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Abstract We calculate auroral energy flux and Joule heating in the high-latitude ionosphere for 27
geomagnetically active days using two-dimensional maps of field-aligned currents determined by the
Active Magnetosphere and Planetary Response Experiment. The energy input to the ionosphere due to
Joule heating increases more rapidly with geomagnetic activity than that due to precipitating particles.
The energy flux varies more smoothly with time than Joule heating, which is impulsive in nature on

time scales from minutes to tens of minutes. These impulsive events correlate well with recoveries in the
Sym-H index, with the maximum correlation when compared to Sym-H recoveries 70 min later. Because
of prior studies that have associated transient recoveries of Sym-H with substorm expansions, the delay
found here suggests that dissipation of energy in the ionosphere occurs during the substorm growth phase
prior to the release of magnetic energy caused by diversion of tail currents.

Plain Language Summary Storms on the sun release radiation and energetic particles that
travel through space and impact Earth. Energy from this impact is temporarily stored in the magnetic
bubble formed by Earth's magnetosphere, dissipating gradually over time. At high-latitudes, energy is
lost from the magnetosphere by the precipitation of energetic particles into the atmosphere, and by the
frictional heating associated with electric currents in Earth's ionosphere. We model the high-latitude
energy input to Earth's atmosphere from these two sources using 27 days of data from the 66 satellites of
the Iridium constellation. We find that the energy input from particle impact is smoothly varying with
time, in contrast to the frictional energy loss from the electric currents, which is impulsive in nature,
characterized by enhancements that last several to several tens of minutes. These short-lived energy

loss events occur about an hour before changes in a magnetic index that measures the energy content of
Earth's magnetosphere. The frictional heating occurs in conjunction with magnetic energy storage in the
magnetosphere. The subsequent release of this magnetic energy causes the change in the magnetic index.

1. Introduction

At high-latitudes, energy is deposited in Earth's upper atmosphere and ionosphere through solar extreme
ultraviolet (EUV) radiation, auroral particle precipitation, Joule heating from electric currents, and gravity
wave propagation from the lower atmosphere. During geomagnetically quiet times, forcing from the lower
atmosphere is important, while during geomagnetic storms, auroral particle precipitation and Joule heating
dominate.

Although energy input from solar EUV is well-understood, global specification of energy input from auroral
precipitation and Joule heating remains difficult. For energy flux from precipitation, empirical models such
as OVATION PRIME (Newell et al., 2009, 2014) have been used. The energy input from Joule heating relies
on auroral electrodynamic models, such as the Assimilative Model of Ionospheric Electrodynamics (AMIE;
Crowley & Hackert, 2001; Lu et al., 1996; Richmond, 1992), which routinely takes in available observations
from magnetometers, radars, and optical sensors to construct maps of ionospheric electric fields, currents,
and Joule heating. Weimer (1995) and (2005) constructed solar wind-driven empirical models of electric
potentials and Joule heating based on electric field and field-aligned current data from the Dynamics Ex-
plorer-2 satellite. Other models determine auroral parameters by simulating the magnetosphere-ionosphere
response to solar wind forcing, such as the Thermosphere Ionosphere Mesosphere Electrodynamics Gener-
al Circulation Model (Roble & Emery, 1983; Roble & Ridley, 1987; Qian et al., 2014), the Global Ionosphere
Thermosphere Model (GITM; Ridley et al., 2006), and the Grand Unified Magnetosphere-Ionosphere
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Coupling Simulation model (GUMICS; Janhunen et al., 2012). Cousins et al. (2015) derived auroral electro-
dynamic parameters by combining SuperDARN data with measurements of field-aligned currents from the
Active Magnetosphere and Planetary Response Experiment (AMPERE).

Here we build on three recent studies that use global maps of field-aligned currents from AMPERE to deter-
mine auroral conductances, energy fluxes, electric fields, currents, and Joule heating. Robinson et al. (2018)
used AMPERE data with far ultraviolet measurements from the Global Ultraviolet Imager on the Thermo-
sphere Ionosphere Mesosphere Energetics and Dynamics satellite to derive statistical relations between
auroral energy flux and field-aligned currents. Robinson, Kaeppler, et al. (2020) used a similar methodology
to derive statistical relations between field-aligned currents and auroral conductances based on AMPERE
and Poker Flat Incoherent Scatter Radar observations, respectively. Robinson, Zanetti, et al. (2020) com-
bined the results from both these studies to fully specify high-latitude auroral electrodynamic parameters.
They showed that the ionospheric currents derived by this method reproduced the SuperMAG SME index
(Gjerloev 2009, 2012) with a correlation coefficient of 0.84.

In this study, we focus on the determination of energy input from both particle precipitation and Joule
heating based on AMPERE field-aligned current maps using the results of the Robinson et al. (2018) and
Robinson, Kaeppler, et al. (2020) studies. Although these methods produce two-dimensional maps of en-
ergy flux and Joule heating, we confine the present study to the hemispherically integrated quantities from
both hemispheres. We begin by showing examples of the calculation of global energy flux and Joule heating.
We then show how these are related to the cross polar cap potential and the auroral electrojet (AE) index,
also derived from AMPERE field-aligned current maps, for 27 geomagnetically active days. We show that
global energy input rates are correlated with positive excursions of the Sym-H magnetic index, consistent
with previous studies relating recovery of Dst and Sym-H to changes in tail currents caused by substorm
injections (e.g., Iyemori & Rao, 1996; Ohtani et al., 2001). We discuss the implications of these results to
energy transfer associated with magnetospheric storms and substorms.

2. Determination of Auroral Electrodynamic Parameters from AMPERE

AMPERE makes use of magnetometer data from the Iridium satellite constellation (Anderson et al., 2000,
2014). The transverse magnetic perturbations are analyzed to generate maps of field-aligned currents pole-
ward of 40° magnetic latitude in both the northern and southern hemispheres with a uniform grid spacing
of 1° in magnetic latitude and 1 hour in magnetic local time. Maps are currently available every 2 min from
January 2010 to September 2017. Table S1 lists the 27 geomagnetically active days used for the current study.

Given the two-dimensional distribution of field-aligned currents and conductances, electric fields can be
calculated from current continuity,

Jy =V, = V(EEJ (1)

where J| is the current density along the magnetic field, assumed vertical in the high-latitude ionosphere, E
is the electric field, 2 is the conductivity tensor, and J | is given by

I =%E-3,(ExB)/|B 2
The global distribution of Pedersen and Hall conductance, ", and ), is determined here using the results
of Robinson, Kaeppler, et al. (2020). With the field-aligned currents and conductances known, the electric
potential is calculated by numerical solution of a second-order differential equation (Robinson, Zanetti,
et al., 2020). The electric fields are then used with the conductances to calculate the horizontal currents
and Joule heating. Robinson, Zanetti, et al. (2020) showed that the currents derived by this method for
30 geomagnetically active days reproduce the SuperMAG magnetic indices with a correlation coefficient
of 0.84. In addition to the electrodynamic parameters, the energy input from precipitating particles can
be similarly determined from the field-aligned current maps, making use of the results of the study by
Robinson et al. (2018) relating field-aligned currents to precipitating particle energy flux. Thus, the spatial
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Figure 1. Auroral precipitation and electrodynamic parameters for two geomagnetically active days: (a) March 1, 2011
and (b) September 17, 2011. The top panel is the cross polar cap potential in the northern hemisphere and southern
hemisphere, the middle panel is the total hemispherically integrated precipitating particle energy flux and Joule
heating, combining the northern and southern hemispheres, and the bottom panel is the actual and modeled AE index.

distribution, strength, and direction of field-aligned currents contain information that allows for the de-
termination of both energy flux from precipitating particles and Joule heating. AMPERE maps represent
10 min of data updated every 2 min.

Although the methods described above yield two-dimensional maps of conductances, electric field, hori-
zontal current, and Joule heating, in the present study we show only the one-dimensional forms of the pa-
rameters: cross polar cap potential, the AE index, and the hemispherically integrated precipitating particle
energy flux and Joule heating. The hemispherically integrated quantities are determined by computing the
surface integrals from 40° to 90° magnetic latitude. The cross polar cap potential is determined from the
maximum and minimum values of the potential distribution in each hemisphere. The AE index is derived
by calculating magnetic perturbations at the 12 northern hemisphere AE magnetometer stations using the
same method described in Robinson, Zanetti, et al. (2020). All one-dimensional quantities are calculated at
two-min intervals. Because of the spatial resolution of the field-aligned current measurements and the sub-
sequent AMPERE fitting procedure, our results capture electrodynamic parameters associated with auroral
features on scales larger than tens of kilometers. Our results assume smaller scale features do not contribute
significantly to the global quantities studied here.

Examples of the results of these calculations are shown in Figure 1 for two of the geomagnetically active
days used for this study. The top panels show the polar cap potential in the northern and southern hemi-
spheres, the middle panels show the combined hemispherically integrated precipitating particle energy flux
and Joule heat from the northern and southern hemispheres. The bottom panels show the modeled and
actual values of the AE index. The good agreement between the two is an indicator of the accuracy of the
derived electric fields and currents. Errors in the derived parameters are discussed further below.
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3. Relations Between Global Auroral Parameters

An advantage of the approach described above is that it can be applied routinely to the entire AMPERE
data base, which currently extends from January 2010 to September 2017. The ability to analyze multiple
data sets allows examination of how the global auroral parameters are statistically related. As an example,
Figure 2 shows plots of the relationship between the various parameters for the 27 days used for this study.
With quantities calculated every 2 min, each panel includes more than 16,000 data points.

Figures 2a and 2b show that the energy flux remains below 200 GW, while the energy input from Joule heat
can exceed 400 GW during active times. The two sources of energy input are compared directly in Figure 2e.
Figure 2f relates the AE index to the polar cap potential. The distribution of points agrees with the results
of Weimer et al. (1990) based on Dynamics Explorer satellite observations, shown by the red curve in the
figure.

4. Correlation Between Joule Heating and Changes in Sym-H

The hemispherically integrated energy flux and Joule heating represent a significant source of energy dis-
sipation to the ionosphere. To examine the relation between this energy loss from the magnetosphere and
the corresponding energy changes in the ring current, we correlated the total ionospheric energy dissipation
with variations in the Sym-H magnetic index. Examples are shown in Figure 3 for four geomagnetically
active days. The top panels show the Sym-H index. The 1-min Sym-H values were averaged over 10-min
intervals every 2 min to match the AMPERE sampling rate. The middle panels show the change in Sym-H
over 2 min for only those intervals with positive changes. The bottom panels show the hemispherically
integrated energy flux and Joule heating, combining northern and southern hemisphere values. The ver-
tical blue bars indicate those intervals where the change in Sym-H is positive over intervals greater than
DT = 20 min. The time axes in the bottom panels have been shifted 1 hour later. This was done to bring
some of the peaks in the Joule heating rate into the blue-shaded regions marking the positive slope periods
in the Sym-H index. Similar plots for all 27 days used in this study are shown in Figure S1 for DT = 20 min
and a time shift of 60 min.

Examination of Figures 3 and S1 shows that the times of net increases in Sym-H over 20 min often correlate
well with localized peaks in the Joule heating rate. The energy flux from precipitation during these intervals
is also enhanced, but in general the increases in energy flux are less prominent than the associated Joule
heating enhancements. We use the Dessler-Parker-Sckopke (DPS) relationship (Dessler & Parker, 1959;
Liemohn, 2003) to relate the change in Sym-H to a corresponding change in ring current energy content:

ASym - H[nT] = -2.8x10" Joules 3)

The negative sign here indicates that when Sym-H increases, ring current energy decreases. Using this
formula, we calculate the decrease in ring current energy corresponding to the increase in Sym-H from the
beginning to the end of the blue-shaded time intervals. By integrating the Joule heating and energy flux over
the same time interval, we can relate the ionospheric energy dissipation by Joule heating and energy flux to
the change in ring current energy as indicated by the change in Sym-H.

Figure 4 shows the correlations between the global energy input (Joule heating plus particle precipitation)
and the loss in ring current energy as indicated by the increase in the Sym-H index over the same time inter-
vals for three values of DT and a time shift of 70 min. The legend in each panel of Figure 4 gives the value of
DT, the time shift, the number of intervals found over 27 days, and the correlation coefficient between the
energy loss in the ionosphere and the energy loss from the ring current as indicated by the change in Sym-H.
The red lines indicate exact agreement between the two loss rates. Log scales are used for both axes to cap-
ture the full dynamic range of the quantities. Although we shifted the times of the energy input values for
the example days shown in Figure 3 by 1 h, this shift did not yield the best overall agreement when applied
to all 27 days. The parameters shown in Figure 4 yielded the best correlation coefficients between the two
data sets, although the difference between time shifts from 0 to 90 min was less than 20%.
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Figure 2. Scatter plots of global auroral parameters for 27 geomagnetically active days. All parameters are derived
from AMPERE field-aligned current maps derived every 2 min. The red curve in Figure 2f is the relation between
AE and polar cap potential found by Weimer et al. (1990). AMPERE, Active Magnetosphere and Planetary Response
Experiment.
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Figure 4. Correlation between hemispherically integrated Joule heating plus precipitating particle energy flux over the intervals of positive slope in Sym-H and
ring current energy loss as determined from Equation 3. The error bars in the center panel show the approximate errors in the energy input determinations.

The error bars in the center panel of Figure 4 represent an estimate of the uncertainties in the energy input
determination. From Robinson, Zanetti, et al. (2020), the average fractional difference between actual and
simulated AEindexis0.3. We use thisas the uncertaintyin the horizontal current J. From Robinson, Kaeppler,
et al. (2020), the average fractional error in Pedersen conductance determined from field-aligned currents
is 0.6. With Joule heat given by J* / > p» then the fractional error is 0.7. From Robinson et al. (2018), the
uncertainty in the specification of energy flux from field-aligned current is about 20%, which results in an
overall uncertainty in localized energy input of about 78% percent. The error bars in Figure 4 span a factor
of 8 in the energy input values to reflect this uncertainty.

A source of systematic error in the global measurements is the limited spatial resolution of the AMPERE
data, which results in the neglect of contributions from small-scale auroral features, such as discrete arcs.
Newell et al. (2009) found the average hemispheric energy input due to particle precipitation in monoener-
getic aurora is about 6 GW during active conditions. This is small relative to the global energy input values
found here except during the quietest time intervals.

5. Discussion

We calculated auroral electrodynamic parameters along with hemispherically integrated precipitating par-
ticle fluxes and Joule heating derived from AMPERE maps of field-aligned currents. The energy input to the
ionosphere due to Joule heating increases more rapidly with geomagnetic activity than that due to precipi-
tating particles. Also, the temporal variation of the energy flux during geomagnetically active periods is rel-
atively smooth compared to the changes in the Joule heating, which are impulsive in nature on time scales
from minutes to tens of minutes. Very often, the spike-like increases in global Joule heating correlate with
intervals of positive slopes in the Sym-H magnetic index. We used the DPS relation (Dessler & Parker, 1959)
to determine the ring current energy change associated with these positive excursions. We varied both the
time over which the positive excursions last and the time shift between the Joule heating and Sym-H time
series. The correlation coefficients maximize for a shift of 70 min between the Joule heating and the ring
current energy as indicated by the change in Sym-H. For this time shift, the correlation coefficients varied
from 0.46 to 0.54 for discrete events lasting from 10 to 60 min. Many of the largest increases in Sym-H are
associated with sudden storm commencements (SSCs). Our results show little enhancement in the global

Figure 3. Stackplots showing the relationship between Sym-H and the hemispherically integrated Joule heating and precipitating particle energy flux for four
days. The top panels show the Sym-H index, where the 1-minute values were averaged over 10-min intervals every 2 min to match the AMPERE sampling
rate. The middle panels show the change in Sym-H over each two-min interval for positive changes only. The bottom panel shows the total energy input from
precipitating particles and Joule heating combining northern and southern hemisphere values. Note the one-hour offset in the UT axis for the lower panels

in each set of three. The vertical blue bars indicate those intervals where the change in Sym-H is positive over intervals greater than DT = 20 min. AMPERE,
Active Magnetosphere and Planetary Response Experiment.
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rates of energy dissipation from precipitation and Joule heating at these times either because they are weak
or highly localized. These associated data points appear in the lower right in the three panels of Figure 4. If
we eliminate the times of SSCs from the data, the correlation coefficients between energy dissipation and
ring current energy change are 0.68, 0.62, and 0.71 for the three values of DT shown.

The intervals of positive excursion in the Sym-H index shown in Figures 3 and S1 are sporadic in nature,
and occur throughout all storm phases. The change in Sym-H over these intervals, when converted to ener-
gy according to the DPS relation, correlates with global ionospheric energy dissipation integrated over the
same time interval. The correlation coefficients increase by 15% from a time shift of 0 min to a maximum of
70 min between the two quantities. With a 70-min time shift, many of the impulsive increases in the global
Joule heating rate coincide with isolated positive excursions in Sym-H, while in other cases the positive
excursions occur within an extended interval of enhanced energy dissipation. In either case, the magnitude
of the energy dissipation rate integrated over the interval correlates well with the equivalent energy loss rate
from the ring current as indicated by the change in Sym-H.

Iyemori and Rao (1996) associated positive excursions in Sym-H during geomagnetic storms with the ex-
pansion phase of substorms (the time of dipolarization of magnetotail field lines). This result contradicted
the conventional view that dipolarization of the tail magnetic field injects energetic particles into the inner
magnetosphere, strengthening the ring current and resulting in a decrease in Dst (larger — Dst). Siscoe and
Petschek (1997) accounted for this in terms of the partitioning of energy released between thermal energy
and magnetic energy during the substorm expansion phase. If more magnetic energy is dissipated by Joule
heating in the ionosphere than is supplied in energizing particles during dipolarization, then Dst will in-
crease (weakening ring current).

Ohtani et al. (2001) performed a superposed epoch analysis of 59 storms to show that the start of recovery
in Dst (or Sym-H) coincides with dipolarization events as determined from magnetic field observations at
geosynchronous orbit. They attributed this increase in Dst to the diversion of the cross-tail current, which
contributes approximately 20% to the surface magnetic disturbances that make up the Dst index.

The discrete excursions of Sym-H studied here have time scales as short as 10 min, and often correlate with
Joule heating enhancements of similar duration. To the extent that these events are substorms of varying
durations and strengths, the delay of 70 min between the discrete Joule heating intervals and the subsequent
positive excursions in Sym-H is inconsistent with the explanation given by Siscoe and Petschek (1997), in
which the energy dissipation from Joule heating occurs at the same time as dipolarization. The study by
Ohtani et al. (2001) focuses on the effects of diversion of tail currents at the same time as the minimum in
Dst, suggesting that substorm expansion phases mark the recovery of the Dst index, but not necessarily the
start of the storm recovery.

Interestingly, the superposed epoch analysis performed by Ohtani et al. (2001) showed that on average
the southward interplanetary magnetic field that initiates the geomagnetic storm turns northward
70 min before the time of minimum Dst. The similarity between this time delay and the one found
here suggests that the northward turning might also mark the start of energy dissipation in the ion-
osphere due to Joule heating. This may also coincide with the beginning of the substorm growth
phase. That the energy released in the subsequent substorm dipolarization is approximately equal to
the ionospheric energy input rate integrated over the same time interval 70 min earlier suggests that
during the substorm growth phase equal amounts of solar wind energy go into stored magnetic ener-
gy in the tail and ionospheric energy dissipation. Note that because of the large uncertainties in our
measurements of energy input, we can only say that ionospheric energy input is approximately equal
to the change in magnetic energy in the subsequent dipolarization. However, the good correlation
between the two quantities suggests a causal relationship. The approximate equality between the two
energy values allows for the 20% change in Sym-H during dipolarization caused by disruption of the
tail current estimated by Ohtani et al. (2001). Similarly, this result does not conflict with the conjec-
ture by Siscoe and Petschek (1997) that Joule heating associated with the diversion of the tail current
through the ionosphere also contributes to Sym-H recovery at these times; Joule heating continues
through the growth and expansion phases of the substorm. Our results show the approximate equiv-
alency between the energy stored in the magnetotail during the substorm growth phase and the Joule
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heat dissipation occurring at the same time. Adopting the lumped circuit analogy used by Siscoe and
Petschek (1997), the solar wind energy input to the magnetosphere during the substorm growth phase
is split approximately equally between magnetic energy storage (inductance) in the tail and Joule
heating (resistance) in the ionosphere.

Inherent in the model used here to calculate Joule heating is the increase in conductance with the
strength of the field-aligned currents that connect the magnetospheric and ionospheric parts of the
circuit. Robinson et al. (2016), (2017), and Zanetti et al. (2018) have previously attributed the impul-
sive nature of Joule heating events to this increase in ionospheric conductance with field-aligned
current density. This causes runaway current conditions, where increasing current enhances the con-
ductance, allowing the current to grow nonlinearly. By this mechanism, electrostatic energy in the
magnetosphere is impulsively dissipated through the Joule heating associated with the ionospheric
currents. This nonlinear increase is suggested by Figure 2d, which shows the variation of Joule heat
with cross polar cap potential. The results shown here suggest that the rapid loss of energy to the ion-
osphere during the substorm growth phase can interrupt the storage of magnetic energy in the tail.
Whether this disruption can actually trigger substorm dipolarization remains to be demonstrated. The
70-min delay may be a result of the time required for field-aligned currents to increase along with the
associated ionospheric conductance during the substorm growth phase. Note that Ohtani et al. (2001)
and Siscoe and Petschek (1997) focused on the large substorms that occur at the time of maximum
Sym-H disturbance during geomagnetic storms. Our results suggest that the same process can occur
throughout geomagnetically active periods and with individual substorm-like events occurring on the
order of 10 min.

Studies of magnetospheric response to solar wind forcing have demonstrated that the behavior is sug-
gestive of a system that is subject to both external and internal processes (see, for example, Tsurutani
et al., 1990). Hnat et al. (2005) and Uritsky et al. (2002) showed that variations of geomagnetic indices
shorter than 2-4 h are not directly driven by the solar wind. By analyzing time series of AE indices, Pulk-
kinen et al. (2006) demonstrated that fluctuations in the response to solar wind forcing are of internal
magnetospheric origin, even though they are powered by external forcing. These stochastic fluctuations
are impulsive in nature, as suggested by Sergeev et al. (1996), who referred to them as impulsive dissipa-
tion events. Although the existence of these stochastic processes and impulsive events has been demon-
strated, their origin has not been identified. Our results suggest that the rapid increase of Joule heating
through field-aligned currents and time varying conductances is a likely explanation for such an internal
mechanism.

6. Conclusions

This study of 27 geomagnetically active days shows how energy input to the ionosphere from particle
precipitation and Joule heating varies with increasing activity levels. Joule heating exceeds energy in-
put from particle precipitation by about a factor of two during active periods and is impulsive in na-
ture. These impulsive Joule heating events correlate well with recoveries in the Sym-H index, with the
maximum correlation when the Joule heating is compared to Sym-H recoveries 70 min later. Because
prior studies have shown that substorm-related dipolarizations of magnetic fields are associated with
transient recoveries in Sym-H, the observed time delay suggests that enhancements in Joule heating
occur during the substorm growth phase prior to diversion of tail currents that produce magnetic field
dipolarization. The good correlation between the two time-shifted quantities indicates that the amount
of magnetic energy released during dipolarization events is approximately equal to the energy lost to
the ionosphere over the same time interval during the substorm growth period. We speculate that the
increasing field-aligned currents and ionospheric conductances during substorm growth causes a non-
linear increase in energy dissipation by Joule heating, eventually disrupting the magnetic energy storage
process. The determination of ionospheric energy input from particle precipitation and Joule heating
derived from AMPERE maps of field-aligned currents offers the means for a more detailed study of the
temporal and spatial characteristics of these processes.
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