, the polar cap contracts continuously
because the low-latitude dayside reconnection ceases and no
more open magnetic flux are produced, and the storage energy
in the magnetosphere releases with the increasing SML index.

Although the DMSP satellite has a very limited number of
crossings, we can still identify the typical changing features
of PCB during this substorm event. The MHD simulation
reproduces the features from observations quite well. Results
shown in this study illustrate the accuracy with which an MHD
simulation can be used to model the magnetosphere-ionosphere
system and present the evolution of PCB even during complex
substorm sequences.

DATA AVAILABILITY STATEMENT

All the simulation data used in this study are available
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