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S P A C E  S C I E N C E S

Assessing the global Alfvén wave power flow into and 
out of the auroral acceleration region during 
geomagnetic storms
Andreas Keiling1*, Scott Thaller2†, John Wygant2, John Dombeck2

Geomagnetic storms are large space weather events with potentially tremendous societal implications. During 
these storms, the transfer of energy from the solar wind into geospace is largely increased, leading to enhanced 
energy flow and deposition within the magnetosphere and ionosphere. While various energy forms participate, 
the rate of total Alfvén wave energy flowing into the auroral acceleration region—where the magnetosphere and 
ionosphere couple—has not been quantified. Here, we report a fourfold increase in hemispherical Alfvénic power 
(from 2.59 to 10.05 GW) over a largely expanded oval band covering all longitudes and latitudes between 50° and 
85° during the main storm phase compared with nonstorm periods. The Poynting flux associated with individual 
Alfvén waves reached values of up to about 0.5 W/m2 (mapped to ionospheric altitude). These results demon-
strate that Alfvén waves are an important component of geomagnetic storms and associated energy flow into the 
auroral acceleration region.

INTRODUCTION
How geomagnetic storms affect our planet and the near-Earth space 
environment (geospace) is one of the most important and pertinent 
aspects of space weather research (1). Geomagnetic storms lead to 
increased energy input into geospace followed by enhanced energy 
flow and deposition within it. While the energy originates in cor-
onal mass ejections (CMEs) on the Sun’s surface, the encounter of a 
CME with Earth’s magnetosphere leads to a myriad of phenomena, 
which are collectively known as a geomagnetic storm [see review 
by (2)] and will hereafter be called storm for brevity. One of the 
most obvious phenomena, because it is visible to the human eye, is 
enhanced aurora. Since the 19th century, “grand” auroras—more 
global, more intense—have been related to increased disturbances 
in the geomagnetic field [e.g., (3)]. As an example of a storm aurora, 
Fig. 1A shows the initial auroral development of a storm. In addition 
to beautiful auroras, it is now known that much is at stake during 
times of intense geomagnetic storms, namely, the disruption and 
destruction of technological systems (4). Hence, there exists a societal 
necessity to study this space weather phenomenon.

Energy transfer and deposition are central to the study of storms 
and the coupled solar wind–magnetosphere–ionosphere system. 
Various modes of energy transfer and energy sinks during storms have 
been identified [see (2) for a review]. Ultimately, the polar ionosphere 
is the last region in this coupled system (excluding plasmoids, which 
are ejected into the solar wind) where storm energy is deposited in 
the form of Joule heating and particle precipitation (part of which 
causes auroral luminosity). While the polar ionosphere largely acts 
as a load (but not exclusively) in the auroral current circuit, this 
circuit also includes the magnetospheric generator (or generators) and 
the so-called auroral acceleration region (AAR) (Fig. 1B). The AAR 
appears to be a necessary transition region between a collisionless 

and tenuous magnetospheric plasma and a collisional and dense 
ionospheric plasma. This coupling also exists at other astronomical 
bodies, such as other planets and the Sun [e.g., see review by (5)]. In 
the case of Earth, the AAR encircles both poles in an oval shape with 
an upper limit that approximately extends to 3.5 RE, measured 
from the center of Earth (1 RE = 1 Earth radius) [see review by (6)]. 
It is a major region for energy conversion processes; in particular, 
inflowing electromagnetic energy is converted into the kinetic energy 
of electrons and ions—hence its name.

In recent years, it has been shown that Alfvén waves are important 
carriers of energy in the auroral current circuit during dynamic 
space weather events [e.g., (7, 8), and for a review see (9)]. It is also 
known that the equatorial magnetospheric regions—both dayside 
and nightside—and the distant magnetotail are regions of Alfvén 
wave generation [e.g., (10, 11)]. The Alfvénic electromagnetic 
energy (Poynting flux) coming from the remote generator regions 
is funneled along magnetic field lines toward the top of the AAR, form-
ing the narrower end of a gigantic “magnetic funnel” (Fig. 1C). By 
carrying energy into the AAR, the waves then trigger other processes 
at lower altitudes, most notably the acceleration of electrons, which 
precipitate into the ionosphere, where they contribute to the aurora 
[see review by (12)]. However, the top side of the AAR is an un-
expectedly unexplored region with regard to storm Alfvén waves. 
To assess their impact during storms, in this study we quantify the 
electromagnetic energy rate (power) with which Alfvén waves en-
ter and leave the entire AAR and show how this power is distributed 
along the oval-shaped AAR. This will also allow us to make com-
parisons with energy carriers exiting the AAR at the bottom, such as 
auroral electrons and Alfvén waves. These results will provide a 
missing link in the global energy budget of storms.

RESULTS
To assess the global energy flow of magnetohydrodynamic (MHD) 
Alfvén waves (see Materials and Methods for a discussion on the 
MHD regime versus the kinetic regime) into and out of the AAR 
during storms, we focused on the 23rd solar cycle, which started in 
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September 1996. Six complete years of data from the Polar satellite 
(from 1997 to 2002) were used, which is about half the solar cycle, 
including one minimum and one maximum of sunspot counts 
(Fig. 1A). Typically, during a solar cycle, the number of storm oc-
currences increases around the peak and the subsequent decline of 
the sunspot counts. During the 6-year period, the satellite traversed 
magnetic field lines at 4 to 7 RE (i.e., above the AAR) in the Northern 
Hemisphere, allowing calculations of the total Alfvénic power be-
fore entering the AAR. The global spatial distribution of the Poynting 
flux in the Northern Hemisphere—averaged over the 6 years—
flowing through the orbital ellipsoid (Fig. 1C) and projected along 
magnetic field lines to ionospheric altitude (100 km) is shown in 
Fig. 2 (A and C) for nonstorm periods and in Fig. 2 (B and D) for 
storm periods (see Materials and Methods for a description of how 
the figure was produced). We used the common disturbance storm 
time (Dst) index with values less than 0 nT and greater than −20 nT 
for nonstorm periods and less than −40 nT for storm periods. It is 
apparent that there are notable differences between the nonstorm 
and storm distributions. Overall, the global “band” of more intense 
Alfvén wave activity is substantially increased in size during storm 
periods, compared with that of nonstorm periods. This global 
broadening results in an increase from 2.6 to 8.6 GW (indicated in 
the lower left of Fig. 2, A and B) of the total integrated hemispherical 
powers flowing into the AAR (i.e., downward). In contrast, there is 
much less Alfvén wave activity and total integrated power flowing 
out of the AAR (i.e., upward) during both nonstorm periods 
(Fig. 2C) and storm periods (Fig. 2D). The proportion of outflowing 
power with respect to inflowing power increases from ~26% 
during nonstorm periods to ~38% during storm periods, that is, 
there might be more wave reflection (or additional generation of 
upward-traveling Alfvén waves) below the satellite during more active 
times. In the Discussion section, we address this issue further while 
also comparing these total high-altitude powers to powers recorded 
below the AAR with regard to Alfvén waves and Alfvénic electrons 
(i.e., electrons that have been accelerated by Alfvén waves). This 

comparison will provide important information on the role of these 
Alfvén waves.

The development of a storm is synonymous with a large increase 
(energization) and decay (to prestorm values) of the magnetospheric 
ring current (13). These two phenomena have been coined the 
“main phase” and “recovery phase” of storms, respectively. On the 
ground, they can be identified in magnetometer data from a decrease 
and rise of the Dst index, respectively (see example below). Additional 
calculations were performed here to separate the Alfvénic power 
contributions during storm periods into those occurring during the 
main and recovery phases (see Materials and Methods). The total 
integrated hemispherical powers for the main and recovery phases 
were 10.05 and 6.29 GW, respectively, for downward flow, and 4.07 
and 2.62 GW, respectively, for upward flow. The larger values 
obtained for the main phase are consistent with the established 
knowledge that the main phase is the more active phase, when 
solar wind energy input into the magnetosphere is greatly enhanced 
and the geomagnetic field experiences episodes of extraordinary 
fluctuations (2). In contrast, the recovery phase presents a phase 
when the enhanced solar wind energy input stops or is much re-
duced and the magnetosphere slowly returns to its prestorm state. 
The recovery phase typically lasts much longer (up to days) than the 
main phase (up to several hours).

A closer inspection of the global longitudinal and latitudinal devel-
opments of Alfvén wave activity reveals the following information. 
The downward Poynting flux distribution for nonstorm periods 
(Fig. 2A) shows two distinct regions of enhancement (red, yellow, and 
lighter blue bins), located on the dayside between 7.5 and 16.5 magnetic 
local time (MLT) and on the nightside between 21 and 1.5 MLT. 
The enhanced nightside region is located at around 66° to 74° magnetic 
latitude, which is more equatorward than the enhanced dayside 
region at around 75° to 80° magnetic latitude. In contrast, during 
the storm periods (Fig. 2B), enhanced Poynting flux is present at all 
longitudes, including the two regions of much reduced Poynting 
flux on the flanks (near 6 and 18 MLT) apparent in the nonstorm 

B

C

A

Fig. 1. Solar cycle and experimental setup. (A) Top: Sunspot number versus time. The period under investigation in this study is shaded green, and the thick line is the 
averaged curve. Bottom: Global view of the initial development of the aurora during the Bastille Day storm observed by the IMAGE spacecraft’s Wideband Imaging Camera 
[from (4)]. The time in the lower right-hand corner of each image is in universal time. The arrow above the three images points at the date in the solar cycle when this 
storm occurred. (B) Auroral current circuit with key regions and spacecraft location [modified from (60)]. (C) Hypothetical orbital ellipsoid of the Polar satellite crossing 
different plasma regions of Earth’s magnetosphere during 1 year. The colored regions (yellow and red) illustrate regions through which Alfvén waves travel toward or 
away from the ionosphere in one particular instance. The hole in the ellipsoid reveals Earth with the aurora borealis. Green lines with arrows represent magnetic field lines.
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distribution. Another difference in the storm distribution is the oc-
currence of enhanced Poynting flux at lower magnetic latitude on 
the nightside (down to the lowest value, 60°, shown in the figure), 
while during the nonstorm periods, it does not show below 66° on 
the nightside. Similarly, on the dayside, intense Poynting flux appears 
at lower latitudes during storm conditions. There is also an expansion 
of the region of enhanced Poynting flux toward higher latitudes on 
the nightside. Together, the upper and lower latitudinal expansions 
(for all local times) of enhanced Poynting flux form a quasi-oval 
band, the width of which is increased at nearly all local times during 
storms. The spatial distributions for nonstorm and storm periods are 
morphologically similar in many details to the statistical location of 
the aurora for different degrees of geomagnetic activity [e.g., (15), 
see also the last paragraph in this section]. Furthermore, the very 
distinct spatial features of both Poynting flux distributions can also 
be found in spatial distribution maps of Alfvén waves and Alfvénic 
electrons, as recorded at altitudes below ~4000 km (i.e., below the 
main part of the AAR), during nonstorm and storm periods. In the 
Discussion section, we will expand on these comparisons and also 
discuss their ramifications.

The latitudinal broadening of intense Poynting flux, as seen in 
the global distribution maps in Fig. 2, can also be tracked during 
individual storms. This is illustrated in Fig. 3, showing the Poynting 
flux variations (mapped to ionospheric altitude) along Polar’s 
orbit during a period of 28 days, which includes a moderate storm 
(−50 nT > Dst > −100 nT) and a major storm (−100 nT > Dst > −250 nT). 
Two magnetospheric models were applied for the magnetic mapping 
for comparison (see Materials and Methods). The mapping differ-
ences between both models vary between 0° and 5° in latitude, with 
the T01 model typically mapping regions of intense Poynting flux 
to lower latitudes during more increased geomagnetic activity (i.e., 
smaller Dst values). However, the general trend toward an expanded 
Poynting flux band during increased geomagnetic activity is observed 
with both models, and therefore, we only describe the T01 model 
results. The satellite’s orbital plane was approximately aligned along 
21 to 23 MLT (nightside) and 10 to 11 MLT (dayside) (see inset in 
Fig. 3B). Every 18 hours (orbital period), the satellite crossed the 
dayside (Fig. 3A) and nightside (Fig. 3C) polar-auroral regions 
while encountering a region of enhanced Poynting flux (>1 mW/m2; 
green, yellow, and red colors). Outside of this enhanced band, typical 
Poynting flux values are orders of magnitude smaller (<0.1 mW/m2). 
The width and location of the enhanced Poynting flux band vary 
between ~50° and ~85° magnetic latitude throughout this time 
interval, in accordance with disturbance levels (Dst) shown in Fig. 3B. 
For example, from April 20 to April 23, the magnetosphere was in a 
nonstorm state with a Dst of approximately −10 nT. The upper and 
lower envelopes of the intense Poynting flux band are located at 
~75° and ~65°, respectively, in the nightside (Fig. 3C). This corre-
sponds to the global spatial pattern shown during nonstorm periods 
(see Fig. 2A; between 21 and 23 MLT). After April 23, the Dst 
index shows several sharp negative deflections, labeled 2 to 5 
alongside vertical lines. Each deflection corresponds to an expan-
sion of the enhanced Poynting flux band to lower magnetic latitude, 
either on the dayside or nightside (cf. superposed white Dst line in 
Fig. 3, A and C). The most intense and widest band with the lowest 
expansion (close to 50°) occurred during the main phase of the 
major storm (Dst, ~−200 nT; line 5), while Polar was on the dayside 
(Fig. 3A). After this expansion, there is a clear trend on both dayside 
and nightside for the enhanced band to return to prestorm latitudes 
until May 16, when Dst reached 0 nT again. However, on the night-
side, two Poynting flux enhancements to lower latitudes appeared 
(May 8 and 11; Fig. 3C), during the storm recovery, that were not 
accompanied by stronger Dst deflections. It is known that the storm 
recovery phase continues to experience recurrent nightside substorms 
(which are further explained below), during which the magnetotail 
undergoes large-scale magnetic field reconfigurations, which could 
be responsible for these expansions. In contrast, the dayside magne-
tosphere is typically unaffected by nightside substorm activity and 
thus does not show correlated expansions during the storm recovery 
(Fig. 3A). In addition, it is important to remember that the satel-
lite’s orbit takes about 18 hours for one completion. Thus, 
depending on where the satellite was along its orbit during a storm 
intensification (deflection of Dst), the recorded Poynting flux could 
have occurred on the dayside or nightside. Moreover, the satellite 
was not in the Northern Hemisphere auroral zone at all times and 
thus could easily have missed some expansions during times of large 
deflection of Dst. This orbital dependence can also cause delays and 
underestimates of the expansion motion as recorded in the enhanced 
Poynting flux band. With that in mind, it is also interesting to note 
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Fig. 2. Morphology of in situ Poynting flux during nonstorm and storm periods. 
(A) Global distribution of average wave Poynting flux, as a function of magnetic 
local time (MLT) and latitude, flowing toward Earth (labeled “Downward”). The 
view is onto the polar-auroral region, with the magnetic north pole in the center. 
The upper and lower halves correspond to dayside and nightside, respectively. The 
electric and magnetic field data for calculating Poynting fluxes were measured 
between 4 and 7 RE (geocentric distance) in the Northern Hemisphere over a period 
of 6 years (see Fig. 1B for the orbital ellipsoid). The Poynting fluxes shown were 
scaled along converging magnetic field lines to ionospheric altitudes (100 km) under 
nonstorm conditions (−20 nT < Dst < 0 nT). Each bin covers 2° magnetic latitude 
times 0.75 hour local time. Circles represent magnetic latitudes (60°, 70°, and 80°); 
radial lines indicate local times (e.g., 6, 12, 18, and 24). The black circle in the center 
was not analyzed. The number at the lower left corner of each panel is the total 
hemispherical (>60°) power for each distribution. (B) Same as (A) but under storm 
conditions (Dst < −40 nT). For a few bins (black), Polar did not encounter storm 
conditions; hence, no Poynting flux values are shown. The color scale is the same 
as in (A) for comparison purposes, which, however, causes some bins to saturate at 
the highest value. (C and D) Corresponding average Poynting flux distributions 
flowing toward the magnetosphere (labeled “Upward”).
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that the first expansion toward the lower latitude of the enhanced 
band, as recorded on the dayside (marked by line 1), coincided with 
the initial phase of the storm (positive deflection of Dst above 0 nT). 
The onset of this phase is called the “storm sudden commencement” 
and corresponds to the first dayside compression of the magneto-
sphere caused by the shock front of the storm (14). The satellite was on 
the dayside at this time and thus recorded this compression that caused 
an expansion to the lower latitude of more intense Poynting flux.

Storms occur far less often than nonstorm periods. Therefore, while 
the satellite traversed all bins throughout the 6-year period, it spent 
about 39 days (total) during storm periods in the bins and 247 days 
(total) during nonstorm periods. This difference in coverage led to more 
variation among bins in the storm distributions (Fig. 2, B and D). To 
capture this effect, Fig. 4 shows storm and nonstorm integrated powers 
(downward) as a function of MLT (see Materials and Methods). For the 
nonstorm distribution (Fig. 4B), two regions at around 5 and 18 MLT 

show the smallest powers (as is also visible on the flanks in Fig. 2A). 
In addition, the variations (green-shaded area) are smaller compared 
with other local times, reaffirming that the flanks consistently show 
the smallest activity on average during nonstorm times. The storm 
distribution (Fig. 4A) exhibits larger variations while also confirming 
that the regions around 5 and 18 MLT show significant activity as well.

Last, Fig. 5 shows the peak values of Poynting flux recorded in 
each bin (for the entire study period) during storm periods (see 
Materials and Methods) to assess the capability of the Alfvén waves 
to provide sufficient energy flux to drive auroral processes. While 
this has been verified in many case studies (see Discussion), here we 
confirm it for storm conditions for a larger dataset. The dashed curves 
outline the statistical auroral oval for geomagnetically active 
periods (15). Most values inside this statistical oval are larger than 
5 mW/m2, with many values greater than 100 mW/m2 (even up to 
500 mW/m2). It is noted that an energy flux of 1 mW/m2 would 
be sufficient to cause conjugate, visible auroras (16). It is also noted 
that the premidnight-to-midnight region shows the largest collec-
tion of intense Poynting fluxes. This region coincides with the 
location of the so-called substorm aurora (17). While substorms per 
se are not the focus of this study, the reader is here briefly in-
formed about their significance. In addition to a storm, a substorm is 
another major magnetospheric dissipation mechanism in the 
solar wind–magnetosphere–ionosphere system, causing a global re-
configuration of the magnetosphere (2). While storms encompass the 
entire magnetosphere, substorms (mostly) only affect the nightside 
magnetosphere. This also means that substorms exhibit much smaller 
overall energy flow/dissipation within the magnetosphere during a 
much shorter duration (one to a few hours versus many hours to 
several days for storms) (18). There are many detailed differences, 
some of which are still debated, and to discuss them here is outside the 
scope of this report [see (19) for a discussion]. Substorms occur during 
storms as well; they typically occur at an increased rate, and the 
associated aurora is more intense than for substorms that occur 
during nonstorm periods (20). Since it has been reported that ener-
getic Alfvén waves are characteristic for substorms, especially during 
the expansion phase (21), the grouping of intense Poynting flux bins 
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Fig. 3. Tracing Poynting flux along Polar’s orbit during a period of 28 days, 
which includes a moderate storm and a major storm. (A) Peak values of Poynting 
flux binned by 0.5° magnetic latitude (y axis) versus days (x axis) and mapped using 
the T01 model. Each column represents the section of a Polar orbit within 50° and 
90° magnetic latitude. Only values obtained when Polar was on the dayside are 
included. The Dst curve [from (B)] is overlaid (white line) with arbitrary scale for 
illustrative purposes. (B) Dst index versus time, with labels indicating a moderate 
and a major storm. Numbered vertical lines (1 to 5) refer to the features in the panels 
above and below (see text). The inset shows Polar’s daily orbits during the time 
period shown here projected onto the latitude-local time plane. (C) Same data 
quantity as in (A) but for the nightside and with the Dst curve overlaid. (D) Same 
data quantity as in (A) but for the nightside. However, the mapping was performed 
using the dipole model for comparison.
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Fig. 4.  Alfvén wave power along MLT. (A) Storm condition (Dst < −40 nT). (B) Non-
storm condition (−20 nT < Dst < 0 nT). In both panels, the solid line shows mean 
values, and the green-shaded area shows 1 SD away from the mean.
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in the premidnight-to-midnight region could be a reflection of this 
fact, although we caution that it requires further investigation.

DISCUSSION
Using the unique location of the Polar satellite, our results provide 
the first global energy budget calculation for Alfvén waves above the 
AAR in relation to storm phases. The inflowing energy rate (power) 
over the entire polar-auroral region during general storm conditions 
was 8.6 GW, while a separation into the main phase and recovery 
phase yielded 10.05 and 6.29 GW, respectively, in comparison to 
2.59 GW during nonstorm periods. This corresponds, for example, 
to a 3.9-fold increase during the dynamic main phase, compared to 
nonstorm periods. Peak Poynting flux values for individual storm 
Alfvén wave events were found to be up to 0.5 W/m2. While the 
outflowing power was much less, the proportion of outflowing 
power in relation to the inflowing power increased during more active 
periods. For example, during nonstorm periods, it was ~26%, and 
during storm periods, it was ~38%. It is informative to compare our 
values with power estimates for auroral luminosity (0.1 to 1 GW), 
auroral precipitation (1 to 10 GW), and ionospheric Joule heating 
(10 to 100 GW) during substorms (18). Placed in this context, our 
results demonstrate the relative importance of Alfvén waves as an inter-
mediate energy carrier during storms, that is, times of enhanced energy 
transport demands between the magnetosphere and the ionosphere.

We also assessed the global spatial distribution of Alfvén wave 
power in the polar-auroral region above the AAR. During nonstorm 
periods, the dayside cusp and the midnight region were the preferred 
regions of intense Alfvén wave power. In contrast, during storms, 
Alfvén wave power was enhanced at all local times, including the 
dawn and dusk flanks, and it appeared over a significantly broadened 

latitudinal band (as low as 50°). It is emphasized that these distri-
butions are based on values averaged over 6 years of data. Thus, 
individual nonstorm and storm events could certainly deviate at 
times. The widening of the band of enhanced Alfvén wave activity 
was also demonstrated for two successive storms. A trend was noted 
that the more intense the storm (lower Dst value), the lower the 
latitudinal occurrence of intense Poynting flux. This spatial expansion 
can be compared with phenomena at magnetically conjugate, remote 
regions, on both the dayside and nightside, to shed light on possible 
wave source regions (see Fig. 1C as reference). On the dayside, storms 
cause further compression of the magnetosphere and enhanced 
magnetic flux erosion (2, 22). This inward motion corresponds to 
a motion toward lower latitude in the conjugate high-latitude cusp 
region. Synonymously, storms are accompanied and, in fact, caused 
by prolonged periods of negative interplanetary magnetic field 
(IMF), leading to enhanced reconnection and increased energy 
transfer into the dayside magnetosphere (23). Alfvén wave activity is 
also increased during periods of negative IMF in the equatorial 
magnetosheath region, which connects to the high-latitude cusp 
(10), and reconnection has been shown to launch Alfvén waves in 
the dayside magnetopause (24). On the nightside, enhanced broad-
band low-frequency electromagnetic wave activity was recorded at 
lower L shells (corresponding to lower magnetic latitudes in the 
polar region) during storm periods while also azimuthally spreading 
over the entire nightside (11). While the here-reported changes in 
the spatial distribution of Alfvén wave activity directly above 
the AAR from nonstorm to storm periods are consistent with 
changes of wave activity at these remote magnetospheric regions, 
it remains to be shown in future works whether these are causal 
relationships.

A comparison of our results with low-altitude estimates of energy 
budgets provides evidence for enhanced dissipation/deposition of 
Alfvén waves inside the AAR during storms. Hatch et al. (25) inves-
tigated the global spatial distributions of Alfvén wave power and 
Alfvénic electron energy flux during nonstorm and storm periods 
using the Fast Auroral Snapshot Explorer (FAST) satellite at altitudes 
below ~4000 km. This altitude range covers the lower end of the 
AAR and below, and thus, it is a region that should see some of the 
effects of higher-altitude Alfvén waves. Their global spatial distribu-
tions [Figs. 2A and B of (25)] of Alfvén waves and Alfvénic electrons 
during nonstorm and storm periods are morphologically remarkably 
similar to the here-reported Poynting flux distributions above the 
AAR during similar geomagnetic conditions. While this morpho-
logical similarity suggests causal connections, with the high-altitude 
Alfvén waves being the driver of the low-altitude signatures, it as-
sumes an energy transfer scenario inside the AAR that has been 
reviewed by (12), even though some details are still awaiting obser-
vational confirmation. In brief, the mostly nondissipative, large-scale 
MHD Alfvén waves transfer their energy into the dissipative, smaller-
scale kinetic Alfvén wave (KAW) inside the AAR (also called inertial 
Alfvén waves in the lower-altitude range) followed by electron ac-
celeration via the magnetic field–aligned electric field of the KAW. 
There is observational evidence for this sequence of events from 
conjunction studies, which are high-altitude observations combined 
with low-altitude observations on the same (or very close) flux tube 
(26, 27). Both studies showed that the energy flux of electrons in-
creases from high to low altitudes inside the AAR, and at the same 
time, the energy flux of large-scale Alfvén waves decreases, while 
small-scale Alfvén waves are generated.
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Fig. 5. Morphology of in situ peak Poynting flux during storm periods. 
The global distribution of peak wave Poynting flux during storms (Dst < −40 nT) 
flowing toward Earth as measured at high altitude (4 to 7 RE geocentric) in the 
Northern Hemisphere obtained from 6 years of Polar measurements and scaled 
along converging magnetic field lines to ionospheric altitudes (100 km). Each bin 
covers 2° magnetic latitude times 0.75 hour local time. Circles represent magnetic 
latitudes (60°, 70°, and 80°); radial lines indicate local times (e.g., 6, 12, 18, and 24). 
The black circle in the center was not analyzed. For a few bins (black), Polar did not 
encounter storm conditions; hence, no Poynting flux values are shown. The two 
dashed oval-shaped curves delineate the statistical auroral oval for geomagneti-
cally active periods (15).
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From their global distributions, Hatch et al. (25) calculated, in a 
similar fashion as was done here, the total integrated energy rates 
recorded below the AAR for nonstorm periods, storm main phase, 
and storm recovery phase. For comparison, we reproduced the 
FAST-based values together with our results in Table 1. First, it is 
noted that there is significantly more power (in the form of Alfvén 
waves) entering the AAR during all three phases than those observed 
below the AAR in the Alfvén waves and the electrons (taken sepa-
rately). Second, if we subtract the power of outflowing Alfvén waves 
from the Alfvén wave power entering the AAR at Polar’s location, 
then the “net” power inflow into the AAR is still larger than the 
low-altitude electron energy flux and the low-altitude Alfvén waves 
during the nonstorm period and main phase, but not during the 
recovery phase. Third, if we combine both contributions (electrons 
and Alfvén waves) from the FAST data, then the resulting net deposi-
tion is only exceeded by high-altitude “net” power inflow of Alfvén 
waves during the nonstorm phase, but not during the main and 
recovery phases. However, there are also two caveats that make 
such a comparison somewhat uncertain. We used quotation marks 
for the “net” power of Alfvén waves at Polar because it is not known 
for certain that there are no upward-traveling Alfvén waves that 
were generated below the satellite (e.g., in the ionosphere; see more 
details below), in which case the quoted value for “net” inflow in 
Table 1 would increase. Furthermore, it is noted that Hatch et al. (25) 
did not specify the flow direction of the low-altitude Alfvén waves, 
which leaves it open to whether the waves traveled exclusively 
downward or existed as a mixture of downward- and upward-
traveling waves. This would affect the energy balance as well. 
Nevertheless, we can still summarize that there is significantly more 
Alfvén wave power entering the AAR from above than there is power 
associated with either of the low-altitude phenomena, and the 
majority of the Alfvén wave power is deposited below the satellite. 
However, since it appears (when ignoring the two caveats but also 
in light of the discussion in the next paragraph) that the high-
altitude Alfvénic power might not be large enough to drive both 
low-altitude phenomena during the storm phases, future work 

should also include additional contributions in the energy budget, 
as discussed next.

In the analysis of the energy budget, several additional contribu-
tions need to be considered. Alfvén waves can also contribute to 
Joule heating in the ionosphere. While we have no estimate from 
our analysis, others have suggested using event case studies that the 
Alfvénic contribution to Joule heating in the auroral zone should be 
less than 30% of the total Alfvén wave power entering the AAR (26). 
It is noted that Pc5 field line resonances (standing Alfvén waves) can 
contribute a significant amount of Joule heating over large spatial 
regions (28). However, we have not included Pc5 field line reso-
nances in our analysis because they lie outside our frequency band 
(see Materials and Methods). In addition to electron acceleration, it 
has been suggested that ions can be accelerated by Alfvén waves, 
contributing to ion outflow into the magnetosphere (29). Global 
energy rate estimates of this contribution do not exist, but it has 
been pointed out that on the nightside, the energy flux of upward-
traveling ions is much smaller than that for precipitating electrons 
(7). Applied to our study, these two additional contributions would 
drain the available power of the high-altitude Alfvén waves reported 
here. On the other hand, there are additional energy sources of 
relevance that can contribute toward the auroral processes discussed 
here. First, simultaneously occurring smaller-scale KAWs at Polar’s 
altitude also carry energy into the AAR but were not included in 
our analysis (as outlined in Materials and Methods). However, by 
one estimate, their power is less than 25% of the MHD Alfvén wave 
power while also showing a more bidirectional flow, implying less 
net flow toward the ionosphere (30). Second, field-aligned mov-
ing electrons have been shown to exist above the AAR, exhibiting 
features of Alfvénic acceleration. An estimate of their total energy 
flux does not exist either. Third, the ionosphere plays an important—
and not only passive—role in the coupled magnetosphere-ionosphere 
(M-I) system. For example, it has been reported that during storms, 
Alfvén waves are also generated in the ionosphere, followed by out-
ward propagation toward the magnetotail (31), which could poten-
tially add to the upward flow of Alfvén waves observed in the Polar 
data, and thus should be included in the overall energy balance. 
While these additional contributions complicate the total energy 
balance significantly, it can still be concluded that the MHD Alfvén 
waves are essential contributors to the M-I coupling during storms. 
Moreover, these additional considerations imply that similar large-
scale Alfvén waves dissipate above the Polar’s altitude, which has 
been shown by (8). Thus, our estimates of MHD Alfvén wave power 
at the top edge of the AAR should be a lower estimate of the actual 
total power of MHD Alfvén waves generated along the entire auroral 
current circuit.

Last, we relate the high-altitude Alfvén wave observations to the 
global aurora. It is now well established that Alfvén waves carry suffi-
cient energy flux from the outer magnetosphere to the auroral re-
gion and provide a mechanism for auroral acceleration processes, 
causing visible aurora [see reviews by (12) and (9)]. In the case of 
storm Alfvén waves, as reported here, the mapped peak Poynting 
flux values (up to 500 mW/m2) are by far large enough to potentially 
cause visible conjugate aurora, the lower threshold of energy flux 
being 1 mW/m2 (16). However, we caution that we did not show 
this coupling for individual events during different phases of 
storms. Instead, the emphasis in this study was on multiyear average 
statistics, which provide some evidence for a global participation of 
Alfvén waves in the storm aurora. First, we discussed the remarkable 

Table 1. Comparison of global powers for the Northern Polar Region.  

Satellite Nonstorm Main phase Recovery 
phase

Polar (above AAR)*

  Alfvén wavedown (GW) 2.59 10.05 6.29

  Alfvén waveup (GW) 0.67 4.07 2.62

  Net deposition (GW)† 1.92 5.98 3.67

FAST (below AAR)‡

  Alfvén wave (GW) 0.54 2.62 1.75

  Electron precipitation 
(GW) 0.91 5.08 4.27

  Net deposition (GW)§ 1.45 7.70 6.02

*Polar study period: January 1997 to December 2002.     †Net deposition 
at Polar is not necessarily the true deposition below the AAR (see text for 
explanation).     ‡FAST study period: October 1996 to November 1999 
[from (25)].     §Calculated under the assumption that all Alfvén wave 
power at FAST flows toward the ionosphere (i.e., no upflowing Alfvénic 
power).
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similarity of global morphological features in the high-altitude Poynting 
flux distribution (reported here) compared to low-altitude observations 
of precipitating Alfvénic electrons, with the latter being presumably 
powered by the former along auroral field lines. Consequently, as 
seen in Table 1, the precipitating electron power dominates over the 
residual Alfvénic power during all storm phases. It is assumed that 
these precipitating electrons generate auroras. Second, a comparison 
with the statistical location of auroras for different degrees of geo-
magnetic activity is instructive (15). We refer the reader to Fig. 5 of 
(15) for comparison. The shape and latitudinal width of the first 
auroral band from the left (less active periods) and of the farthest 
right auroral band (most active periods) are very similar to the 
here-reported enhanced Poynting flux distributions during non-
storm and storm periods (Fig. 2), respectively (see also Fig. 5). 
Therefore, the reported Alfvén wave power is a candidate driver for 
some global auroral enhancements during storms. In addition to 
these statistical auroral patterns, storm auroras can also encompass 
the entire auroral oval instantaneously. As an example of a storm 
aurora, Fig. 1A shows the auroral development during a storm. In 
these images, it can be seen how rapidly the aurora developed, 
forming a largely increased luminous oval around the magnetic 
pole within 10 min. These active periods should correspond to impul-
sive reconfiguration of the magnetic field, which are especially 
prone to Alfvén wave generation (32). While it appears very reason-
able to conclude that the global broadening of intense Alfvénic 
Poynting flux is related to some parts of the globally broadening storm 
aurora, we emphasize that we do not argue here that the entire 
storm aurora is driven by Alfvén waves. In the literature, the aurora 
has been attributed to at least three types, which are called quasi-
static aurora, Alfvénic aurora, and diffuse aurora (among other 
names). The auroral belts shown in (15) include all types of aurora. 
It has been a challenge to determine the global contributions of each 
type to the aurora. Under various geomagnetic conditions (but not 
storms per se), estimates of Alfvénic aurora range between 6 and 
50% of the total aurora (33–35), with the lower estimate believed 
to be too low (36). To what extent the storm aurora is Alfvénic is 
not known as of yet, and its determination, is outside the scope of 
this study.

MATERIALS AND METHODS
Global distributions
The global Poynting flux distributions (Fig. 2) were generated from 
a multiyear database containing data from the Polar satellite. The 
Polar satellite had an 18-hour elliptical, polar orbit with perigee and 
apogee of 1.8 and 9 RE, respectively, measured from the center of 
Earth. During the course of 1 year, its orbital plane precessed by 
360°, thus covering the entire Northern Hemisphere throughout 
the year with equal coverage of each MLT (Fig. 1C) and avoiding 
biasing toward certain MLT regions. For this study, we incorpo-
rated 6 years of data (1997–2002), from the solar minimum to the 
solar maximum of solar cycle 23 (Fig. 1A). The measured data were 
electric (E) and magnetic (B) field data collected in the range from 
4 to 7 RE (geocentric distance) in the Northern Hemisphere (so as to 
be above the nominal AAR), which were then used to calculate the 
Poynting flux for the entire database: S = E × B/0. E and B are the 
perturbation fields in the band from 6 to 180 s in the spacecraft 
frame. The perturbation fields were obtained from the full three-
dimensional magnetic field vector and two vector components of 

the electric field [see (33) for a discussion on the validity of leaving 
out the satellite’s spin-axis component of the electric field]. It is noted 
that the methodology in (33) is identical to the one applied here, 
with one exception, namely, these authors additionally averaged the 
Poynting flux over 30-s intervals to reduce power of standing waves 
(which were observed in this range). Later, it was also reported that 
higher-frequency Alfvén waves (i.e., smaller periods) show more 
reflective behavior inside the AAR (26, 37). As a result, our modified 
analysis method produces somewhat more outflowing Poynting 
flux compared with (33).

To obtain the component of the wave Poynting flux that flows 
along the background magnetic field, the Poynting flux, S, was projected 
onto the background magnetic field, B: Sp = S ● B/|B|. All Poynting 
flux values were scaled along converging magnetic field lines to ion-
ospheric altitudes (100 km) under the assumption of dissipation-
free propagation: SI = SH · BI/BH, where the indices I and H indicate 
the ionospheric and high-altitude values, respectively. For the iono-
spheric field strength, a fixed value of 50,000 nT was applied. This 
mapping method allows comparisons with other studies that project 
energy fluxes (both waves and particles) onto the ionosphere and 
has been described in more detail by (38). The Poynting flux database 
was then binned according to magnetic latitude and MLT (2° × 0.75 hour 
per bin) for the Northern Hemisphere.

The binned data were further sorted according to the Dst values 
(storm: Dst < −40 nT; nonstorm: −20 nT < Dst < 0 nT) and according 
to flow directions as recorded at Polar’s location (toward the AAR 
and away from the AAR). For all distributions (Fig. 2, A to D), the 
color scale was chosen to be the same for comparison purposes, causing 
the highest values in the storm distributions to saturate at the highest 
value (brown). Actual peak values are given in Fig. 5 (see below).

For the calculation of total hemispheric powers (>60° magnetic 
latitude) in Fig. 2, all averaged and projected Poynting flux values 
(per bin) were multiplied by the respective area at 100 km and 
summed. Downward (positive Poynting flux) and upward (negative 
Poynting flux) total powers were calculated separately while account-
ing for the total time spent in each bin. Noise levels of <0.1 mW/m2 
(corresponding to the dark blue in the maps) were removed in this 
calculation, slightly reducing the total power. While not shown in 
Fig. 2, storm events were also separated according to storm main 
phase and storm recovery phase, and then total hemispheric powers 
were similarly calculated (see Table 1). In addition to the general 
storm condition (Dst < −40 nT), for the main phase, a negative 
slope in Dst was required, while a positive slope in Dst was needed 
for the recovery phase.

Mapping of magnetic field
For the mapping from Polar’s location to ionospheric altitudes, we 
applied two models (see Fig. 3): (i) the dipole model and (ii) the 
Tsyganenko 2001 model (T01) (39, 40). While the dipole model is 
fixed, the T01 model allows for a variable global magnetic field of the 
inner and near magnetosphere, including the effects of the ring cur-
rent, for different interplanetary conditions and ground disturbance 
levels. Thus, it requires the solar wind ram pressure, Dst, and the trans-
verse components of the IMF as input parameters. Because of these 
additional requirements, we limited its application to event cases, of 
which Fig. 3 shows one case. Geomagnetic mapping is notoriously 
difficult (or even impossible) during geomagnetic disturbed periods 
in M-I coupling; however, for confirming the expansion of the global, 
spatial distributions (shown in Fig. 2), the dipole model suffices.
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Power versus MLT distribution
The data points (mean values and SDs) were calculated by first separating 
the entire database into individual years (1997 to 2002). Then, for 
each year, the averaged spatial distributions (similar to Fig. 2) were 
generated. For each yearly distribution, integrated (over all latitudes) 
powers were calculated with respect to MLT sectors. Hence, for each 
MLT sector, six values were available (one for each year), which were 
used to calculate the means and SDs plotted in Fig. 4.

Peak distributions
During a storm, which can last for more than 1 day, auroral and 
magnetospheric activity fluctuates. Similarly, it is not expected that 
Alfvén wave activity is at its highest level throughout the entire 
storm period. Thus, the average Poynting flux distributions shown 
in Fig. 2 contain a combination of different intensities. To capture the 
possible maximum Poynting fluxes (downward) throughout the entire 
AAR oval, the database of each bin was searched for the maximum 
value during storm conditions (Dst < −40 nT). These maximum 
values are plotted in Fig. 5 (in the same format as Fig. 2), revealing 
peak values of well over 100 mW/m2 in some parts of the oval (see 
further discussion in the main text).

Assumptions and limitations
Here, we address two fundamental aspects of the applied method, 
namely, the assumptions made and the limitations resulting from 
these assumptions. Our main assumption is that the spectrum with 
periods in the range of 6 to 180 s (or, alternatively, 6 to 167 mHz) 
largely contains shear Alfvén waves, which is based on observational, 
numerical, and theoretical considerations. Numerous observational 
event case studies have identified shear Alfvén waves in this band, 
with wave velocities being similar to the local Alfvén speed, as ex-
pected from MHD calculations [(7, 21, 41–43) to list a few, but also 
see the review by (9) for a more extensive list]. While the most en-
ergetic Alfvén waves have been shown to occur during substorms 
and storms (7, 26), their presence—albeit with much reduced 
amplitude—has also been shown during geomagnetic quiet periods 
(38). In detailed numerical studies, Streltsov et al. (44) and Streltsov 
and Lotko (45) showed that the large-amplitude Alfvén wave events 
in the Polar database can be ascribed to MHD Alfvén waves gener-
ated in the magnetotail. Comparisons of large-database statistical 
studies are also instructive. For example, the global spatial distribu-
tion of Alfvén waves (same wave band as used here) above the AAR 
revealed their global participation in the M-I coupling (33). Very 
similar global spatial distributions of Alfvén waves and Alfvénic-
accelerated electrons were reported from low-altitude satellites 
below the AAR (34, 46–49), which again argues that the chosen wave 
band captures well the Alfvénic regime. Furthermore, global MHD 
simulations (50) reproduced to a remarkable degree both the ob-
served spatial distribution and also the intensity of Alfvénic power 
flowing from the magnetotail to the same altitudes as those reported 
by (33). Furthermore, theoretical considerations corroborate these 
findings by showing that the chosen band should be dominated by 
MHD inductive M-I coupling (i.e., Alfvénic coupling), as opposed 
to the electrostatic M-I coupling, such as quasi-static currents (51). 

From these studies, it is argued that the chosen wave band mostly 
captures the large-scale, nondispersive MHD regime of Alfvén waves. 
It is cautioned that because of the ambiguity of temporal and spatial 
effects due to the relative motion of the spacecraft and plasma 
carrying the waves, it is not possible to obtain the actual perpendicular 

scales of the large-scale Alfvén waves. This issue is discussed in (7) as 
it applies to Polar satellite observations. It also implies that the period/
frequency band chosen for our study refers to the spacecraft frame, 
so that the period/frequency can be Doppler shifted from the values 
in the plasma frame. In the Discussion section, we compared the 
Polar observations with global distributions of Poynting flux deter-
mined from the FAST satellite, which orbits at a much lower altitude 
(<4000 km). While it was attempted to determine the spatial trans-
verse scale, from which the inertial regime of the low-altitude 
Alfvén waves was estimated (25), the ambiguity in wave period/
frequency of the FAST waves remained. However, the justification 
for this comparison has been discussed by others [e.g., (12, 49, 52)]. 
One of the main arguments provided is that KAWs are strongly 
damped (highly dissipative), preventing them from traveling far. 
Hence, Chaston (12) wrote, “the most obvious local energy source 
for these waves may be the large-scale nondispersive, nondissipative 
Alfvén waves commonly observed as part of the Alfvén wave spectra.” 
Furthermore, the conversion from large scales to small scales along 
auroral field lines has been modeled for low-frequency waves [e.g., 
(53) and references therein].

Here, we extended the database from that used in (33) to contain 
6 years of data while applying the same methodology for pre-
processing, followed by the additional storm/nonstorm separation. 
It is thus reasonable to assume that our results again capture most 
of the MHD Alfvén wave physics in this specific wave band for the 
extended period. Nonetheless, it is unproven (and unlikely) that all 
recorded field perturbations are Alfvénic. For example, near the 
subsolar (dayside) magnetopause, slow mode waves have been 
observed in this wave band [e.g., (54)]; hence, it cannot be ruled out 
that those waves are included in our statistical database as well. 
However, their Poynting flux (~1 mW/m2 mapped to the ionosphere) 
is at least an order of magnitude smaller than the Poynting flux of the 
energetic Alfvén waves observed above the AAR by Polar (~10 to 
100 mW/m2 mapped to the ionosphere). Thus, the slow mode 
waves do not contribute significantly to the overall Poynting flux 
distributions presented here. Furthermore, quasi-static FACs also 
supply Poynting flux to the AAR and the ionosphere, such as the 
large-scale region 1 and 2 currents and the substorm current wedge 
[see reviews by (6, 55)]. On both the dayside and nightside, studies 
have shown that our chosen filter band effectively removes the 
large-scale DC component of electric and magnetic fields (30, 54). 
Schriver et al. (42) reported a comparison of FAST and Polar 
conjunctions, which illustrated the spatial differences between Alfvén 
waves and large-scale FACs both below and above the AAR. As-
sociated with each large-scale current is also its temporal evolution. 
For example, Maynard et al. (41) applied a low-pass filter to field 
data recorded near the inner edge of the plasma sheet, resulting 
in mostly downward Alfvénic Poynting flux into the ionosphere 
with periods in the Pi2 range (40 to 150 s). In their study, it was argued 
that this Alfvénic Poynting flux is involved in establishing the field-
aligned current of the substorm current wedge. Because this period 
range is included in our chosen band (6 to 180 s), our method 
captures those temporal aspects of large-scale FACs.

In contrast, it is more likely that quasi-static small-scale FACs, 
which could be embedded in larger-scale FACs, can appear to be 
waves in the spacecraft measurements because of the perpendicular 
motion between the current structure and spacecraft. To separate 
the Alfvén waves from quasi-static small-scale currents, two common 
approaches have been used in the literature. For example, Johansson 
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et al. (56) identified both Alfvén waves and quasi-static currents in 
the same altitude range investigated here using the Cluster mis-
sion, which comprises four satellites flying in a constellation. How-
ever, the static currents reported had smaller Poynting fluxes (nearly 
one order of magnitude compared to those of reported energetic 
Alfvén waves). Nonetheless, it cannot be ruled out that larger 
Poynting fluxes associated with the quasi-static small-scale struc-
tures also exist at Polar’s location. However, this multisatellite analysis 
is not applicable to our database (using the single Polar satellite), 
and it would also be unrealistic given the size of our database. An-
other method is to relate the so-called E-to-B ratio to the local 
Alfvén speed, which would confirm an Alfvénic nature if both values 
were identical. However, this approach also carries its caveats and 
suffers from large uncertainties when not looked at carefully case by 
case. For example, the plasma density is necessary to determine the 
local Alfvén speed but is difficult to obtain and usually carries large 
uncertainty. Ideally, information about the ion species and their 
relative proportions is required, as these factors affect the density 
and, in turn, the local Alfvén speed. Furthermore, the interaction of 
Alfvén waves of various temporal and spatial scales with the iono-
sphere and regions of parallel electric fields, such as the AAR below 
Polar’s location, can lead to more complicated phase relationships 
between E and B, affecting the E-to-B ratios in unpredictable 
ways (57, 58, 45). These uncertainties and constraints led authors of 
earlier studies to allow for variations in the E-to-B ratio of up to an 
order of magnitude [e.g., (46, 49)]. These errors would outweigh our 
assumptions, and therefore, we did not incorporate this additional test.

While there is ample evidence for Alfvén waves in the 6- to 180-s 
band, as described above, Alfvén waves also occur below and above 
this band. We have excluded these waves for the following reasons. 
By also using Polar data in the same altitude range, waves with periods 
(in spacecraft frame) of less than 6 s were identified as KAWs (30). 
It was also shown that KAWs occur at much larger distances (18 RE), 
and since KAWs are highly dissipative due to their magnetic field–
aligned electric field component, much of their energy was already 
transferred onto the surrounding plasma before reaching Polar at 5 RE 
(8). In a larger study, it was reported that KAWs are launched by 
fast plasma flows along the magnetotail (59). Hence, to assess the 
total impact of these smaller-scale waves on the entire magneto-
sphere, it would be necessary to make observations directly at the 
source region, which was not done in our study. Instead, we only 
assessed the MHD component of shear Alfvén waves, which is largely 
aligned with the background magnetic field. Our method also excludes 
the bulk of Alfvénic Pc5 field line resonances (periods of 150 to 600 s), 
which are standing Alfvén waves with Poynting fluxes of alternating 
directions. Although it was shown that they can have a small net flow 
direction, which can lead to substantial Joule heating over a large area 
in the ionosphere (28), it would be difficult (or impossible) to identify 
their net fluxes in our statistical database without case-by-case veri-
fication. Moreover, the Pc5 period range overlaps with the spatial 
scale of large-scale FACs at Polar’s location, making an unambiguous 
distinction at Polar’s location impossible using our statistical method. 
Despite leaving out the lowest and highest frequencies, it can still be 
asserted that our chosen band captures the key portion of the Alfvén 
wave spectrum flowing into the AAR, as evidenced by (i) compar-
isons with results from low-altitude satellites (see Discussion), (ii) 
results that relate this band with powering the aurora (33), and (iii) 
confirmation that the band contains the largest Alfvén waves above 
the AAR (7, 26).
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