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A B S T R A C T

We review the role of Alfv�en waves in magnetosphere-ionosphere coupling during geomagnetically active pe-
riods, and use three years of high-latitude FAST satellite observations of inertial Alfv�en waves (IAWs) together
with 55 years of tabulated measurements of the Dst index to answer the following questions: 1) How do global
rates of IAW-related energy deposition, electron precipitation, and ion outflow during storm main phase and
storm recovery phase compare with global rates during geomagnetically quiet periods? 2) What fraction of net
IAW-related energy deposition, electron precipitation, and ion outflow is associated with storm main phase and
storm recovery phase; that is, how are these budgets partitioned by storm phase? We find that during the period
between October 1996 and November 1999, rates of IAW-related energy deposition, electron precipitation, and
ion outflow during geomagnetically quiet periods are increased by factors of 4–5 during storm phases. We also
find that �62–68% of the net Alfv�enic energy deposition, electron precipitation, and ion outflow in the auroral
ionosphere occurred during storm main and recovery phases, despite storm phases comprising only 31% of this
period. In particular storm main phase, which comprised less than 14% of the three-year period, was associated
with roughly a third of the total Alfv�enic energy input and ion outflow in the auroral ionosphere. Measures of
geomagnetic activity during the IAW study period fall near corresponding 55-year median values, from which we
conclude that each storm phase is associated with a fraction of total Alfv�enic energy, precipitation, and outflow
budgets in the auroral ionosphere that is, in the long term, probably as great or greater than the fraction asso-
ciated with geomagnetic quiescence for all times except possibly those when geomagnetic activity is protractedly
weak, such as solar minimum. These results suggest that the budgets of IAW-related energy deposition, electron
precipitation, and ion outflow are roughly equally partitioned by geomagnetic storm phase.
1. Introduction

The term “geomagnetic storm” has come to refer to efficient coupling
between the solar wind and the magnetosphere (Kamide et al., 1998;
Tsurutani et al., 2006b; Guo et al., 2011) over periods between several
hours and several days (Gonzalez et al., 1994), where the associated
interplanetary conditions include a combination of either gradual or
sudden increases solar wind speeds and densities (e.g., Cane and
Richardson, 2003; Tsurutani et al., 2006a) or evolution of the inter-
planetary magnetic field to an orientation that is favorable to recon-
nection between solar and terrestrial magnetic fields lines (Dunlop et al.,
2009), or both (Newell et al., 2007).

Storm periods are functionally defined in the magnetosphere by both
electron loss and energization (Hudson et al., 2012; Anderson et al.,
(S.M. Hatch).
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2015; Gao et al., 2015) and wave energization (Brito et al., 2012) in the
radiation belts, as well as population of the ring current with energetic
particles, of which a large fraction are terrestrial ions (Hamilton et al.,
1988; Chaston et al., 2016). At mid-to low-latitude terrestrial observa-
tories geomagnetic storms are manifest as a weakening of the horizontal
component of the terrestrial magnetic field, usually quantified by the Dst
or SYM-H index. In terms of auroral precipitation, which is commonly
classified as either diffuse, monoenergetic, or broadband via spectral
characteristics, broadband aurora are the most responsive to conditions
in the solar wind (Newell et al., 2009) and to substorm onset (Newell
et al., 2010), during and after which broadband aurora tend to be found
at lower latitudes (Lee et al., 2010).

Studies in the past two decades have highlighted the relationship
between broadband aurora, which consists of electron energy fluxes over
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a range of energies that are usually below 1 keV (Newell et al., 2009), and
Alfv�en waves. Evidence for this relationship is presented by Chaston et al.
(2007a), who demonstrate that Alfv�enic activity is strongly correlated
with auroral activity, while several theoretical studies (e.g., Hasegawa,
1976; Kletzing, 1994; Kletzing and Hu, 2001; Lysak and Song, 2003;
G�enot et al., 2004; Chen et al., 2005; Tanaka et al., 2005b; Watt et al.,
2005; Watt and Rankin, 2012) have shown that Alfv�en waves on kinetic
scales interact with and accelerate electrons, particularly over the alti-
tude range where the electron inertial length becomes comparable to the
Alfv�en speed, between �1–2 RE (Chaston et al., 2003a; Watt and Rankin,
2009). Observational studies in support of these mechanisms are likewise
many, a small subset of which includes observations in the plasma sheet
(Keiling et al., 2000, 2002), the plasma sheet boundary layer (Takada
et al., 2006), the mid-altitude cusp and low-latitude boundary layer
(Bogdanova et al., 2004), and above the auroral ionosphere (Andersson
et al., 2002; Tanaka et al., 2005a; Chaston et al., 2006). (See also reviews
of small-scale Alfv�en waves (Stasiewicz et al., 2000) and Alfv�enic tur-
bulence (Wu et al., 2016) as well as references therein.)

Much of the present picture of coupling and feedback mechanisms
between the ionosphere and the magnetosphere has emerged in the past
decade (Lysak, 2004; Thayer and Semeter, 2004; Lotko, 2007; Kronberg
et al., 2014; Lotko et al., 2014; Lysak et al., 2015; Welling et al., 2015;
Khazanov et al., 2016). During geomagnetically disturbed periods, dy-
namic mechanisms for magnetosphere-ionosphere coupling become
important (Song and Vasylinas, 2014; Mishin et al., 2015) and phe-
nomena occurring on short time scales (≲ 100 s) cannot be accommo-
dated by paradigms that are based on electrostatic magnetosphere-
ionosphere coupling (Lotko, 2004). Periods of dynamic coupling, dur-
ing which effects associated with an induction electric field or the
displacement current (or both) can be pronounced, are associated with
Alfv�en waves (Knudsen, 1996; Yoshikawa and Itonaga, 1996; Rankin
et al., 1999; Lysak and Song, 2000, 2006; Cosgrove, 2016) and with
transient/wave phenomena otherwise (Mareschal, 1976; Hoshino et al.,
2001; Delcourt, 2002; Liemohn and Kozyra, 2002; Song and Lysak, 2006;
Ohtani et al., 2010).

In their examination of the effect of geomagnetic storms on inertial
Alfv�en wave (IAW) activity, Hatch et al. (2016) have shown that the
occurrence rate of IAWs, as well as the associated energy deposition,
precipitation, and ion outflow, respond rapidly and dramatically to storm
sudden commencement. In view of the relative importance of dynam-
ic/inductive coupling during geomagnetically disturbed periods, the
natural questions arising from but not addressed by their study are the
following: 1) How much do geomagnetic storms alter the global rates of
Alfv�enic energy input, electron precipitation, and ion outflow that are
typical of geomagnetically quiescent periods? 2) What is the relative
contribution of each storm phase to the long-term budgets of Alfv�enic
energy deposition, precipitation, and outflow in the auroral ionosphere?
The purpose of this study is to address these questions.

Because this study builds upon work performed by Hatch et al.
(2016), in Section 2 we summarize the methodology and key findings of
their study. In Section 3 we present storm phase–partitioned rates of
energy deposition, electron precipitation, and ion outflow associated
with IAWs in the Northern and Southern Hemisphere. Based on the fre-
quency of each storm phase during the three-year study period, in Section
4 we calculate storm phase–partitioned budgets of IAW-related energy
deposition, precipitation, and outflow, and compare various measures of
geomagnetic activity during the study period with corresponding mea-
sures during a 55-year period covering �5 solar cycles. We then sum-
marize and conclude.

2. Review of stormtime Alfv�enic activity in the auroral zone

Hatch et al. (2016) use a database of IAW observations made by the
FAST satellite in the magnetosphere-ionosphere transition region from
October 1996 to November 1999, together with Dst measurements and
the NOAA Geomagnetic Sudden Storm Commencements data set.
2

To identify IAWs Hatch et al. (2016) locate periods during which the
field-aligned current

��Jjj�� � 10 μA/m2, where Jjj is estimated via the slope
in the axial (approximately east-west) component of FAST fluxgate
magnetometer data using Amp�ere's law. Accurate identification is
ensured by requiring corresponding observations to meet several addi-
tional criteria dealing with, for example, minimum fluctuation in B
relative to the background magnetic field Bo, minimum fluctuation in the
spin-plane electric field E, instrument modes with sample rates appro-
priate for IAW identification, minimum field-aligned electron fluxes,
appropriate frequency restrictions, and application of the so-called
E-over-B test (e.g., Aikio et al., 1996; Stasiewicz et al., 1998; Keil-
ing, 2009).

As applied in this study and in the work of Hatch et al. (2016), the
E-over-B test requires that the change in the spin-plane electric field ΔEsp
and the change in the axial component of the magnetic field ΔBaxial meet
the condition 0.1� ��ΔEsp=ΔBaxial

��=vA �10. Chaston et al. (2007a) use a
nearly identical form of this test for IAW identification.

After identifying all qualifying IAW observations during the three-
year period, Hatch et al. (2016) associate each IAW with geomagnetic
storm phases using two approaches for storm identification. The first
approach follows the methodology of Chaston et al. (2015), who classify
all times for which Dst > -20 nT as “non-storm” periods, and classifies all
times for which Dst � -20 nT as storm periods. Storm phase is then
identified by smoothing Dst over a 6-h window and examining the slope
of the smoothed Dst time series; “main phase” is defined as periods when
dDst6h
dt � 0, and “recovery phase” as periods when dDst6h

dt >0. The second
approach begins with the methodology of Anderson et al. (2015), who
define a large geomagnetic storm as any instance of Dstmin ��50 nT that
is global for 16 h on either side of Dstmin, and that corresponds to a drop
in Dst of at least 55 nT within 16 h preceding Dstmin. Large storms thus
identified are then aligned with entries in the NOAA Geomagnetic Storm
Sudden Commencements data set (https://catalog.data.gov/dataset/
geomagnetic-storm-sudden-commencements), resulting in selection of
31 large storms for the three-year IAW study period.

Associating IAW observations with each storm phase identified by the
first method above, Hatch et al. (2016) show that storm main phase
corresponds to order-of-magnitude enhancements in IAW-related
Poynting fluxes and precipitating electron energy fluxes, with strong
enhancements in electron energy fluxes below 70� invariant latitude
(ILAT) over a broad range of local times on the nightside, and in the
premidnight sector these enhanced Poynting and electron energy fluxes
persist into the recovery phase. They also find that during storm main
phase IAW-related upward ion fluxes primarily below 70� ILAT increase
by up to two orders of magnitude at various local times on both dayside
and nightside, with the enhancements being most pronounced and
widespread on the dayside. During “non-storm” times the locations of
most frequent IAW activity are centered at roughly noon magnetic local
time (MLT) and above 70� ILAT on the dayside, and premidnight at
slightly lower latitudes on the nightside; during storm main phase,
however, the primary sites of IAW activity on the dayside are found
below 70� ILAT and postnoon, extending into the dusk sector, and on the
nightside extending over a wide range of local times primarily below
70� ILAT.

To explicitly demonstrate that the foregoing effects are a consequence
of geomagnetic storms, Hatch et al. (2016) perform a superposed epoch
analysis of IAW activity relative to storm sudden commencement using
storm onsets identified by the second method above. Fig. 1 (Fig. 4a in
Hatch et al. (2016)) shows that the probability of IAW observation
promptly increases at storm commencement on both dayside and
nightside, and within 2 h (i.e., the histogram resolution) reaches a
maximum that is several times background values of Alfv�en activity.
Similar enhancements in IAW-related loss-cone electron energy flux,
upward ion flux, and Alfv�enic Poynting flux also appear (Fig. 4b–d in
Hatch et al., 2016), then taper to background levels �20 h after storm
commencement.

https://catalog.data.gov/dataset/geomagnetic-storm-sudden-commencements
https://catalog.data.gov/dataset/geomagnetic-storm-sudden-commencements


Fig. 1. Response of inertial Alfv�en wave occurrence rates to storm sudden commencement on dayside (red) and nightside (blue), for 120 h around storm sudden commencement (t ¼ 0).
Dst time series for each of 31 storms occurring between October 1996 and November 1999 are shown as transparent black traces in the background [Originally Fig. 4a in Hatch et al.
(2016); reproduced with permission of John Wiley & Sons, Inc.]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. IAW database and time-averaged fluxes

The IAW database we use here is similar to that described by Hatch
et al. (2016), the only differences being that in this study we use 1 μA/m2

as the threshold for minimum field-aligned current density instead of
10 μA/m2, we exclude observations made below 750 km in order to avoid
ionospheric Alfv�en resonator effects (Poliakov and Rapoport, 1981;
Lysak, 1993; Grzesiak, 2000; Chaston et al., 2002; Hirano et al., 2005;
Rother et al., 2007) that might otherwise lead to overestimation of the
measures of Alfv�enic activity presented in this study, and all fluxes are
mapped to 100 km using AACGM_v2 coordinates (Shepherd, 2014).

We have reduced the minimum field-aligned current density
threshold in this study because the 10-μA/m�2 current density threshold
applied by Hatch et al. (2016) appears to be biased against nightside IAW
observations relative to those on the dayside: 24.8% of nightside IAW
observations correspond to current densities that fall below 10 μA/m2,
while only 8.7% of dayside IAW observations fall below this threshold.

The physical source of this bias may be the steeper gradients in and
overall lower values of nightside electron density relative to those on the
dayside [Fig. 1 in Kelley (1989); Cattell et al., 2006], which cause the
energy carried by IAWs to be more efficiently dissipated and reflected on
the nightside (Chaston et al., 2003b, a; Hatch et al., 2016). We have
therefore attempted to remove the bias against nightside IAW observa-
tions by lowering this threshold to 1 μA/m2. Interested readers may
consult Appendix A, which contains a condensed version of the analysis
we present in the next section using the original current density threshold
imposed by Hatch et al. (2016). The updated database contains 334,915
and 121,719 IAW observations in the Northern and Southern Hemi-
sphere, respectively.

We begin with the same set of flux quantities used by Hatch et al.
(2016); these are Poynting flux, electron energy flux, and upward ion
flux, where the latter two fluxes are integrated along the spacecraft tra-
jectory over the duration of the IAW observation and then
spatially averaged.

To obtain loss-cone electron number and energy fluxes, electron
electrostatic analyzer (ESA) measurements are integrated over all en-
ergies above the spacecraft potential up to the detector limit at 30 keV
(Carlson et al., 2001), and over the range of pitch angles within the
earthward portion of the loss cone calculated via International
Geomagnetic Reference Field 11 (IGRF 11).

To obtain upward ion number and energy fluxes, ion ESA
3

measurements are integrated over all energies above the spacecraft po-
tential up to 500 eV in order to avoid the contribution from plasma sheet
ions, and over the 90� range of pitch angles that is both anti-earthward
and leeward the motion of the spacecraft; the latter requirement serves
to exclude ram ions. The resulting ion number and energy fluxes are then
doubled to account for neglecting the range of pitch angles that corre-
spond to ram ions.

For the set of flux measurements fqi; i ¼ 1…Ng within each MLT-
ILAT bin Hatch et al. (2016) calculate and report the statistic

Q ¼ exp

" XN
i

ln qi

!,
N

#
: (1)

The distributions of IAW-associated Poynting flux, upward ion flux,
and electron energy flux measurements in each MLT-ILAT bin are all
approximately log normal (Fig. 3 in Hatch et al., 2016); the sample log
average Q is therefore the appropriate estimator of the population me-
dian for each set of flux measurements.

In this study we wish to calculate average temporal rates of Alfv�enic
energy deposition, precipitation, and outflow in each hemisphere. That
the statistic Q is inappropriate for this objective may be seen by briefly
considering a hypothetical situation: Suppose FAST only rarely observes
IAWs within an MLT-ILAT bin (say, less than 5% of the time that FAST
spends in that bin), but during period of unusual geomagnetic activity the
satellite observes a number of IAW current filaments associated with
intense upward ion fluxes while traversing the bin. Because Q takes no
account of the low rate of IAW observation associated with that bin, Q is
prone to overestimation of the actual temporally averaged upward ion
flux associated with IAWs.

In order to account for both the intensity and the duration of the flux
quantities associated with each IAW observation, as well as the overall
frequency of IAW observations within each MLT-ILAT bin, for each flux
quantity we instead calculate the time-averaged flux

〈Q〉 ¼
 XN

i

qiτi

!,
T128; (2)

where N is the number of IAW observations, τi is the temporal width of
the ith IAW observation, qi is an individual flux measurement, and T128 is
the total amount of time that FAST was within that MLT-ILAT bin while
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the survey-mode sampling rate of the fluxgate magnetometer fFG was
appropriate for IAW identification (fFG � 128 S/s).

How 〈Q〉 accounts for the frequency of IAW observation is illustrated
by setting qi ¼ 1 in (2), which yields the quantity

PN
i τi=T128 that Hatch

et al. (2016) term the “IAW probability of observation” (shown as Fig. 2a
Fig. 2. Average fluxes associated with small-scale Alfv�en waves in the Northern Hemisphere du
storm recovery phase. The size of each bin is 1.5 MLT�2.5� ILAT, and each bin containing fewer
deposition (GW), precipitation (1025/s), or outflow (1024/s) is shown at bottom left in each pane
(d) Upward ion flux.

4

in their study). The reliance of 〈Q〉 on IAW observation frequency means
that for a given set of flux measurements the time-averaged flux estimate
〈Q〉 (hereafter “average flux”) is usually less than the corresponding es-
timate Q. We make a more detailed comparison between these two types
of averages in the following section.
ring geomagnetically quiescent periods (left panels), storm main phase (center panels), and
than 8 IAW observations is shown in gray. The integrated hemispheric rate of either energy
l. (a) Poynting flux. (b) Loss-cone electron energy flux. (c) Loss-cone electron number flux.
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4. Rates of IAW-related energy deposition, electron
precipitation, and ion outflow

The average flux 〈Q〉 for each flux quantity in the Northern Hemi-
sphere is shown in Fig. 2, which displays the average Poynting flux
(Fig. 2a), loss-cone electron energy flux (Fig. 2b), loss-cone electron
number flux (Fig. 2c), and ion outflow (Fig. 2d) observed in coincidence
with IAWs. Each figure displays statistics for geomagnetically quiescent
periods during which Dst > -20 nT (left panels), storm main phase
(center panels), and storm recovery phase (right panels). For each phase
the integrated hemispheric rate of either energy deposition, precipita-
tion, or ion outflow is shown at bottom left in the corresponding panel.

Each hemispheric rate is obtained by first multiplying the average
flux 〈Q〉 within each MLT-ILAT bin by the corresponding bin area at
100 km, resulting in a local rate for each MLT-ILAT bin. Local rates are
then summed to give a hemispheric rate. In calculating hemispheric rates
we impose Nmin ¼ 8 as the minimum number of IAW observations within
each MLT-ILAT bin in order to be displayed. Each bin associated with
N <Nmin IAW observations is shown in gray in Fig. 2, and does not
contribute to the calculated hemispheric rate.

We have selected Nmin by first calculating the coefficient of variation

ν ¼ σ

μ
(3)

for the set of time-weighted flux measurements qiτi within each MLT-
ILAT bin, where μ ¼ ðPN

i qiτiÞ=N is the sample mean of the distribution

of time-weighted flux measurements, and σ2 ¼PN
i ðqiτi � μÞ2=ðN � 1Þ is

the sample variance. For each set of measurements fqiτi; i ¼ 1…Ng, ν lies
between 0 and 1 and trends toward smaller values with increasing
number of IAW observations N. For every panel shown in Fig. 2 (i.e., for
all flux quantities and storm phases) the selection Nmin ¼ 8 is such that
ν � 0.33 for � 77% of all MLT-ILAT bins with N � Nmin .

During geomagnetically quiescent periods (left panels) the prominent
sites of IAW-related energy deposition, electron precipitation, and ion
outflow are all primarily postnoon and premidnight. The similar mor-
phologies arise from the method for averaging just described, and are
generally in correspondence with the features in the “non-storm” distri-
bution of IAW probability of occurrence shown in the left panel of Fig. 2a
in Hatch et al. (2016). These enhancements are moreover in roughly the
same location as the enhancements in previously published distributions
of observed (Keiling et al., 2003; Chaston et al., 2007b) and simulated
(Lotko et al., 2014; Zhang et al., 2014) Alfv�enic Poynting flux, and bear
morphological resemblance to the “low solar wind driving” distribution
of broadband electron precipitation observed by DMSP (Fig. 4a in Newell
et al. (2009)) except in 9.5–14.5 MLT. In this MLT range the (Newell
et al., 2009) algorithm requires a differential energy flux dJE=dE> 2.0
�108 eV/(cm2 s sr eV) in at least one ESA energy channel at or above
300 eV in order for precipitation to be identified as broadband. (At all
other local times the threshold energy is 140 eV)

During storm main phase dayside increases in average Poynting flux,
electron number flux, and upward ion flux are greatest over local times
extending from 7.5 to 16.5 MLT and from latitudes extending between
roughly 65� and 73� ILAT, with the most intense rates located postnoon
and extending nearly to 62� ILAT (Fig. 2a, c, and d). Enhanced electron
energy flux is observed primarily in the dusk sector (center panel,
Fig. 2b). On the nightside, increases likewise pervade almost all local
times and extend to the edge of the study region at 60� ILAT. The tran-
sition of peak activity to overall lower latitudes relative to quiescent
periods agrees with the anticipated expansion of the auroral oval during
geomagnetically active periods.

Average fluxes during storm recovery phase are generally interme-
diate to those observed during quiescence and storm main phase, though
some differences are apparent. For example the storm-enhanced rate of
electron energy deposition and precipitation in the dusk sector persists
into recovery phase (right panels in Fig. 2b and c, respectively), in some
5

locations even exceeding main phase–enhanced rates. There are also
relatively clear low-latitude enhancements after 0 MLT in both electron
precipitation and ion outflow (Fig. 2c and d, respectively) during re-
covery phase.

As described in Section 3 the average fluxes shown in Fig. 2 are
overall lower than the corresponding log-averaged fluxes presented by
Hatch et al. (2016). For instance the enhancements in Alfv�enic Poynting
flux shown in the left panel of Fig. 2a peak near 0.1 mW/m2, but Poynting
fluxes in the left panel of Fig. 2a in Hatch et al. (2016) are almost uni-
formly of order 1 mW/m2. With regard to morphology cusp-region and
premidnight features in Fig. 2a contrast, for example, with the quiet-time
distribution of Alfv�enic Poynting flux shown in the left panel of their
Fig. 2b, which is relatively featureless. Other instances of dissimilar
features could be identified; all reflect differences in the type of average
that each study employs.

Fig. 3 shows Southern Hemisphere average fluxes for the same
quantities presented in Fig. 2. For each storm phase these exhibit trends
similar to those noted for corresponding quantities in the Northern
Hemisphere, except that the integrated hemispheric rates of IAW-related
energy deposition, electron precipitation, and ion outflow (shown at
bottom left in each panel of Fig. 3a–d) are all greatest during storm re-
covery phase, opposite the stormtime trends of corresponding rates in the
Northern Hemisphere. The difference in the observed rate of hemispheric
ion outflow is greatest, increasing by 150% from 1.54�1024 s�1 during
main phase to 3.91�1024 s�1 during recovery phase; the observed rate of
electron precipitation also notably differs, increasing by 45% from
5.42�1025 s�1 during storm main phase to 7.87�1025 s�1 during storm
recovery phase.

As in Fig. 2, each MLT-ILAT bin withN <Nmin ¼8 in Fig. 3 is shown in
gray and does not contribute to the calculated hemispheric rate. For
Southern Hemisphere IAW observations, the selection Nmin ¼ 8 is such
that within every panel shown in Fig. 2, ν � 0.33 for � 67% of all MLT-
ILAT bins with N � Nmin.

5. Discussion

Northern Hemisphere rates of each quantity presented in Fig. 2 for
each storm phase are shown in Table 1. Global (combined Northern and
Southern Hemisphere) rates are also shown in parentheses on the right
side of each Northern Hemisphere rate.

Table 1 shows that during storm main phase the rate of each quantity
shown in Figs. 2 and 3 is often several times the corresponding rate
during quiescent periods. Northern Hemisphere rates of Alfv�enic wave
and electron energy deposition increase by factors of 4–5, while rates of
electron precipitation and outflowing ion rates both increase by a factor
of 5 or more. It is evident that the storm-enhanced rates of wave (Figs. 2a
and 3a) and electron (Figs. 2b and 3b) energy deposition associated with
storm main and recovery phase are due to relatively uniform contribu-
tions from each local time sector, whereas the enhanced rates of electron
precipitation (Figs. 2c and 3c) and outflowing ions (Figs. 2d and 3d) are
largely due to the dramatic increases in corresponding average fluxes on
the dayside.

The main phase–enhanced rates of energy deposition and electron
precipitation in the Northern Hemisphere diminish slightly during re-
covery phase, but are still greater than quiescent rates by at least a factor
of 3. The rate of ion outflow is less sustained during recovery phase,
though still greater than the rate during quiescence by a factor of 2.6.
Incidentally, for every phase Fig. 2b–d and 3b–d generally suggest that
ion outflow is better correlated with electron number flux than with
electron energy flux. Strangeway et al. (2005) report a similar result;
using multi-regression analysis they show that ion outflow is significantly
and positively correlated with precipitating electron number flux, while
the correlation between ion outflow and electron energy flux is
insignificant.

Accounting for the net duration of each phase for the three-year



Fig. 3. Average fluxes associated with IAWs in the Southern Hemisphere during geomagnetically quiescent periods (left panels), storm main phase (center panels), and storm recovery
phase (right panels). As in Fig. 2 integrated hemispheric rates are shown at bottom left in each panel, and each 1.5 MLT�2.5� ILAT bin containing fewer than 8 IAW observations is shown
in gray. Relative to Northern Hemisphere statistics (Fig. 2) the higher number of gray bins in each panel reflects the overall lower number of Southern Hemisphere IAW observations. (a)
Poynting flux. (b) Loss-cone electron energy flux. (c) Loss-cone electron number flux. (d) Upward ion flux.
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period covered in this study (two uppermost rows, Table 1) the relative
contributions of each phase to net Alfv�enic energy deposition, electron
precipitation, and ion outflow budgets are shown below corresponding
rates in Table 1. In the Northern Hemisphere each phase is associated
with 30–36% of the total Alfv�enic energy deposition and electron pre-
cipitation while the range of contributions of each storm phase to ion
6

outflow is more variable, ranging instead between 25% and 38%.
In light of the net duration of storm main phase, less than 1/6 of the

total study period, its association with 33–37% of the total energy, pre-
cipitation, and outflow budgets of IAWs in the Northern Hemisphere
seems remarkable. Additionally, storm main and recovery phase in
combination are associated with between 62% and 69% of the Northern



Table 1
Storm phase–partitioned rates and budgets of Alfv�enic energy deposition, precipitation,
and ion outflow in the Northern Hemisphere.a

Quiescence Main Phase Recovery
Phase

MþR
Combined

FAST Study Periodb

Time (days) 310.4 60.4 78.2 138.6
% Total 69.1 13.4 17.4 30.8
IAW Observations
N 187,871

(252,206)
44,799
(60,177)

60,611
(85,555)

105,410
(145,732)

Wave Energy Deposition
Rate (GW) 0.54 (0.97) 2.62 (4.12) 1.75 (3.43)
% Total 36 (37) 34 (30) 30 (33) 64 (63)
Electron Energy Deposition
Rate (GW) 0.91 (1.64) 5.08 (8.18) 4.27 (7.63)
% Total 31 (32) 33 (31) 36 (37) 69 (68)
Net Energy Deposition
Rate (GW) 1.45 (2.61) 7.70 (12.3) 6.02 (11.1)
% Total 32 (33) 34 (31) 34 (36) 68 (67)
Electron Precipitation
Rate
(1025 s-1)

1.80 (3.51) 9.75 (15.2) 6.45 (14.3)

% Total 34 (35) 36 (29) 30 (36) 66 (65)
Outflowing Ions
Rate
(1024 s�1)

0.78 (1.25) 3.88 (5.42) 2.05 (5.96)

% Total 38 (33) 37 (28) 25 (39) 62 (67)

a Global (sum of Northern and Southern Hemisphere) quantities are italicized and shown
in parentheses.

b October 1996 through November 1999, inclusive.
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Hemisphere total for each budget (far right column in Table 1), even
though storm phases comprise less than 31% of the study period.

Global rates shown in parentheses in Table 1 likewise indicate that
storm phases are associated with 63–68% of the corresponding totals of
global Alfv�enic energy deposition, electron precipitation, and ion outflow
budgets. However, both global rates and global budgets tend to accen-
tuate storm recovery phase and to de-emphasize storm main phase
relative to Northern Hemisphere counterparts. The Southern Hemisphere
statistics are subject to greater uncertainty, since for each phase the
number of Southern Hemisphere IAW observations is between 34% and
41% of the corresponding number of Northern Hemisphere observa-
tions (Table 1).

Given the variability of solar and geomagnetic activity in the course of
an �11-year solar cycle, the foregoing analysis would ideally be per-
formed using Alfv�en wave observations spanning an entire solar cycle. In
lieu of such observations, the next best option is to determine the degree
to which geomagnetic activity during the three-year study period is
representative of geomagnetic activity during previous solar cycles.

Fig. 4 presents measures of geomagnetic activity over a 55-year
period from 1957 to 2011, derived from the Dst index and calculated at
18-month intervals. This 55-year period covers the entirety of solar cycles
20–23 and most of solar cycle 19. The period surveyed for Alfv�enic ac-
tivity in this study, which is identical to the period surveyed by Hatch
et al. (2016), is highlighted in green. Each box plot at far right indicates
the upper and lower quartiles Q3 and Q1 and the median for each time
series. The interquartile range IQR ≡ Q3 � Q1 is used to defineMþ≡ Q3þ
1.5 IQR and M�≡ Q1� 1.5 IQR, which are respectively shown as the top
and bottom lines of each box plot. Cross symbols at far right indicate the
median for each measure of geomagnetic activity during the three-year
FAST study period.

Fig. 4a shows how often geomagnetically quiescent periods (gray),
storm main phase (red), and storm recovery phase (blue) occurred as a
fraction of each 18-month interval, where each phase is identified based
on the methodology of Chaston et al. (2015) that was summarized in
Section 1. The two most apparent features are periods dominated almost
entirely by quiescent conditions around 1965 and 2009 (within a year of
the beginning of solar cycles 20 and 24); several local maxima are also
evident in the time series, generally in correspondence with solar
7

maximum. Comparing the crosses and box plots at far right, it is evident
that the relative occurrence frequency of geomagnetic quiescence and
storm recovery phase over the three-year study period, 0.691 and 0.174,
are slightly greater than the respective 55-year median values, .676 and
0.165. The occurrence frequency of main phase over the three-year
period, 0.134, is slightly less than the corresponding 55-year median,
0.160. For each storm phase the occurrence frequency during the IAW
study period is nonetheless well within the corresponding IQR.

Fig. 4b shows the median Dstmin for storms identified as either small
(blue) or large (red), respectively corresponding to �50 < Dstmin �
-20 nT, or to Dstmin � -50 nT. Statistics of large storms during the 55-year
period indicate that 29 large-storm Dst minima are outliers, of which 22
lie below the lower bound of the y axis at �300 nT. None of these
occurred during the IAW study period. From the crosses and box plots at
far right it is evident that the median Dstmin for small and large storms
during the IAW study period are near corresponding 55-year me-
dian values.

The statistics in Fig. 4 uniformly indicate that geomagnetic conditions
during the IAW study period are representative of periods of moderate, or
perhaps slightly weak, geomagnetic activity during the past 55 years. It
therefore seems likely that even during periods of moderate geomagnetic
activity, the storm phase–associated contributions to IAW-related global
energy deposition, particle precipitation, and ion outflow is dominant. In
favor of this conclusion it should be pointed out that since no outlier
storms occurred during the study period, an important class of storms not
represented in our calculations are those with deep Dst minima; such
storms would presumably correspond to the most dramatic enhance-
ments in rates of energy deposition and outflow.

The rates of broadband electron energy deposition reported by
Newell et al. (2009) provide some additional context for the calculated
rates of electron energy deposition shown in Table 1. In their study the
rate of broadband energy deposition during low solar wind driving,
0.6 GW (upper panel of their Fig. 4), is about 35% less than corre-
sponding rate of IAW-related energy deposition in the Northern Hemi-
sphere during geomagnetically quiescent periods (Fig. 2a), 0.91 GW.
During high solar wind driving Newell et al. (2009) report that this rate
increases to 4.8 GW, which is 6% less than the calculated rate in the
Northern Hemisphere reported here for storm main phase, 5.08 GW.
These differences between rates of broadband and IAW-related electron
energy deposition seem reasonable given that the methodology for
identification of broadband precipitation that they employ differs
considerably from the methodology for IAW identification that we
employ; differences could also be attributable to dissimilar methods for
determination of quiescent periods employed in each study.

Lennartsson et al. (2004) have reported statistical hemispheric rates
of Oþ and Hþ outflow using Polar satellite observations spanning a
period overlapping most of the period considered in this study. The
quiescent rate of IAW-related ion outflow in the Southern Hemisphere
shown in Fig. 3, 0.47�1024 s�1, is �15% of the 2.8�1024 s�1 that they
report as the average rate of ion outflow in the Southern Hemisphere
during periods corresponding to IMF Bz > 3 nT (Dst ¼ -8 nT in their
Table 1). During recovery phase the Southern Hemisphere rate of
IAW-related ion outflow, 3.91�1024 s�1, is about 44% of their reported
Southern Hemisphere average rate, �9.0�1024 s�1, during periods cor-
responding to IMF Bz > 3 nT (Dst ¼ �24 nT in their Table 1). These
estimates imply that IAWs are associated with 15–45% of the ion outflow
observed by Polar in the Southern Hemisphere, which is comparable to
the Alfv�en wave–associated proportion of net ion outflow, 15–34%, that
has been reported by Chaston et al. (2007a). We only compare Southern
Hemisphere rates of ion outflow reported in each study, since Polar
perigee at �2 RE is nearest FAST apogee at 4180 km in the Southern
Hemisphere, and Lennartsson et al. (2004) show that overall rates of
outflow strongly depend on altitude.

As a final point on the cause of dayside storm enhancements, it is
evident in Figs. 2 and 3 that during main and recovery phase in both



Fig. 4. Measures of geomagnetic activity derived from the Dst index for the 55-year period between 1957 and 2011, inclusive. (a) Occurrence frequency of geomagnetic quiescence (gray),
storm main phase (red), and storm recovery phase (blue) as a fraction of each 18-month interval. (b) Median Dstmin for small (solid blue line) and large (dashed red line) storms identified
using the Anderson et al. (2015) methodology, with individual Dstmin plotted as ‘þ’ or ‘x’ for small or large storms, respectively. Each time series is calculated over 18-month intervals. The
three-year period covered by the FAST study (Oct 1996 through Nov 1999, inclusive) is highlighted in transparent green. The boxes at far right indicate, from top to bottom, the upper
quartile Q3, median, and lower quartile Q1 for each time series. Horizontal lines above and below each box respectively indicateMþ andM�, which are defined in the text. Cross symbols at
far right indicate the median of each measure of geomagnetic activity during the three-year FAST study period. The vertical placement of box plots and cross symbols is relative to 0%. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hemispheres, rates of IAW-related energy deposition, electron precipi-
tation, and ion outflow all show enhancements extending almost to 18
MLT. At these local times Alfv�enic activity is unlikely to be associated
with cusp processes. Another class of low-frequency waves, Pc5 oscilla-
tions, has been observed in the dusk sector in association with disturbed
geomagnetic conditions (See Walker et al., 1982; Rae et al., 2005; Pili-
penko et al., 2010, and references therein), though with the present data
set we are unable to speculate on the relationship between Pc5 waves and
small-scale Alfv�en waves above the ionosphere.

6. Summary and conclusions

Geomagnetic storms dynamically influence magnetospheric and
ionospheric processes on a variety of scales through coupling between
the solar wind and the magnetosphere. The contribution of this study has
been to estimate the high-latitude rates of energy deposition, electron
precipitation, and ion outflow associated with inertial Alfv�en waves for
each geomagnetic storm phase, and to quantitatively partition the cor-
responding budgets by storm phase.

In particular, from a study of the storm phase–dependent, global-scale
response of inertial Alfv�en wave observations made by the FAST satellite
between October 1996 and 1999, we conclude the following:
8

1. Global rates of IAW-related energy deposition, electron precipitation,
and ion outflow increase by factors of 4–5 during storm main phase.

2. During the three-year period considered, storm main and recovery
phases were associated with 63–68% of all IAW-related energy
deposition, electron precipitation, and ion outflow. When the higher
current density threshold (10 μA/m2) imposed by Hatch et al. (2016)
is used in our analysis (Appendix A), the range becomes 68–78%.

3. Comparison of the three-year study period with 55 years of Dst
measurements suggests that during periods of moderate geomagnetic
activity (�50 storms per year, or an occurrence probability of �0.16
for both storm main and recovery phase), each geomagnetic storm
phase is associated with �30–40% of the total energy deposition,
electron precipitation, and ion outflow that is associated with inertial
Alfv�en waves.
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Appendix A. Time-averaged gross rates using a 10-μA/m2 current density threshold

Fig. A1. Average fluxes associated with �10-μA/m2 IAWs in the Northern Hemisphere during geomagnetically quiescent periods (left panels), storm main phase (center panels), and storm
recovery phase (right panels). (a) Poynting flux. (b) Loss-cone electron energy flux. (c) Loss-cone electron number flux. (d) Upward ion flux.

Here we provide a condensed version of the analysis found in Section 4 using the original 10-μA/m2 current density threshold imposed by Hatch
et al. (2016). Our intention is to indicate whether (and if so, how) a more stringent threshold modifies the average fluxes presented in Section 4 as well
as corresponding rates of energy deposition, precipitation, and ion outflow.

As discussed in Section 3, increasing the current density threshold tends to decrease the number of IAW observations within a given MLT-ILAT bin,
which in turn decreases the calculated frequency of IAW observation. Since the average flux 〈Q〉 in (2) depends on the frequency of IAW observation,
increasing the current density threshold causes the calculated average fluxes and global rates corresponding to each flux quantity to decrease. Therefore,

http://wdc.kugi.kyoto-u.ac.jp/


S.M. Hatch et al. Journal of Atmospheric and Solar-Terrestrial Physics 167 (2018) 1–12
the primary expected effect of increasing the current density threshold is a decrease in all average flux quantities and hemispheric/global rates pre-
sented in Section 4.

Fig. A1 shows each flux quantity that is shown in Fig. 2 for the Northern Hemisphere. Although the average intensities of each flux quantity in Fig. A1
are diminished relative to corresponding intensities in Fig. 2, the overall statistical pattern associated with each quantity for each storm phase is largely
the same. For instance, both figures show that during quiescent periods (left panels) the most prominent statistical features are located in the cusp region
and premidnight. Both figures also indicate that during storm main phase (center panels) the greatest flux intensities and overall rates of energy
deposition, precipitation, and outflow are observed, and that flux intensities and associated hemispheric rates tend to decrease during storm recovery
phase (right panels).

Fig. A2. Average fluxes associated with �10-μA/m2 IAWs in the Southern Hemisphere during geomagnetically quiescent periods (left panels), storm main phase (center panels), and storm
recovery phase (right panels). (a) Poynting flux. (b) Loss-cone electron energy flux. (c) Loss-cone electron number flux. (d) Upward ion flux.

Figure A2 shows the same quantities presented in Fig. 3 for the Southern Hemisphere. As with Figs. A1 and 2 the overall intensities of each average
10
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flux quantity in Fig. A2 are diminished relative to corresponding intensities in Fig. 3, but the overall statistical patterns are the same in each figure.
Comparison of Table 1 and A1 shows that imposing a 10-μA/m2n current density threshold reduces the number of IAW observations by more than

50% for each storm phase, which consequently reduces the hemispheric and global rates corresponding to each flux quantity, as anticipated. A less
obvious ramification of increasing the current density threshold is that storm main and recovery phase–associated contributions to IAW-related global
energy deposition, particle precipitation, and ion outflow are even more pronounced (68–78%) relative to the contributions shown in Table 1 (far right
column in each table).
Table A1
Storm Phase–Partitioned Rates and Budgets Using 10-μA/m2 Current Density Thresholda

Quiescence Main Phase Recovery Phase MþR Combined

IAW Observations
N 79,690 (110,301) 20,495 (28,411) 25,835 (39,639) 46,330 (68,050)
Wave Energy Deposition
Rate (GW) 0.20 (0.43) 1.81 (2.95) 1.03 (2.22)
% Total 25 (28) 43 (37) 32 (36) 75 (72)
Electron Energy Deposition
Rate (GW) 0.29 (0.57) 2.66 (4.24) 1.94 (3.68)
% Total 22 (25) 40 (40) 38 (40 78 (75)
Net Energy Deposition
Rate (GW) 0.49 (1.00) 4.47 (7.19) 2.97 (5.90)
% Total 23 (26) 41 (36) 36 (38) 77 (74)
Electron Precipitation
Rate (1025 s�1) 0.75 (1.65) 6.34 (9.87) 3.44 (9.07)
% Total 26 (28) 43 (33) 31 (39) 74 (72)
Outflowing Ions
Rate (1024 s�1) 0.41 (0.70) 2.80 (3.82) 1.24 (4.11)
% Total 32 (28) 43 (30) 25 (42) 68 (72)

a Global (sum of Northern and Southern Hemisphere) quantities are italicized and shown in parentheses.
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