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[1] In this paper we compare observations of the high-latitude cusp from DMSP data to
simulations conducted using the Lyon-Fedder-Mobarry (LFM) global magnetosphere
simulation. The LFM simulation is run for the 31 August 2005 to 02 September 2005
moderate storm, from which the solar wind data exhibits a wide range of conditions that
enable a statistical representation of the cusp to be obtained. The location of the cusp is
identified using traditional magnetic depression and plasma density enhancement at high
altitude. A new diagnostic using the parallel ion number flux is also tested for cusp
identification. The correlation of the cusp latitude and various solar wind interplanetary
magnetic field (IMF) coupling functions is explored using the three different cusp
identification methods. The analysis shows (1) the three methods give approximately the
same location and size of the simulated cusp at high altitude and (2) the variations of
the simulated cusp are remarkably consistent with the observed statistical variations of
the low-altitude cusp. In agreement with observations, a higher correlation is obtained
using other solar wind coupling functions such as the Kan-Lee electric field. The
magnetic local time (MLT) position of the simulated cusp is found to depend upon the
IMF By component, with a lower linear correlation. The width of the simulated cusp in
both latitude and MLT is also examined. The size of the cusp is found to increase with the
solar wind dynamic pressure with saturation seen when the dynamic pressure is greater
than 3 nPa.
Citation: Zhang, B., O. Brambles, W. Lotko, W. Dunlap-Shohl, R. Smith, M. Wiltberger, and J. Lyon (2013), Predicting the
location of polar cusp in the Lyon-Fedder-Mobarry global magnetosphere simulation, J. Geophys. Res. Space Physics, 118,
6327–6337, doi:10.1002/jgra.50565.

1. Introduction
[2] An accurate prediction of Earth’s polar cusp location

is important from the perspectives of both space weather
prediction and scientific research. The polar cusp is the spa-
tially narrow region in the dayside magnetosphere, where
the magnetosheath plasma has direct access to the low-
altitude magnetosphere, ionosphere, and thermosphere, both
in the northern and southern hemisphere [Heikkila and
Winningham, 1971; Newell and Meng, 1988; Smith and
Lockwood, 1996]. The direct entry of the magnetosheath
plasma is usually regarded as a consequence of subsolar
magnetopause reconnection during southward interplanetary
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magnetic field (IMF) Bz [Reiff et al., 1977] and lobe recon-
nection during northward IMF Bz [Luhmann et al., 1984].

[3] The polar cusp is usually observed at local noon near
70ı–80ı magnetic latitude (MLAT), and the location of the
cusp is controlled by the upstream solar wind (SW) dynamic
pressure and IMF conditions, especially the Z component
of the IMF [e.g., Newell and Meng, 1987; Escoubet and
Bosqued, 1989; Zhou et al., 2000; Pitout et al., 2006; Newell
et al., 2007]. The cusp location can also vary over several
hours of magnetic local time (MLT) and is correlated with
the variation of the Y component of the IMF [Heikkila and
Winningham, 1971; Newell and Meng, 1988; Crooker and
Burke, 1991; Newell et al., 2007]. Several techniques have
been developed to identify the high-altitude location of the
cusp based on the plasma and magnetic field measured by
satellites. Ion dispersion signatures are most commonly used
to identify the cusp from satellite measurements since the
ion characteristics in the cusp are influenced by the convec-
tive flow after dayside flux tubes are opened by the recon-
nection process [Rosenbauer et al., 1975; Reiff et al., 1977;
Trattner et al., 2005]. Another way to identify the cusp
location at high altitudes involves the diamagnetic depres-
sion of the total magnetic field from a reference dipole field
[e.g., Zhou et al., 1997, 1999, 2000; Palmroth et al., 2001].
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The diamagnetic depression is caused by direct entry of
magnetosheath plasma which increases both plasma pres-
sure and plasma density in the cusp region. The relative
density enhancement within the cusp region provides a third
method for identifying the cusp area [Palmroth et al., 2001].
Peterson and Trattner [2012] successfully applied the low-
altitude cusp identification technique developed by Newell
and Meng [1988] to high altitudes. The cusp region has also
been characterized by intense electrostatic and electromag-
netic waves [Maynard, 1985].

[4] The location of the polar cusp can also be predicted
by SW-coupling functions in a statistical manner, which
have been used extensively to predict various measures of
the magnetospheric response to the solar wind and IMF
input parameters [e.g., Perreault and Akasofu, 1978; Kan
and Lee, 1979]. Newell et al. [2006] investigated the lin-
ear correlations between the latitude of the low-altitude cusp
and various SW-coupling functions based on 11 years of
DMSP satellite particle data from 1984–1994 (with verifica-
tion from the subsequent 11 years, 1995–2005) and reported
that the highest correlations occur for coupling functions
involving the interplanetary electric field, e.g., vBs (half-
wave rectifier), where v is the solar wind velocity and Bs
is the southward component of the IMF Bz, and the Kan-
Lee electric field EKL = vBT sin2 (�c/2), where BT is the
IMF component in the Y-Z plane and �c is the IMF clock
angle. Both the half-wave rectifier and the Kan-Lee coupling
functions have a linear correlation with cusp latitude, which
is noticeably better than the IMF Bz component used in
previous works.

[5] Global magnetosphere simulations, which are all
based on magnetohydrodynamics (MHD), can self-
consistently predict the location, magnetic configuration,
and plasma properties of the cusp at high altitude. This
success is due in part to the fact that global models now
have sufficient resolution to resolve dayside magnetopause
phenomena and can follow the time-varying changes in the
magnetosphere in response to changing upstream solar wind
and IMF conditions. The properties of the high-altitude
cusp and its dependence on various solar wind/IMF con-
ditions have been investigated using global simulations by
Palmroth et al. [2001], Fenrich et al. [2001], and Siscoe
et al. [2001, 2005]. Both magnetic and plasma properties
have been used to identify the location of polar cusp in
these simulations. Palmroth et al. [2001] used the magnetic
depression and plasma energy density to locate the cusp
position at high altitude in the Grand Unified Magneto-
sphere Ionosphere Coupling Simulation model and found
good agreement with observations. Fenrich et al. [2001]
showed that the cusp location in the Lyon-Fedder-Mobarry
(LFM) model is consistent with the Tsyganenko96 empiri-
cal model for various IMF directions. Siscoe et al. [2001]
used the Integrated Space Weather Model to investigate
the geometry of the cusp for different IMF orientations.
These simulation results mainly focused on the relationship
between the location of the cusp and the solar wind dynamic
pressure and IMF, especially the Z component of the IMF.
To date, the relationship between the cusp and various solar
wind coupling functions in a global simulation has not
been investigated.

[6] In this paper, we investigate the relationship between
various solar wind coupling function and the location and

size of the simulated polar cusp in the Lyon-Fedder-Mobarry
(LFM) global magnetosphere model based on a 48 h
geomagnetic storm simulation. Although the single-storm
period does not provide adequate coverage for a full statisti-
cal study, it does cover a large-parameter range of solar wind
driving conditions, which provides a reasonable statistical
ensemble for correlation analysis and data-model compari-
son. The simulated linear correlations are compared with the
statistical results derived by Newell et al. [2006] using 11
year of DMSP particle data. The location of the cusp is iden-
tified by both the simulated diamagnetic depression at high
altitude and the plasma density enhancement properties. A
new diagnostic based upon the parallel ion number flux is
also tested for cusp identification. Section 2 describes the
global simulation model, cusp identification algorithm, and
data for the 31 August 2005 geomagnetic storm. Section 3
discusses the simulation results and compares them with
observations. In section 4 we summarize the results.

2. Simulation Description
2.1. The Lyon-Fedder-Mobarry Global Simulation

[7] The LFM global simulation uses an eighth-order,
three-dimensional finite volume total variation diminish-
ing scheme on a nonorthogonal-structured grid to solve the
single-fluid ideal MHD equations describing the evolution
of mass, momentum, and energy for magnetospheric plasma.
In solar magnetospheric (SM) coordinates, the magneto-
spheric simulation domain extends from XSM = 30 Earth
radius (RE) sunward to XSM = –300 RE antisunward and
spans 100 RE in both ˙YSM and ˙ZSM directions. The com-
putational grid is nonuniform to achieve higher resolution
near the bow shock, the magnetopause, in the inner mag-
netosphere, and at low altitudes, with lower resolution far
from the Earth in the solar wind and at the outer bound-
aries of the simulation. In the high-altitude region where
the cusp locations are calculated in the following sections,
the grid spacing is approximately 0.4 RE, corresponding to
approximately 1.6ı MLAT mapped to ionospheric altitude.
The low-altitude (inner) boundary is a spherical surface at
a geocentric radial distance of 2 RE where the E � B drift
velocity derived from electrostatic coupling to a 2-D iono-
sphere is imposed as a boundary condition on the plasma
bulk velocity. With the MHD solver in the LFM global simu-
lation, the solar wind-magnetosphere-ionosphere interaction
is simulated by

[8] 1. imposing SW and IMF conditions at the sunward
boundary (XSM � 30 RE) of the computational domain;

[9] 2. using a point dipole magnetic field at r = 0 to
represent the Earth’s magnetic field; and

[10] 3. incorporating ionospheric electrodynamics, inclu-
ding a proxy for electron precipitation, at the inner compu-
tational boundary.

[11] The details of the numerical methods and physical
considerations used in the LFM global simulation can be
found in Lyon et al. [2004], Wiltberger et al. [2009], and
Merkin and Lyon [2010].
2.2. Cusp Center Identification

[12] In the following sections, three quantities derived
from the MHD variables are used to define the center of the
polar cusp at high altitude:
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Figure 1. Locations of the cusp center at 6 RE altitude (identified using “crosses” in each panel) defined
by (a) maximum diamagnetic depression, (b) maximum plasma density enhancement, and (c) maximum
parallel ion number flux, derived from a test simulation with steady solar wind and IMF conditions (vx =
400 km/s, vy = vz = 0, N = 5 cm–3, T = 10 eV, Bx = Bz = 0, and By = +5 nT).

[13] 1. diamagnetic depression of the magnetic field (|B| –
|Bdipole|),

[14] 2. plasma density enhancement (n), and
[15] 3. parallel ion number flux (nvk).
[16] On the dayside at high altitude (e.g., at r = 6 RE fidu-

cial surface), the center of the cusp is defined in one of the
three ways as the point (or computational grid cell) where
the diamagnetic depression of the magnetic field |B|–|Bdipole|,
plasma density n, or parallel ion number flux nvk is maxi-
mum. Then the location of the cusp center is mapped along
magnetic field lines to a 100 km reference altitude in the
ionosphere. The coordinate system at ionospheric altitude
used throughout this paper is the magnetic coordinate. The
mapped location is taken to be the low-altitude cusp center
(MLAT and MLT). Figure 1 shows the spatial distribution
of diamagnetic depression, plasma density, and parallel ion
number flux at 6 RE altitude derived from a test simulation
driven by steady solar wind and duskward IMF conditions
(vx = 400 km/s, vy = vz = 0, N = 5 cm–3, T = 10 eV, Bx = Bz =
0, and By = +5 nT).

[17] In the test simulation results shown in Figure 1,
since the IMF is duskward (By = +5 nT), the cusp loca-
tions shift to the post-noon sector which is expected from
the shift in location of dayside reconnection in the mag-
netosphere. The test simulation shows that during steady
IMF By driving conditions, the cusp center locations defined
by the three different MHD parameters are approximately
the same. Although not shown, each method also gives the
same cusp center locations during steady southward IMF-
driving conditions. During steady northward IMF-driving
conditions, the cusp center latitudes defined by the three
methods differ slightly, with approximately 1ı-2ı MLAT
difference at the ionospheric reference altitude. This dif-
ference during northward IMF driving is related to the
configuration of magnetic reconnection in the simulation.
For southward IMF, the reconnection occurs near the sub-
solar point and the cusp fills by a rarefaction wave from
the magnetosheath. For northward IMF, magnetic recon-
nection occurs above the cusp (in the Northern Hemi-
sphere) and the flow is directly out of the reconnection
jet. Therefore, the maximum flow velocity (or ion flux)

occurs a bit higher in MLAT than the maximum density and
diamagnetic depression.

[18] The 6 RE fiducial surface for cusp identification is
chosen for two main reasons. First, the 6 RE surface is close
to the altitude of the Polar satellite, which has been used
by Zhou et al. [2000] to investigate the variations of the
high-altitude cusp. Second, the 6 RE surface is far away
from the low-altitude boundary (2 RRE) where the MHD
solutions may be affected by the artificial boundary con-
ditions introduced in the simulation. Test results show that
both the simulated cusp center location and cusp size are
not determined by the choice of the fiducial surface altitude.
When using 5 RE or 4 RE altitudes, the cusp identifica-
tion algorithms give almost identical results. Note that in
event simulations such as geomagnetic storms, sometimes
the magnetopause location may move Earthward inside a
nominal r = 6 RE fiducial surface used for cusp identifica-
tion. Therefore, this 6 RE surface is no longer appropriate for
identifying the location of high-altitude cusp. This problem
is solved by determining the magnetic connectivity between
the position of maximum diamagnetic depression and the
Earth. In the global simulation, if the position at the 6 RE sur-
face is not magnetically connected to the Earth, the fiducial
surface is moved to lower altitude until the position of max-
imum diamagnetic depression is magnetically connected to
the Earth.

2.3. The 31 August 2005 Storm
[19] The particular event simulation developed here (31

August 2005 00:00 UT to 02 September 2005 00:00 UT) is a
“moderate” geomagnetic storm interval with Dst minimum
of –140 nT. During this event, the solar wind and IMF condi-
tions cover a large range of the parameter space needed for a
linear correlation analysis, e.g., the IMF Bz varies from –18
nT to +10 nT, which provides a reasonable statistical ensem-
ble for determining the correlation between the simulated
cusp location and upstream IMF Bz. Figure 2 summarizes
the solar wind and IMF conditions for the 31 August 2005
storm obtained using the OMNI data set of 1 min averaged
multispacecraft interplanetary parameters from the NASA
Coordinated Data Analysis Web site.
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Figure 2. Solar wind parameters for the 31 August 2005 storm obtained using the OMNI data set
of 1 min averaged multispacecraft interplanetary parameter data (NASA Coordinated Data Analysis
Web site).

3. Results and Discussions
3.1. Cusp Center Latitude Versus IMF Bz

[20] The equatorward motion of the cusp during south-
ward IMF Bz has been reported in several observational
studies [e.g., Burch, 1973; Newell et al., 1989, 2007; Merka
et al., 2002; Zhou et al., 2000]. For example, Zhou et al.
[2000] found a 0.73ı/nT decrease in the latitude of the cusp
for southward IMF using Polar observations at high altitudes
(5–9 RE). Merka et al. [2002] used the Magion-4 observa-
tions and found that the high-altitude cusp moves equator-
ward at a modestly less rate of about 0.5ı/nT for southward
IMF. At low altitudes, Newell et al. [1989] showed that sta-
tistically the slope of IMF Bz dependence is 0.76ı/nT and
the linear correlation between the latitude of the low-altitude
particle cusp (DMSP altitude, � 845 km) and the south-
ward component of IMF Bz is approximately 0.70 with a
regression form

ƒc = 77.1ı + 0.76 Bz (Bz < 0), (1)

where ƒc is the latitude of the low-altitude particle cusp,
defined as the region where precipitating particle densities
and energies approximate that of the dayside magnetosheath.

The linear regression relation (1) is derived from an algo-
rithm developed by Newell and Meng [1988], which uses
the characteristics of the flux spectrum and average energy
of both electrons and ions to identify the low-altitude
particle cusp.

[21] Figure 3 shows the simulated time variation of the
cusp center latitude during the 31 August 2005 storm,
derived from the diamagnetic depression |B|–|Bdipole|, plasma
density n, and parallel ion number flux nvk, together with
the IMF Bz component imposed in the simulation bound-
ary approximately 30 RE sunward from the center of the
Earth. The simulated latitude of the cusp center location
shows a clear response to the upstream IMF Bz component.
When the IMF Bz component is northward, the cusp latitudes
derived from the three methods are not exactly the same,
which is consistent with the ideal test simulations described
in section 2.2. When the IMF Bz is southward, the three
methods give approximately the same cusp center latitiude.
As the IMF Bz component decreases, the MLAT of the sim-
ulated cusp center decreases with a time lag. Therefore, to
accurately analyze the SW/IMF dependence of the simulated
cusp latitude, the response of the simulated high-altitude
cusp center latitude is lagged in time because the response
of the dayside magnetosphere to given upstream conditions
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Figure 3. (a) Simulated time variations of the cusp center latitude during the 31 August 2005 storm,
derived from the maximum diamagnetic depression |B| – |Bdipole| (blue), maximum plasma density n
(green), and maximum parallel ion number flux nvk (red). (b) The time variation of IMF Bz component
imposed in the simulation boundary approximately 30 RE sunward from the center of the Earth.

is delayed due to the propagation of the SW/IMF condi-
tions from the upstream boundary and the response of the
magnetospheric convection. Zhang et al. [2011] used a con-
stant average lag time of 22 min based on a cross-correlation
analysis to simplify the calculation of linear correlations in
the LFM global simulation. Similarly, a constant lag time
of 24 min is chosen in the following sections based on two
cross-correlation analysis between IMF Bz and the simulated
cusp MLAT and between IMF By and the simulated cusp
MLT. Both analysis show that the highest cross-correlation
is around 24 min. In the cross-correlation analysis, the time
series of the upstream IMF components are taken at the
sunward boundary (XSM = +30 RE) of the LFM simulation.
Therefore, the average lag time is a consequence of both
propagation of the upstream IMF and the response of the
cusp to the changing IMF at the magnetopause. In the sim-
ulation, the response time of the cusp location to the arrival
of IMF at the magnetopause is shorter than the propagation
time of the IMF.

[22] Figure 4 shows the data points and linear regression
relations between the simulated latitude of the cusp center
and the southward component of IMF Bz derived from the
31 August 2005 storm simulation using three different MHD
diagnostics, together with the linear function (1) derived
from DMSP observations. The scatter in simulation data in
Figure 4 is similar to the statistical data used in Newell et al.
[2006]. The linear relations for southward IMF derived from
the MHD simulation are

ƒmag = 77.3ı + 0.77 Bz (Bz < 0) (2)

ƒden = 77.7ı + 0.80 Bz (Bz < 0), (3)
ƒion = 76.8ı + 0.81 Bz (Bz < 0), (4)

where ƒmag, ƒden, and ƒion are the MLAT of the simu-
lated cusp center derived from the diamagnetic, density, and

number flux methods, respectively. Note that the LFM model
uses the SM coordinates; therefore, the effect of dipole tilt
is automatically corrected in the simulation and no correc-
tion is need for deriving the linear regressions. Since the
storm period is close to September equinox, the effect of
dipole tilt on the cusp latitude is relatively small compared
with SW and IMF driving. The 6 RE fiducial surface is used
throughout the whole storm simulation since the magne-
topause is always outside of 6 RE. Although the three MHD
proxies of the cusp center latitude do not agree with each
other exactly (i.e., the separation of data points in Figure 4
during northward IMF due to the different configuration of
the cusp), these three diagnostics methods do give approx-
imately the same linear relation. The slope of the three
linear relations (0.77ı/nT, 0.80ı/nT, 0.81ı/nT) are higher
than that derived by Merka et al. [2002] but are remark-
ably consistent with the statistical values derived from both
Polar (0.73ı/nT) observations at high altitudes and DMSP
(0.76ı/nT) observations at low altitudes. The differences
between the locations of the high-altitude and low-altitude
cusp have been suggested and discussed by previous stud-
ies [e.g., Zhou et al., 2000; Merka et al., 2002]. In the LFM
simulation, the mapped locations of the high-altitude cusp
calculated at the 6 RE surface is approximately 1ı higher
in magnetic latitude compared with the observed locations
of the low-altitude cusp derived by Newell et al. [2006],
as shown in Figure 4. This 1ı difference in magnetic lati-
tude is also consistent with the statistical variations of the
high-altitude cusp location derived by Zhou et al. [2000],
who found that the observed high-altitude cusp lies approx-
imately 1.5ı higher in magnetic latitude compared with the
observed low-altitude cusp. Zhou et al. [2000] also attributed
the origin of the difference as the use of different average
period of the IMF data. Note that the cusp latitude from
the storm simulation is derived from fluid properties of the
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Figure 4. Linear regression relations between the simulated cusp latitude and IMF Bz derived from the
31 August 2005 Storm, together with the simulation data points. Cusp latitude derived from high-altitude
diamagnetic field depression (blue); cusp latitude derived from high-altitude plasma density enhancement
(red); cusp latitude derived from high-altitude parallel ion number flux (green), and the linear relation
(black). The statistical relation from Newell et al. [2006] are shown in each panel using dashed lines.

magnetospheric plasma at high altitude (6 RE), whereas the
observed cusp latitude is derived from particle properties of
ionospheric plasma at low altitude (845 km). Given the fact
that the MHD description of the low-altitude cusp is not ade-
quate and the use of a single-storm data does not provide
adequate coverage for a full statistical study, the similarity
between the LFM simulation of the high-altitude cusp loca-
tion and the observed low-altitude cusp locations may be
fortuitous. However, it is important to note that the variations
of the simulated cusp, especially the slopes of dependence
on the IMF Bz, are consistent with both high- and low-
altitude observations, which is a significant validation of the
simulation results.

[23] Note that the statistical linear relation derived by
Newell et al. [2006] was based on a large amount of obser-
vational data while the simulated linear relation is derived
from a 2 day event simulation which is not a compre-
hensive statistical study. However, the low-altitude cusp
locations derived from the three different MHD quantities
show almost the same linear relationship with IMF Bz in
the 31 August 2005 storm simulation. Several possible rea-
sons may explain the good agreement between the event
simulation and data. First, although the MHD description of
the dayside magnetopause location is approximately 1 RE
closer to the Earth than observed due to the underestima-
tion of inner mangetospheric pressure [Garcia and Hughes,
2007], the simulated convection electric field on the dayside

is greater than observed, which results in faster antisunward
convection in the dayside cusp region. This faster convec-
tion compensates for the effect of a closer magnetopause
location when the cusp location is determined at high
altitude such as 6 RE. Second, the high-altitude cusp is
mainly controlled by the solar wind and IMF conditions;
therefore, although the 31 August 2005 storm is not a com-
prehensive statistical study, the 48 h event does cover a
large-parameter range of SW coupling, which provides a
reasonable statistical ensemble for correlation analysis and
data-model comparison.

Table 1. The Linear Correlation Between Cusp Latitude and Var-
ious SW-Coupling Functions Derived From the LFM Simulation

LFM

Name Form Mag Den Ion DMSP

Bz Bz 0.817 0.791 0.863 0.644
� vB2

T sin4 (�c/2) 0.842 0.840 0.802 0.745
EKL vBT sin2 (�c/2) 0.914 0.910 0.892 0.794
EKLV v4/3BT sin2 (�c/2) p1/6 0.916 0.908 0.900 0.776
EWAV vBT sin4 (�c/2) 0.920 0.912 0.898 0.830
EWV v4/3BT sin4 (�c/2) p1/6 0.913 0.903 0.894 0.821
ESR vBT sin4 (�c/2) p1/2 0.857 0.845 0.837 0.788
ETL n1/2v2BT sin6 (�c/2) 0.829 0.825 0.805 0.775
d�MP/dt v4/3B2/3

T sin8/3 (�c/2) 0.910 0.902 0.915 0.845
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Figure 5. Linear regression relations between the simu-
lated cusp latitude and the SW-coupling function d�MP/dt
derived from the 31 August 2005 storm, together with the
simulation data points: cusp latitude derived from high-
altitude magnetic field depression (blue), plasma density
enhancement (green), and parallel ion number flux (red). The
linear regression relations LFM are shown in solid lines, and
the one from Newell et al. [2006] is shown as a dashed line.

3.2. Cusp Center Latitude Versus
SW-Coupling Functions

[24] The cusp center latitude also depends on other
SW/IMF parameters. Newell et al. [2006] investigated the
correlations between cusp latitude and various SW-coupling

functions based on 22 years of DMSP satellite particle data
(1984–2005) and showed that among these functions the
IMF Bz does not provide the best linear correlation with cusp
latitude. Newell et al. [2006] also suggested an optimal solar
wind coupling function d�MP/dt (v 4/3B2/3

T sin8/3 (�c/2)) which
gives the best statistical correlation between solar wind
parameters and cusp latitude. These SW-coupling functions
are tested in the MHD simulation using the 31 August
2005 storm simulation data. We considered nine solar wind
coupling functions that are frequently encountered in the
literature. Table 1 shows the correlations between the nine
solar wind coupling functions and the simulated latitude of
the cusp center derived from the three different diagnostic
methods, together with the correlations derived from DMSP
observations. Note that the DMSP cusp locations are defined
as the equatorial edge of the low-altitude cusp while the
LFM cusp locations are defined as the center of the high-
altitude cusp. Analysis shows that in the LFM simulation,
all of the simulated linear correlations between cusp latitude
and SW-coupling functions are greater than those derived by
Newell et al. [2006]. The higher correlation may be a conse-
quence of having fewer data points (48 h) in the simulation
compared with the DMSP observations (22 years). Overall,
the three MHD diagnostics methods give approximately the
same linear correlations between the simulated cusp latitude
and the selected SW-coupling functions listed in Table 1.
The average difference of the linear correlations derived
from three diagnostic methods is around 0.02, which indi-
cates that all the three methods give approximately the same
results. The cusp latitude derived from diamagnetic depres-
sion property shows the highest linear correlation compared
with the other two cusp identification methods, but the dif-
ference are very small. All of the SW-coupling functions
listed in Table 1 have a linear correlation greater than 0.8.
The linear correlations derived from EKL and EWAV (at the
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r = 0.9 level) are greater than that derived from Bz (at the
r = 0.8 level) by approximately 0.11. This difference is also
consistent with the results in Newell et al. [2006]. The solar
wind coupling functions EKLV, EWV, d�MP/dt also have lin-
ear correlations at the r = 0.9 level. Although the average
of the correlations from the three cusp identification algo-
rithms exhibit the highest correlation with the d�MP/dt and
EKL, which is again consistent with Newell et al. [2006],
the correlations with d�MP/dt and EKL are not significantly
higher than the other coupling functions except the Bz and �.
Figure 5 shows the simulated linear fit relations derived from
d�MP/dt based on the three diagnostic methods, together with
the observational results from Newell et al. [2006]. The 31
August 2005 storm simulation shows almost the same linear
regression between the cusp latitude (sinƒc) and the Newell
et al. [2006] optimal SW-coupling function d�MP/dt.

3.3. Cusp Center MLT Versus IMF By

[25] Both observations and simulations have shown that
the MLT location of the cusp is controlled by the upstream
IMF By component. Figure 6a shows the MLT variation
of the simulated location of the cusp center during the 31
August 2005 storm. The simulated MLT location of the
cusp center exhibits a clear response to the IMF By com-
ponent. When By is positive (negative), the cusp center
moves to the post-noon (pre-noon) sector. This MLT shift
of the cusp due to IMF By component is a consequence of
the expected displacement of reconnection sites away from
noon and has been investigated using both observations and

MHD simulations [e.g., Newell et al., 1989; Crooker, 1979;
Luhmann et al., 1984; Fenrich et al., 2001; Siscoe et al.,
2005]. In the LFM simulation, for positive (negative)
IMF By, the center of the reconnection site moves duskward
(dawnward) in the Northern Hemisphere which is con-
sistent with observations, and the maximum diamagnetic
field depression, plasma density enhancement, and par-
allel ion flow occurs in the afternoon (morning) sector.
The variations of the MLT location of the simulated cusp
is qualitatively consistent with observations at both high
and low altitudes. For example, Newell et al. [1989] found
that during southward IMF, the low-altitude cusp shifts by
0.5 hours MLT (1.5 hours MLT) toward dawn (dusk) for
By negative (positive). Zhou et al. [2000] reported similar
MLT shift of the high-altitude cusp. Figure 7 shows the
data points and linear regressions between the simulated
MLT locations of the low-altitude cusp center calculated
from three diagnostic methods and the IMF By component
derived from the 31 August 2005 storm. The response of
the MLT location of the cusp is lagged by 24 min based on
a cross-correlation analysis between IMF By and the simu-
lated MLT location of the cusp. The simulated correlations
between the MLT location and IMF By driving are lower
than those between the cusp latitude and IMF Bz. The linear
regression relations derived from the MHD simulation are

MLTmag = 0.12 By + 12.13 (5)
MLTden = 0.11 By + 12.14, (6)
MLTion = 0.16 By + 12.22, (7)
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Figure 8. The relationship between the simulated cusp latitudinal width and MLT width versus solar
wind dynamic pressure.

where MLTmag, MLTden, and MLTion are the MLT of the sim-
ulated cusp center derived from the maximum diamagnetic
depression |B| – |Bdipole|, maximum density enhancement n
and parallel ion number flux nvk at r = 6 RE, respectively.
In identifying the MLT location of the polar cusp, the mag-
netic depression method gives approximately the same linear
regression as the parallel ion flux method, and the highest
linear correlation (0.73) is from the diamagnetic depression
method and the lowest linear correlation (0.62) is from the
plasma density enhancement method.

3.4. Cusp Width Versus SW Dynamic Pressure
[26] Predicting the area of the polar cusp is also impor-

tant in investigating dayside solar wind-magnetosphere-
ionosphere coupling and in forecasting space weather
phenomena. For example, the modeling of cusp soft elec-
tron precipitation in a coupled global geospace simulation
requires a self-consistent, dynamic, and accurate specifica-
tion of the cusp area [e.g., Zhang et al., 2012]. In global
MHD simulations, the area of the polar cusp can be defined
by either the spatial extent of the diamagnetic depression
[e.g., Niehof et al., 2010; Adamson et al., 2011; Walsh et al.,
2012] or the simulated cusp plasma property, viz, relative
density enhancement or parallel ion flux at high altitude.
The three diagnostic methods give approximately the same
area of the polar cusp, and only the results from the diamag-
netic depression method are shown in the following section.
The relationship between the simulated cusp width and SW
dynamic pressure is investigated using the data from the 31
August 2005 storm simulation.

[27] The size of the cusp is controlled by the upstream
SW-driving conditions. Figure 8 shows the relationship
between the simulated MLAT and MLT width of the cusp
and the dynamic pressure of the upstream SW derived from

the 24 August 2004 storm. The cusp width shown in Figure 8
is defined by the magnetic depression property at 6 RE
altitude in the LFM simulation. The area of the cusp is
calculated from the magnetically mapped area where the
high-altitude diamagnetic depression 0.25 � �B/�Bmax �
1. �Bmax is the maximum magnetic depression correspond-
ing to the center of the cusp on the dayside. The simulated
width of the cusp depends on the choice of parameters and
identification methods. Figure 8 shows that as the solar
wind dynamic pressure increases, the cusp width increases
in both MLAT and MLT, which is consistent with observa-
tions. For example, Zhou et al. [2000] found that the cusp
is around 3ı in MLAT and the width increases as solar
wind dynamic pressure increases. The increase of cusp width
in latitude with solar dynamic pressure could be explained
by the variation of the magnetopause location. Since the
magnetopause moves Earthward with an increase in solar
wind dynamic pressure, the expansion of the cusp latitudinal
width is derived from a wider cusp closer to the magne-
topause. However, when the solar wind dynamic pressure
is greater than 3 nPa, the variation of the cusp width as
a function of solar wind dynamic pressure shows a clear
saturation behavior: the latitudinal width of the cusp satu-
rates around 8ı and the MLT width of the cusp saturates
around 6 h. Zhou et al. [2000] found a slightly saturated
behavior of the mean cusp latitudinal width for solar wind
dynamic pressure greater than 2 nP, although the data were
quite scattered. The saturation behavior around 3 nP may
be related to the interplay between the grid resolution of
the simulation and the parameters used in defining the cusp
area. It may be largely a consequence of the magnetopause
distance effect [e.g., Niehof et al., 2010]. However, more
data with large solar wind driving is needed to verify this
interesting phenomena in the future.
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[28] Note that the latitudinal width of the simulated cusp
is about twice greater than observed values, which may be
a consequence of the relatively low resolution of the numer-
ical grid used in the simulation (approximately 0.4–0.6 RE
grid size near the dayside magnetopause). A higher resolu-
tion (decreasing the grid size by a factor of 2) simulation
shows that although the location and the statistical varia-
tions of the cusp center remain approximately the same, the
simulated latitudinal width of the polar cusp is significantly
narrower (by approximately 3ı in magnetic latitude) than the
low-resolution simulations, which is more consistent with
observations. For example, Zhou et al. [2000] found that the
cusp is around 3ı in magnetic latitude, and Palmroth et al.
[2001] found a latitudinal cusp width of approximately 4ı
below 8 RE. Although Crooker and Burke [1991] reported
an observed cusp area covering 8 h of MLT during a pro-
longed period of strong but steady geomagnetic activity, the
MLT width of the simulated cusp on average is still greater
than the observed width by approximately a factor of 2. For
example, Merka et al. [2002] derived statistical cusp widths
of 1.8–2.7 in MLT depending on the upstream-driving con-
ditions. Test simulation results show that when the grid
resolution is finer, the simulated MLAT and MLT width of
the polar cusp decreases as expected. However, in the high-
resolution storm simulation, the simulated location of the
cusp center and the linear correlations with various solar
wind coupling functions remain approximately the same.

4. Summary
[29] The aim of this paper is to examine how the proper-

ties of the dayside high-altitude cusp vary with solar wind
conditions using the LFM global simulation. This varia-
tion is then compared to low-altitude observations from the
DMSP satellites. The simulation is run for the 31 August
2005 to 02 September 2005 moderate storm where IMF Bz
varied between –17 nT and +14 nT and Dst varied from –140
nT to +20 nT. The solar wind and IMF data from these 2 days
exhibit a wide range of conditions that enable a statistical
representation of the cusp to be obtained.

[30] In global magnetosphere simulations, the location of
the polar cusp can be determined from properties of MHD
variables at high altitude (6 RE) such as the diamagnetic
depression of the magnetic field |B|–|Bdipole| and plasma den-
sity enhancement n, together with a new type of diagnostic
based on the simulated downward parallel ion number flux
nvk. This location is then mapped along field lines to the
ionospheric reference altitude and is taken to be the low-
altitude cusp in order to compare with observational results.
The latitude of the cusp is then correlated with the Bz compo-
nent of the IMF to calculate the best average time offset (24
min) between solar wind data and cusp location throughout
the 31 August 2005 storm.

[31] The correlation of the cusp latitude and various solar
wind IMF coupling functions is explored using the three
different diagnostic methods. Analysis shows (1) the three
methods give approximately the same location and size of
the high-altitude cusp in the simulation and (2) the varia-
tions in location of the high-altitude cusp are remarkably
consistent with the observed statistical variations of the
low-altitude cusp. The linear correlations of the simulated
cusp latitude with the southward component of the IMF are

between 0.79 (n) and 0.86 (nvk). In agreement with Newell
et al. [2006], a higher correlation is obtained using other
solar wind coupling functions such as Kan-Lee electric field
EKL (0.90–0.91) and the Newell optimal function d�MP/dt
(0.90–0.91). The MLT position of the simulated cusp is
found to depend upon the strength of IMF By component.
The linear correlation at 0.69 (nvk)–0.73 (|B| – |Bdipole|) is not
as strong as between Bz and cusp latitude. The width of the
simulated cusp in both latitude and MLT is also examined.
The area of the cusp is set to be the region at 6 RE where
the diamagnetic depression is more than 25% of the maxi-
mum depression on the dayside. The simulated the size of
the cusp is found to be greater than observations due to rela-
tively low spatial resolution used in the simulation. The size
of the cusp is found to increase with the solar wind dynamic
pressure. Both the MLAT and MLT width of the simulated
cusp saturate when the SW dynamic pressure is greater than
3 nPa.
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