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Abstract The effects of solar wind driving conditions on the polar distribution of large-scale,
nondispersive Alfvénic Poynting flux at low altitude during steady magnetosphere convections are studied
using three-dimensional global simulations of the solar wind-magnetosphere-ionosphere interaction.
Results from 18 test simulations driven by steady upstream solar wind (SW) and interplanetary magnetic
field (IMF) conditions are used to investigate the relationship between SW/IMF driving and low-altitude
signatures of large-scale Alfvénic Poynting flux. When the IMF is southward, the intensity of the Alfvénic
Poynting flux increases, and the hemispheric integrated Alfvénic Poynting flux exhibits a linear relation
with the SW electric field. When the IMF has a By component, the simulated hemispheric Alfvénic power
does not fit to the same linear relation. During steady IMF By driving conditions, the low-altitude regions
with enhanced Alfvénic Poynting flux are magnetically connected with magnetospheric dynamo regions
on both open and closed field lines. The physical origin of low-altitude Alfvénic Poynting flux connecting
to the closed field line region is similar with that during southward IMF Bz driving. However, the Alfvénic
Poynting flux flowing from the open field line dynamo region may be related to the physical process on the
magnetopause, and only shear-mode waves are generated.

1. Introduction

Alfvén waves transport solar wind energy into the low-altitude magnetosphere and the ionosphere-
thermosphere, and their signatures have been observed on ground-based, rocket, and satellite platforms
in many observational studies [e.g., Rostoker et al., 1972; Raitt and Sojka, 1977; Yumoto et al., 1987; Boehm et
al., 1990, 1995; Engebretson et al., 1998; Chaston et al., 1999, 2003; Newell et al., 2009]. The energy deposited
by Alfvén waves has important consequences on the dynamic coupling between the magnetosphere,
ionosphere, and thermosphere. Satellite observations show that Alfvénic Poynting flux is correlated with
the flux of ionospheric O+ outflow [Strangeway, 2010], which significantly influences dayside and night-
side magnetic reconnection and the modes of convection of the magnetosphere in global simulations
[Brambles et al., 2011, 2013; Ouellette et al., 2013]. Alfvén wave-induced soft electron precipitation [Chaston
et al., 2003, 2007; Keiling et al., 2002] modifies the F region plasma distribution and the conductivity of the
E region and bottomside F region. The thermospheric mass density distribution is also indirectly modified
by Alfvén wave-induced, soft electron precipitation, especially in the dayside cusp region and premidnight
auroral sector [Sadler et al., 2012; Zhang et al., 2012a; Deng et al., 2013].

In light of these important effects, numerous observational studies have been devoted to determining
the distribution and physical origins of low-altitude Alfvénic Poynting flux. The global distribution of
Alfvénic Poynting flux flowing to low altitude has been derived using electric and magnetic fields mea-
surements from polar orbiting satellites. The statistical distribution of downgoing Alfvénic Poynting flux
was first derived from 1 year Polar satellite observations (year of 1997) by Keiling et al. [2003]. The band-
pass filter technique used in the Polar studies can resolve wave power in the band of 6–180 s [Keiling et
al., 2000; Wygant et al., 2000]. In this passband, the global statistical distribution of Alfvén wave activity
exhibits a significant dawn-dusk asymmetry and is observed to be most intense in the nightside auroral
zone and postnoon dayside region. This dawn-dusk asymmetry is evidently a robust feature of the cou-
pled magnetosphere-ionosphere (MI) system, which also appears in the statistical patterns of Alfvén wave
energy flux derived from 4 years of FAST measurements [Chaston et al., 2003] and in 10 year averages of
broadband electron precipitation energy flux derived from DMSP satellite measurements [Newell et al.,
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2009, 2010]. A similar dawn-dusk asymmetry also occurs in the percentage of Alfvén wave-driven electron
energy flux derived from FAST observations [Chaston et al., 2007]. The nightside dawn-dusk asymmetry in
Alfvénic activities at low altitude presumably reflects asymmetries in the magnetotail dynamo processes
generating the Alfvénic power, and the causes of this asymmetry have been investigated using global
magnetosphere-ionosphere simulations [Zhang et al., 2012b].

Global simulations have repeatedly demonstrated their utility and value in advancing our understand-
ing of the coupled magnetosphere-ionosphere-thermosphere system. As shown in the study from Zhang
et al. [2012b], global simulations are capable of reproducing the observed distribution of Alfvénic power
flowing to low altitudes (4–6 RE) from magnetospheric dynamos. In the measurements of Alfvénic power
reported by Keiling et al. [2003], small-scale Doppler-shifted structures are present in the observations.
Such structures are subgrid in MHD, which limits comparisons between the MHD results and the obser-
vations from Keiling et al. [2003]. However, the small-scale Alfvén waves are part of a continuous wave
number spectrum that extends to the length-scale region accessible in global simulations. Therefore,
global simulations provide a unique vehicle to test hypotheses on the origins of the Alfvénic power with
insights that are practically impossible to derive from observational data. Recent studies using global
magnetosphere-ionosphere simulations have shown that nightside Alfvénic Poynting flux can be gener-
ated in the magnetotail through the braking of bursty bulk flows (BBFs) [Angelopoulos et al., 1992], which
is consistent with observations. The relationship between the BBFs and low-altitude Alfvénic Poynting flux
enhancement has been studied in several observational studies [e.g., Shiokawa et al., 1998; Kepko et al.,
2001; Angelopoulos et al., 2002]. In global simulations driven by southward interplanetary magnetic field
(IMF) conditions, intense Alfvénic Poynting flux is observed in the nightside auroral region with a signif-
icant dawn-dusk asymmetry. The physical origin and properties of the simulated Alfvénic Poynting flux
under southward IMF driving condition has been investigated in our previous research [Zhang et al., 2012b].
This work revealed that the nightside Alfvénic power in these simulations is generated in the magnetotail
by time-variable, fast flows emerging from nightside reconnection. Analysis of wave propagation in the
plasma sheet source region near XSM ≈ −15 RE shows that as these flows brake, a portion of their kinetic
energy is converted to electromagnetic energy in the form of intermediate and fast magnetohydrodynamic
(MHD) waves. The wave power is predominantly compressional in the source region, becoming increasingly
Alfvénic as it propagates along magnetic field lines toward the ionosphere. Additionally, because reconnec-
tion is steady at the magnetopause, it generates little Alfvénic power on the dayside, and the intensity of the
low-altitude Alfvénic Poynting flux on the dayside is much lower than that on the nightside during the SMC
state. In the simulation, the SMC state is defined as the simulated magnetosphere has balanced reconnec-
tion rates on the dayside and nightside [e.g., Sergeev et al., 1996]. During the SMC state, the simulated polar
cap flux, cross polar cap potential, and auroral precipitation power remain approximately constant.

The associated pattern of Alfvénic power flowing to low altitude in the global simulation, including its pre-
midnight prominence, is remarkably similar in both intensity and distribution to the statistical patterns
derived from Polar and FAST. Moreover, controlled simulation shows that the prevalence of observed BBFs
in the premidnight plasma sheet and the low-altitude Alfvénic Poynting flux in the premidnight auroral
sector is controlled by the spatial gradients in ionospheric conductance at the polar cap boundary [Zhang
et al., 2012b; Smith, 2012]. In the simulations, when the ionospheric conductance is set to be uniform, the
dawn-dusk symmetry in the distribution of plasma sheet flow and Alfvénic Poynting flux disappears.

In this paper we investigate the distributions of low-altitude Alfvénic Poynting flux for various solar wind
and interplanetary magnetic field (IMF) driving conditions using the Lyon-Fedder-Mobarry (LFM) global
magnetosphere simulations. The magnetotail origins of nightside Alfvénic power under IMF By driving con-
ditions are analyzed in detail. Section 2 describes the global simulation model, the algorithm of calculating
Alfvénic Poynting flux in global simulations, and the upstream driving conditions used in the test simula-
tions. Section 3 analyzes the properties of the simulated nightside Alfvénic Poynting flux for various driving
conditions. Section 4 summarizes the results.

2. Simulation Description
2.1. The LFM Global Simulation
The Lyon-Fedder-Mobarry (LFM) global simulation uses an eighth-order, finite volume total variation dimin-
ishing scheme on a nonorthogonal, stretched spherical grid to solve the single-fluid ideal MHD equations
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describing the evolution of fluid mass, momentum, and energy. In the solar magnetospheric (SM) coordi-
nates (XSM,YSM,ZSM), the magnetospheric simulation domain extends from XSM = 30 RE sunward to XSM =
−300 RE antisunward and spans 100 RE in both ±YSM and ±ZSM directions. The computational grid is adapted
to be nonuniform in order to achieve higher resolution near the bow shock, the magnetopause, in the
plasma sheet, and inner magnetosphere, with lower resolution far away from the Earth in the solar wind and
at the outer boundaries of the simulation. Magnetic reconnection in the LFM simulation occurs via macro-
scopic resistivity [Lyon et al., 2004], wherein the frozen-in condition is violated when magnetic gradients
reach the grid scale, which is approximately 1.5 RE (for the resolution used in this paper) near the X line in
the magnetotail. The reconnection electric field is typically of the order of the of 0.1vABin, where vA and Bin

are the inflow Alfvén speed and magnetic field strength, respectively. This practically universal scaling indi-
cates that the changes in reconnection are not caused by changes in numerical dissipation and that the
numerical resistivity is simulating large-scale aspects of reconnection appropriately [Ouellette et al., 2013].
Fedder and Lyon [1987, 1995] have also shown that the global rate of reconnection in the magnetosphere
is controlled by the solar wind conditions and MI coupling and not by the simulation cell sizes. The MHD
calculation of the magnetospheric plasma stops at a spherical surface at geocentric radial distance of 2 RE ,
which is referred to as the low-altitude (inner) boundary of the global simulation. The boundary conditions
at the inner computational boundary are determined by dynamic coupling between the magnetospehre
and ionosphere.

The ionosphere electrodynamics in the LFM simulation are incorporated through the Magnetosphere-
Ionosphere Coupler/Solver (MIX) module [Merkin and Lyon, 2010], which solves the two-dimensional elec-
trostatic ionospheric potential based on current continuity, Ohm’s law in the ionospheric conducting
layer, and an empirical conductance model including EUV and auroral contributions [Robinson et al., 1987,
Richmond, 1992] that are causally regulated by an electron precipitation model [Wiltberger et al., 2009]. After
solving for the electric potential, the 𝐄 × 𝐁 drift velocity derived from ionospheric electric field is mapped
along dipole magnetic field lines to the 2 RE surface and is imposed as an inner boundary condition on the
plasma bulk velocity for the MHD solver. In the following sections (except section 3.2 where the conduc-
tance is set to be constant), the electron precipitation and empirical conductance models are used for the
simulations.

To simulate the coupled solar wind-magnetosphere-ionosphere interaction, a point dipole magnetic field is
used in the LFM simulation to represent the Earth’s magnetic field. Therefore, no hemispheric asymmetry is
introduced in the background magnetic field (dipole tilt is set to zero in these test simulations). The SW and
IMF conditions (either ideal or satellite observation based) are imposed at the XSM = 30 RE sunward bound-
ary as the upstream driving conditions. The details of the physical considerations and numerical methods
used in the LFM global simulation can be found in Lyon et al. [2004].

2.2. Calculation of Alfvénic Poynting Flux
The simulated Alfvénic Poynting flux is calculated using the instantaneous electric and magnetic fields at
grid cells near the inner boundary of the LFM simulation (at approximately 3.5 RE geocentric or 1.5 RE above
the low-altitude spherical boundary in the simulation) through a band pass filtering technique. As in Zhang
et al. [2012b], the field-aligned Alfvénic Poynting flux S‖ is calculated from the perturbation electric (𝛿𝐄) and
magnetic (𝛿𝐁) fields as

S‖ =
1
𝜇0

𝛿𝐄 × 𝛿𝐁 ⋅
𝐁avg

Bavg
(1)

where 𝜇0 is the permeability of free space and 𝐁avg is the mean vector magnetic field calculated from a 180 s
running average of the local magnetic field. The perturbation 𝛿𝐄 and 𝛿𝐁 fields are calculated by subtracting
the 180 s running average values from the 5 s averaged electric and magnetic fields, which are also dumped
every 5 s. Note that the MHD time step is approximately 0.1 s; therefore, each 5 s output field is an average
of about 50 time steps. The procedure for evaluating the mapped field-aligned Alfvénic Poynting flux S‖ in
the simulation is illustrated in Figure 1, which is essentially the same algorithm used by Keiling et al. [2003]
in deriving S‖ from Polar satellite data including a half-hour averaging process to remove contributions from
standing waves, except that the electric and magnetic fields are calculated from grid cells at the r = 3.5 RE

geocentric fiducial surface instead of Polar satellite altitudes. At r = 3.5 RE altitude, the transverse scales
of these large-scale Alfvénic wave Poynting fluxes are of the order of approximately 0.5 RE . The algorithm
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Figure 1. Algorithm of Alfvénic Poynting flux calculation in the LFM simulation.

resolves electromagnetic waves in the range of 5–180 s, which is approximately the same range used in the
Polar study (6–180 s).

The simulated Alfvénic Poynting flux recorded on grid cells at the r = 3.5 RE surface is then mapped to
a 100 km reference altitude along magnetic field lines such that S‖∕B = constant. The dipole mapped flux
represents the low-altitude signatures of downgoing field-aligned Alfvénic Poynting flux in the simulation
and can be used to compare with observations derived from polar-orbiting satellites.

The reason for choosing a fiducial surface of 3.5 RE is that the hard-wall boundary condition at the inner
boundary of the simulation domain causes diversion of field-aligned to perpendicular Poynting flux at the
lowest computational surface below 3.5 RE , whereas above 3.5 RE , the simulated distribution of downward
field-aligned Alfvénic Poynting flux is more nearly conserved with S‖∕B constant along magnetic field lines.

Figure 2 shows the magnitudes of average field-aligned Alfvénic Poynting flux at the lowest computational
surfaces in an LFM test simulation driven by steady SW and IMF conditions (vx = 400 km/s, vy = vz = 0,
NSW = 5 cm−3, cs = 40 km/s, Bx = By = 0, Bz = −5 nT). The total simulation time is 3 h, and the panels
in Figure 2 are derived from the last hour of the test simulation. As is shown in Figure 2, below 3.5 RE the
mapped intensity of Alfvénic Poynting flux decreases as the altitude of the computational surface decreases,
which is due to both diversion and numerical dissipation of field-aligned Poynting flux caused by the arti-
ficial hard-wall boundary condition at r = 2.0 RE . The numerical dissipation introduced in the simulation

Figure 2. One hour average distributions of field-aligned Alfvénic Poynting flux evaluated at four computational surfaces
(approximately spherical) in an LFM test simulation for IMF Bz = −5 nT, SW vx = 400 km/s, and NSW = 5 cm−3. The
hemispheric integrated downgoing Alfvénic power is indicated at the top left of each panel, with a unit of GW.
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Figure 3. One hour average distributions of field-aligned Alfvénic Poynting flux using four different running average win-
dows derived from an LFM test simulation for IMF Bz = −5 nT, SW vx = 400 km/s, and NSW = 5 cm−3. The hemispheric
integrated downgoing Alfvénic power is indicated at the top left of each panel, with a unit of GW.

is due to the fact that the numerical grid converges slower than the perpendicular scale of the magnetic
field lines as approaching the low-altitude boundary of the simulation. Therefore, the simulated Alfvénic
Poynting flux decreases as the fiducial surface approaching the inner boundary of 2 RE . Above 3.5 RE , the
perpendicular structures of the Alfvénic Poynting flux are less affected by the numerical dissipation, and the
simulated distribution and intensity of the mapped field-aligned Alfvénic Poynting flux are approximately
the same. Though only the result derived from 4.0 RE altitude is shown in Figure 2, test results show that
the simulated distributions and intensities of Alfvénic Poynting flux are approximately the same as those
derived from 3.5 RE when calculated from 4.5 RE and even higher altitudes. Therefore, the r = 3.5 RE surface
is chosen to calculate Alfvénic Poynting flux in the global simulation.

The choice of the time period band used in the running average process also affects the intensity and spatial
distribution of the simulated Alfvénic Poynting flux. Figure 3 shows the distributions of 1 h average down-
going Alfvénic Poynting flux derived from the test LFM simulation driven by the same steady upstream
conditions as is described in Figure 2 using four different running average time periods: the Pc1 and Pc2
(1–10 s), Pc3 (10–45 s), Pc4 (45–150 s), and Pc5 (150–600 s). The output electric and magnetic fields in the
test simulation are averaged and dumped every 1 s. To calculate the power in the Pc1 and Pc2 band, a run-
ning average of 10 s is subtracted from the output fields in order to get the power in the range of 1–10 s. To
derive the power in the Pc3 band, the 1 s output fields are averaged using a 10 s running average window
in order to remove temporal variations that have periods shorter than 10 s. The simulated Alfvénic Poynting
flux in the four time period bands have relatively similar spatial distributions but quite different magnitudes.
For each frequency band, most of the simulated Alfvénic Poynting flux is located in the premidnight sector
between 20–23 magnetic local time (MLT) and 70◦ − 80◦ magnetic latitude (MLAT), but the intensity of the
average downgoing Alfvénic Poynting flux decreases as the frequency increases. The simulated wave power
in the Pc1 and Pc2 band is about 5–10 times lower than those in the other three frequency bands.

Figure 3 indicates that the Alfvénic Poynting flux generated on the nightside during the steady SW/IMF driv-
ing is broadband. It is most likely that the wave power generated in the simulation represents low-frequency
MHD waves (in the Pc4 and Pc5 band) since the numerical simulation cannot accurately resolve wave power
at frequencies above a certain threshold due to the finite spatial resolution, which results in the attenua-
tion of the higher-frequency components of the simulated Alfvénic wave power [Claudepierre et al., 2010].
The numerical dissipation of MHD waves in the LFM simulation can be introduced by both finite spatial res-
olution and the shock-capture numerical methods. Linear dispersion studies with the LFM simulation show
that a full wavelength is resolved by about four grid cells. For the spatial grid used in the following test sim-
ulations, this condition corresponds to approximately 1.5 RE in the inner magnetosphere where the electric
and magnetic fields are recorded and corresponds to an approximately 20 mHz upper limit of the wave fre-
quency (given that the Alfvén wave phase speed is limited to 1.1 × 106 m/s in the LFM simulation [Boris,
1970], see details in section 3.2) that can be well resolved by the model. Therefore, as shown in Figure 3, the
wave power in the Pc1, Pc2, and Pc3 band (> 20 mHz) may be significantly affected by the numerical dissipa-
tion (the Pc1 and Pc2 band contain only about 5% of the total power in the 1–150 s band). As a result, given
the specific spatial resolution used in the test simulations, the default running average window 5–180 s used
in the following sections is actually only capable of resolving the MHD wave power in the Pc4-Pc5 band.
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Table 1. Solar Wind and IMF Conditions Used in the Five Test
Simulations With Different IMF Bz

a

Bz Run No. Bz (nT) vx (km/s) 𝜃 (Degree) 𝜖 (mV/m)

1 −1 400 180◦ 0.4

2 −3 400 180◦ 1.2

3 −5 400 180◦ 2.0

4 −7 400 180◦ 2.8

5 −9 400 180◦ 3.6

aThe solar wind velocity vy = vz = 0, N = 5 cm−3, cs = 40
km/s. The solar wind coupling function 𝜖 = vB sin2(𝜃∕2) is listed
in the last column.

2.3. SW and IMF Conditions Used in the Simulation
To investigate the solar wind control of the low-altitude, downgoing Alfvénic Poynting flux generated in the
magnetotail during SMC states, simulation data from 18 test runs driven by ideal, steady SW/IMF conditions
are used in the following sections. Tables 1–3 show the SW/IMF conditions used in the test simulations. In
each test simulation, the magnetosphere is preconditioned for 4 h before the corresponding steady SW/IMF
conditions are imposed at the sunward boundary. During the 4 h of preconditioning, the SW condition is set
to be steady with vx = 400 km/s, vy = vz = 0, NSW = 5 cm−3, cs = 40 km/s, and the IMF is set to be southward
with Bz = −5 nT for the first 2 h and then northward with Bz = +5 nT for the next 2 h. This preconditioning
of the magnetosphere has been introduced in many LFM simulation studies in order to populate the inner
magnetosphere [e.g., Wiltberger et al., 2004].

After the preconditioning of the inner magnetosphere, each test simulation is then driven by the corre-
sponding steady SW/IMF conditions for 3 h, and the average Alfvénic Poynting flux calculated during the
last hour (2:00–3:00 ST) is analyzed in the following sections. As is shown in Tables 1–3, the 18 test simula-
tions are divided into three groups: the “Bz runs”, “vx runs”, and “𝜃 runs”, where 𝜃 denotes the IMF clock angle
(e.g., 𝜃 = 0 means northward IMF and 𝜃 = 180◦ means southward IMF). In the Bz runs, the IMF Bz is set to
be southward and increases in magnitude from −1 nT to −9 nT, while the other SW/IMF conditions are held
constant with vx = 400 km/s, vy = vz = 0, NSW = 5 cm−3, Te = 10 eV. In the Vx runs, the SW vx varies from
200 km/s to 600 km/s, while the other SW/IMF conditions are held constant with vy = vz = 0, NSW = 5 cm−3,
Te = 10 eV, Bx = By = 0, Bz = −5 nT. The 𝜃 runs are set to have the same SW conditions as the 400 km/s Vx

run but with eight different IMF clock angles varying from 0◦ to 315◦.

Since neither hemispheric asymmetry in the dipole magnetic field nor dipole tilt is introduced in the
test simulations, only simulation results derived from the Northern Hemisphere are shown in the
following sections.

3. Results and Discussions
3.1. SW Control of Low-Altitude Alfvénic Power
Figure 4 shows the dependence of the simulated 1 h average downward Alfvénic Poynting flux on the
upstream SW driving conditions with southward IMF. Figure 4 (top) are the average downward Alfvénic

Table 2. Solar Wind and IMF Conditions Used in the Five Test
Simulations With Different IMF vx

a

Vx Run No. Bz (nT) vx (km/s) 𝜃 (Degree) 𝜖 (mV/m)

1 −5 200 180◦ 1.0

2 −5 300 180◦ 1.5

3 −5 400 180◦ 2.0

4 −5 500 180◦ 2.5

5 −5 600 180◦ 3.0

aThe solar wind velocity vy = vz = 0, N = 5 cm−3, cs = 40 km/s.
The solar wind coupling function 𝜖 = vB sin2(𝜃∕2) is listed in the last
column.
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Table 3. Solar Wind and IMF Conditions Used in the Eight Test
Simulations With Different IMF Orientationsa

𝜃 Run No. |B| (nT) vx (km/s) 𝜃 (Degree) 𝜖 (mV/m)

1 5 400 0◦ 0.0

2 5 400 45◦ 0.3

3 5 400 90◦ 1.0

4 5 400 135◦ 1.7

5 5 400 180◦ 2.0

6 5 400 225◦ 1.7

7 5 400 270◦ 1.0

8 5 400 315◦ 0.3

aThe solar wind velocity vy = vz = 0, N = 5 cm−3, cs = 40 km/s. The
solar wind coupling function 𝜖 = vB sin2(𝜃∕2) is listed in the last col-
umn.

Poynting flux derived from the Bz runs, and Figure 4 (bottom) are the average flux calculated from the Vx

runs. Results from the Bz runs and Vx runs show that the intensities and distributions of the low-altitude
Alfvénic Poynting flux are controlled by the upstream SW/IMF driving conditions. In the Bz runs (with SW
vx = 400 km/s), when the southward IMF Bz increases in magnitude from −1 nT to −9 nT, the hemispheric
integrated Alfvénic Poynting flux increases from 1.1 GW to 15.3 GW; the MLT of the peak flux moves from
24:00 to around 20:00, while the MLAT of the peak flux remains about the same near 70◦. When the mag-
nitude of southward IMF is greater than 7 nT, a secondary peak of Alfvénic Poynting flux occurs on the
dawnside near 05:00 MLT. This enhanced dawnside Alfvénic power is possibly a consequence of enhanced
equatorial plasma flow velocity and flow braking activity on the dawnside when driven by strong southward
IMF. In the Vx runs (with IMF Bz = −5 nT), when the SW velocity vx increases from 200 km/s to 600 km/s,
the hemispheric integrated Alfvénic power increases from 3.1 GW to 12.1 GW, and the variation of the loca-
tion of peak Alfvénic Poynting flux is approximately the same as the Bz runs. Note that the sharp transitions
in the distributions of Alfvénic Poynting flux, for example, in the top right panel of Figure 4 when driven by
Bz = −9 nT, is mainly a consequence of interpolation from the LFM grid to the grid used in [Keiling et al.,
2003]. Sharp gradient occurs due to the fact that the LFM grid is finer than the Keiling et al. grid especially
in the azimuthal direction. For all the Bz and vx driving conditions, the distributions of downward Alfvénic
Poynting flux are mainly located on the nightside, and the intensity of flux in the dayside cusp region is
about 1 order of magnitude lower compared with those on nightside. The location of the dayside cusp is
identified using traditional magnetic depression properties at high altitude.The details about identifying

Figure 4. Simulated 1 h average distributions of downward Alfvénic Poynting flux derived from (top) the Bz runs and (bottom) the Vx runs. In each panel, the
specific Bz or vx condition is indicated in the top left corner, and the hemispheric integrated Alfvénic power is indicated in the bottom left corner.
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Figure 5. Simulated 1 h average distributions of downward Alfvénic Poynting flux derived from the 𝜃 runs. In each panel
the hemispheric integrated Alfvénic power is indicated in the bottom left corner. The corresponding clock angle of the
upstream IMF in each 𝜃 run is indicated in the middle.

the polar cusp in the LFM simulation can be found in Zhang et al. [2013]. This low dayside flux is due to the
steady IMF Bz driving conditions used in the test simulation, which do not generate significant time-variable
perturbations of the dayside magnetic field in the vicinity of the cusp region and accompanying Alfvénic
wave power flowing into the dayside cusp region (see also Brambles et al. [2011]). The patterns in Figure 4
also exhibit a significant dawn-dusk asymmetry on the nightside, which is a consequence of nonuniform
spatial distribution of the ionospheric conductance used in the test simulations [Zhang et al., 2012b].

Figure 5 shows the dependence of the simulated Alfvénic Poynting flux on the orientation of the upstream
IMF derived from the 𝜃 runs. The corresponding clock angle of the upstream IMF of each 𝜃 run is indicated
in Figure 5 (middle). When the IMF has a northward component (Bz > 0), the simulated low-altitude Alfvénic
power is approximately zero. When the IMF has a southward component (Bz < 0), intense Alfvénic Poynt-
ing flux occurs at low altitude, with a significant enhanced region in the premidnight sector regardless of
the direction of the IMF By component. The distribution of Alfvénic power also exhibits interesting behav-
ior under pure dawnward/duskward IMF driving conditions. The middle left and middle right panels of
Figure 5 show the simulated distributions of 1 h average downgoing Alfvénic Poynting flux for dawnward
(By = −5 nT) and duskward (By = +5 nT) IMF driving conditions, respectively. In contrast to the pure
southward IMF simulations, a prominent region of Alfvénic power develops in the dayside ionosphere. Even
though the simulation is still driven by time-steady IMF conditions, the magnetic field in the magnetosphere
is now evidently being perturbed in a manner that will produce intense Alfvénic power on the dayside.
Additionally, for both dawnward and duskward IMF conditions, the region of most intense dayside Alfvénic
power exhibits an asymmetry opposite to that of the location of the center of the simulated high-altitude
polar cusp mapped to ionospheric altitudes [Zhang et al., 2013]. For example, when the upstream IMF is
dawnward (IMF By < 0), the polar cusp moves to the prenoon sector near 11 MLT and 78 MLAT in the
Northern Hemisphere. The polar cusp maps along field lines to the magnetospause region where the IMF
and the geomagnetic fields are approximately antiparallel, which is where dayside reconnection is expected;
however, the peak of dayside Alfvénic Poynting flux occurs in the postnoon sector near 13 MLT and 76 MLAT.
Moreover, when the simulation is driven by duskward IMF (IMF By > 0), the situation reverses, with the peak
Alfvénic power in the prenoon sector and the center of the polar cusp in the postnoon sector.

Note that the simulated downward Alfvénic power is more intense in the postnoon sector than that in
the prenoon sector for dawnward IMF conditions. This dayside dawn-dusk asymmetry in Alfvénic power is
consistent with the observed statistical distribution derived from the Polar satellite observations reported
by Keiling et al. [2003], even reproducing the larger intensity observed by Polar under dawnward IMF
conditions. In the simulations, the reason for this dawn-dusk asymmetry in the dayside distribution of
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Figure 6. The relationship between the solar wind coupling
function 𝜖 = vBT sin2(𝜃∕2) and the hemispheric integrated
Alfvénic power derived from the 18 test simulations.

Alfvénic Poynting flux is the nonuniform iono-
spheric conductance patterns used in the
simulation, which is similar to the dawn-dusk
asymmetry on the nightside. When the con-
ductance is set to be uniform, the simulated
dayside intensity of Alfvénic Poynting flux is
symmetric about noon under reversal of IMF By

direction.

These simulations driven by steady SW with
IMF By ≠ 0 suggest that the generation mech-
anism and propagation process of the dayside
Alfvénic Poynting flux in the global simulation
is different from the generation mechanism on
the nightside which involves BBF development
and flow braking. Moreover, the processes by
which ionospheric conductance regulates the
distribution and intensity of dayside Alfvén
wave power is also not clear yet. In this paper,
we focus mainly on the nightside Alfvénic
Poynting flux originating in the magnetotail,
rather than the physics controlling the dayside
Alfvénic Poynting flux. Additional diagnostics

will be required to investigate this interesting behavior at some future time.

The relationship between the upstream SW/IMF driving conditions and the simulated hemispheric inte-
grated Alfvénic power is shown in Figure 6, which combines the results from the Bz runs, Vx runs, and the
𝜃 runs. In Figure 6, the horizontal axis is the solar wind coupling function 𝜖 = vB sin2(𝜃∕2) [Kan and Lee,
1979], where v is the magnitude of the solar wind velocity and B and 𝜃 are the magnitude and the clock
angle of the upstream IMF, respectively. The vertical axis in Figure 6 is the hemispheric integrated, 1 h aver-
age Alfvénic power flowing into the Northern Hemisphere. The results in Figure 6 show that the data points
from the Bz runs and the Vx runs exhibit a nearly linear relation with the solar wind electric field. However,
the physical origin of the simulated linear relation associated with the Alfvénic power is not fully understood
yet. Moreover, the data points from the 𝜃 runs exhibit greater variance from a linear variation (when only
nightside Alfvénic power is considered, the data points from the 𝜃 runs does not fit the same linear rela-
tion derived from southward IMF driving conditions), which suggests that the origin of the Alfvénic power
during IMF By driving conditions might be different from IMF Bz driving conditions. Note that the results in
Figure 6 are only derived from the Northern Hemisphere. In the test simulations, hemispheric asymmetry
in the integrated Alfvénic Poynting flux occurs when the IMF has a significant By component. When the IMF
is dawnward (By < 0), more Alfvénic Poynting flux flows into the Northern Hemisphere than the Southern
Hemisphere. When the IMF is duskward (By > 0), the situation reverses. However, the Alfvénic power aver-
aged from both hemispheres does not fit the same linear relations as that derived from southward IMF
driving conditions.

3.2. Effects of IMF by Driving
To investigate the generation and propagation of Alfvénic power for IMF By driving conditions, data from
a test simulation driven by steady dawnward IMF is analyzed in detail. In the test simulation, the model is
driven by constant SW/IMF conditions with vx = 400 km/s, vy = vz = 0, NSW = 5 cm−3, cs = 40 km/s,
Bx = Bz = 0, and By = −5 nT. The ionospheric conductance is set to be constant (ΣP = 5 mho and ΣH = 0) in
order to exclude the effects of ionospheric conductance distribution on the magnetotail. The choice of set-
ting constant ionospheric conductance in the test simulation also simplifies the analysis since the physical
origin of the ionospheric control is not the main focus of this paper, although the simulated distribution and
intensity of Alfvénic Poynting flux may be different when the ionospheric conductance is set to be constant.
The total simulation time is 3 h (the magnetosphere is preconditioned for 4 h as described in section 2), and
data from the last simulation hour, in which the magnetosphere is in an SMC state, is used to investigate
the properties of the simulated Alfvénic Poynting flux. Figure 7 shows the 1 h average downward Alfvénic
Poynting flux in the Northern Hemisphere on a r = 3.5 RE spherical surface, together with the magnetic field
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Figure 7. One hour average of kinetic energy density of the magnetospheric plasma and plasma flow vectors at the
ZSM = 0.75 RE plane calculated from the test simulation driven by IMF By = −5 nT, together with the corresponding
distribution of 1 h averaged downward Alfvénic Poynting flux mapped to a r = 4 RE sphere assuming S‖∕B is constant.
The magnetic field lines connecting the low-altitude regions with enhanced S‖ and the corresponding magnetosphere
regions are also calculated from the average magnetic fields.

lines connecting the regions of enhanced Alfvénic Poynting flux with the corresponding dynamo regions
in the magnetotail. The z = 0.75 RE plane in Figure 7 is colored with the average kinetic energy density of
the magnetospheric plasma, together with the average plasma flow vectors. The main reason for choosing
the z = 0.75 RE plane instead of z = 0 plane is because the z = 0.75 RE plane is more illustrative in order
to show the dawn-dusk asymmetric configuration of the magnetotail when driven by IMF By . Another rea-
son for choosing the z = 0.75 RE plane is due to the fact that the x axis (which is pointing from the center
of the Earth to the sun) in the LFM simulation is the rotation axis of the stretched spherical coordinate, and
singularities can occur along the x axis [Lyon et al., 2004]. Simulation results show that when driven by a
steady dawnward IMF condition with constant ionospheric conductance, nightside Alfvénic Poynting flux
occurs in both premidight and postmidnight sectors at low altitude. These nightside low-altitude regions
with Alfvénic activities are magnetically connected to two different regions in the magnetosphere: the dusk-
side power is connected to open magnetic field lines which are connected to the IMF on the duskside and
the dawnside power is connected to closed magnetic field lines.

As shown in Figure 7, the origin of the dawnside Alfvénic Poynting flux is similar to that for steady IMF Bz

driving as discussed by Zhang et al. [2012b]. On the dawnside, the low-altitude regions with enhanced
Alfvénic power are magnetically connected to a flow-braking region on closed magnetic field lines, that is,
the earthward plasma flow is decelerated, and a portion of plasma kinetic energy is converted to electro-
magnetic energy. However, on the duskside the low-altitude region with enhanced Alfvénic power is not
connected to a flow-braking region, and the Alfvénic power is not generated by a braking of fast earthward
plasma flows. The test simulation suggests that the Alfvénic power generated on the open field lines under
steady IMF By driving is related to physical processes at the magnetopause. Two possible mechanisms for
Alfvén wave generation are Kelvin-Helmholtz waves [e.g., Claudepierre et al., 2008] and modulations of day-
side magnetic reconnection [e.g., Matsuoka et al., 1993; Provan et al., 1999]. Since the SW and IMF driving
conditions in the test simulation are constant and the modulation in the upstream is effectively zero, the
duskside Alfvénic power is most likely related to the Kelvin-Helmholtz activities on the magnetopause.

To investigate the propagation properties of Alfvén wave power from the magnetotail to low altitude, we
show in Figure 8 simulation diagnostics for the test simulation driven by steady dawnward IMF (By = -5 nT).
The positions of four stationary point probes are shown in Figure 8a, together with two magnetic field
lines (calculated using the average magnetic fields calculated from 2:30 to 3:00 ST) connecting the probes
and the low-altitude regions with enhanced Alfvénic power. On the dawnside, Probes A and B are located
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Figure 8. (a) The positions of four stationary probes in the magnetosphere together with the magnetic field lines con-
necting the probes and the ionosphere, with the frequency spectrum of the Alfvénic wave power recorded at each probe
location in the upper left and lower right corner of the figure. (b) The spectrum of phase speed |𝛿E⟂(f )|∕|𝛿B⟂(f )|, normal-
ized to the effective Alfvén speed vP , at probes A and B from the simulation. The shaded blue area indicates the phase
speeds of fast mode with propagation angle between 60◦ and 80◦ relative to the magnetic field, and the shaded green
area indicates the value of 1∕𝜇0ΣPvP with ionospheric Pedersen conductance between 3 and 10 mho. (c) |𝛿E(f )|∕|𝛿B(f )|
at probes A’ and B’ calculated from the simulation.

on a closed magnetic field line and are connected to the postmidnight sector at low altitude with intense
Alfvénic Poynting flux. On the duskside Probes A′ and B′ are located on an open magnetic field line and are
connected to the low-altitude premidnight sector with enhanced Alfvénic power. Probe A is located in the
dawnside plasma sheet region (where 𝛽 > 0.5) at (xSM, ySM, zSM) = (19.4, −2.4, 1.9) RE . Probe B is located at
lower altitude at (−7.4, −1.5, 7.1) RE . Probe A′ is located in the duskside magnetotail at (−30.5, 5.6, 2.2) RE .
Probe B′ is located at lower altitude at (−8.6, 3.8, 7.1) RE . The half-hour average polar Poynting flux distribu-
tion at r = 3.5 RE near the low-altitude boundary of the simulation (surface C) is also shown in Figure 8a. The
electric and magnetic fields are recorded at the four stationary probes every 5 s, and the perturbation fields
𝛿𝐄 and 𝛿𝐁 are calculated using the 5–180 s running average window, which is the same as the one used in
the previous section.

Figure 8b shows |𝛿E⟂(f )|∕|𝛿B⟂(f )| versus frequency, normalized to vP , which is the effective local Alfvén
speed, at probes A and B on the dawnside plasma sheet region (| ⋅ | indicates modulus of the complex ampli-
tude). The phase speed of Alfvén wave in the LFM simulation is affected by the so-called Boris correction due
to numerical considerations [Boris, 1970; Lyon et al., 2004], which includes the effect of the perpendicular dis-
placement current in Maxwell’s equation. The Boris correction limits the phase speed of Alfvén waves to be
the speed of light c in the simulation, which is the effective phase speed of Alfvén waves. In the LFM simu-
lation, the speed of light c is set to be 1100 km/s which does have an influence on the MHD wave dynamics.
However, test simulations with higher Boris speed of light show that although the simulated magnetotail
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Figure 9. (top) The perturbation electric and magnetic field and (bottom) the perturbation magnetic field together with
the Hilbert-transformed electric field calculated from the probe location B on the dawnside of the plasma sheet.

reconnection and flow velocity are different, the differences are small [Claudepierre et al., 2010; Zhang et al.,
2012b]. Therefore, the physical processes of generation and propagation of Alfvénic Poynting flux are not
dominated by the choice of c, and the conclusions derived from these simulations remain valid.

As shown in Figure 8b, the frequency dependent, complex electric, and magnetic perturbations are derived
from Fourier transforms of the recorded amplitudes for 𝛿E(t) and 𝛿B(t) in a time interval between 02:32:40
ST and 02:50:00 when large Poynting flux bursts were recorded at probes A and B. At probe A, the ratio of
the frequency-dependent phase speed |𝛿E⟂(f )|∕|𝛿B⟂(f )| is greater than the local Alfvén speed in the MHD
simulation, suggesting that the Poynting flux burst recorded at probe A is carried by the MHD fast mode.
The light blue color band in Figure 8b shows the expected range of the phase speed for a propagating fast
mode wave in the simulation when the propagation angle (relative to the magnetic field) is 60◦ < 𝜃 < 80◦.
At probe B, the simulated spectrum of |𝛿E⟂(f )|∕|𝛿B⟂(f )| is consists of two components. Above 20 mHz, it
asymptotes to a constant value of 1. This region of the spectrum is due primarily to the propagation of shear
Alfvénic waves generated in the magnetotail, although the Alfvénic power in this frequency band is only
a small portion (< 5%) of the total wave power due to numerical dissipation in the simulation. The spec-
trum below 20 mHz decreases with decreasing wave frequency. This type of spectrum indicates a standing
wave structure at the probe B location, which may arise from a superposition of downward and upward
propagating waves, with the upward propagating component produced by reflection from the low-altitude
boundary of the simulation domain, where the effects of ionospheric conductance are imposed [Knudsen
et al., 1992; Nagatsuma et al., 1996]. If the standing wave structure observed at probe B is related to the
reflection from the ionosphere, as the frequency f approaches zero, the wave spectrum of |𝛿E⟂(f )|∕|𝛿B⟂(f )|
should asymptote to 1∕𝜇0ΣPvP ( ΣP = 5 mho, and vP is the Boris speed in the test simulation) surrounded by
a green band in Figure 8b. The spectrum of |𝛿E⟂(f )|∕|𝛿B⟂(f )| below 20 mHz does shows some indication of
bending toward an asymptote (≈ 1∕10) at the lowest resolved frequency.

Another way to verify a standing wave structure is to use the Hilbert transform of the perturbed fields [e.g.,
Keiling et al., 2001]. In the case of purely standing Alfvén waves, 𝛿E and 𝛿B exhibit a relative phase shift of
90◦ [e.g., Hughes and Grard, 1984; Cahill et al., 1986; Dubinin et al., 1990]. As is shown in Figure 9, the perpen-
dicular perturbation wave fields 𝛿E and 𝛿B are related via the Hilbert transform, which shifts all frequency
components by 90◦ without changing their amplitudes. The Hilbert-transformed electric field H(𝛿E) has
approximately the same wave form as the magnetic field 𝛿B, which is a convincing signature of a standing
wave structure at probe B.

The wave behavior on the dawnside is very similar to that simulated during steady IMF Bz driving condi-
tions, which was analyzed in detail by Zhang et al. [2012b]. In contrast, the spectrum of the wave impedance
recorded by probes A′ and B′ on the duskside along open magnetic field lines is quite different from that on
the dawnside along closed field lines. Figure 8c shows |𝛿E⟂(f )|∕|𝛿B⟂(f )| versus frequency, normalized to the
effective local Alfvén speed, at probes A′ and B′ on the duskside. At probe A′, the phase speed of the wave
is close to the Alfvén speed in the whole frequency band, which suggests that the wave power recorded
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at probe A′ is primarily carried by traveling shear Alfvén waves rather than fast waves. At probe B′, below
30 mHz, the phase speed of the wave is also approximately equal to the effective Alfvén speed, and the
spectrum does not asymptote to 1∕𝜇0ΣPvP at these low frequencies, suggesting that the MHD wave
recorded at probe B′ is dominated by traveling shear Alfvén waves rather than standing wave structures on
a open magnetic field line. At probe B′, above 30 mHz, the phase speed of the wave is greater than 1. How-
ever, as indicated by the power spectra of downward Alfvénic Poynting flux in Figure 8a, this high-frequency
portion in the Alfvén wave power may not be associated with fast MHD waves in this region since this part
of the spectrum (f > 30 mHz) only contains < 1% of the wave power, and the estimation of phase speed in
this frequency band may not be accurate.

4. Summary

In this paper we investigate the effects of upstream solar wind driving conditions on the polar distribution of
Alfvén wave power at low altitude using the Lyon-Fedder-Mobarry global magnetosphere simulation. Test
simulation results show that during northward IMF driving conditions, the simulated Alfvénic Poynting flux
is approximately zero, which is a consequence of very weak perturbation electric and magnetic fields during
northward IMF conditions.

When driven by southward IMF conditions, during an SMC period, the spatial distribution of the average
downward Alfvénic Poynting flux exhibits a significant dawn-dusk asymmetry, which is related to the spa-
tial distribution of the ionospheric Hall conductance used in the simulation. When the Hall conductance is
set to be constant, the dawn-dusk asymmetry in the distribution of low-altitude Alfvénic Poynting flux dis-
appears [Smith, 2012]. The simulated Alfvénic power is regulated by the solar wind electric field E = vBT . As
E increases, the distribution of the low-altitude Alfvénic Poynting flux expands to lower latitudes, and the
hemispheric integrated Alfvénic power increase almost linearly. However, this linear relation does not hold
when the upstream IMF has a By component, which suggests that the origin of the Alfvénic power during By

driving conditions might be different from Bz driving conditions.

When driven by dawnward IMF, the low-altitude regions with enhanced Alfvénic Poynting flux are magnet-
ically connected with magnetospheric dynamo regions both on open and closed field lines. The physical
origin of low-altitude Alfvénic Poynting flux connecting to the closed field line region is similar with that dur-
ing southward IMF Bz driving. Fast earthward flows brake when approaching the Earth and a portion of the
plasma kinetic energy is converted to electromagnetic energy carried by both fast and shear Alfvén wave
modes. However, the Alfvénic Poynting flux connecting to the open field line dynamo region may be related
to the physical process on the magnetopause, and only shear-mode waves are generated on the duskside.
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