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Key Points:

» A superposed epoch analysis is conducted for the ring current spatial distribution
during storms.

« The DPS relation significantly overestimates ring current energy, particularly at
the storm peak.

e On average, the ring current energy peaks 6 hours later than predicted by the Sym-
H index.
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Abstract

The ring current experiences dramatic enhancements during geomagnetic storms, how-
ever understanding the global distribution of ring current energy content is restricted

by spacecraft coverage. Many studies use ring current indices as a proxy for energy con-
tent, but these indices average over spatial variations and include additional contribu-
tions. We have conducted an analysis of Van Allen Probes’ data, identifying the spatial
distribution and storm-time variations of energy content. Ion observations from the HOPE
and RBSPICE instruments were used to estimate energy content in L-MLT bins. The
results show large enhancements particularly in the premidnight sector during the main
phase, alongside reductions in local time asymmetry and intensity during the recovery
phase. A comparison with estimated energy content using the Sym-H index was conducted.
In agreement with previous results, the Sym-H index significantly overestimates (by up

to ~ 4 times) the energy content, and we attribute the difference to contributions from
additional current systems. A new finding is an observed temporal discrepancy, where
energy content estimates from the Sym-H index maximise 3 to 9 hours earlier than in

situ observations. Case studies reveal a complex relationship, where variable degrees of
agreement between the Sym-H index and in situ measurements are observed. The re-

sults highlight the drawbacks of ring current indices and emphasise the variability of the
storm time ring current.

Plain Language Summary

The Earth’s global magnetic field can trap energetic ions, and during storm times
the energy and number of trapped ions increases dramatically. However, the location of
the enhancements and how the enhancements vary with time is not fully understood. In
this study we have used spacecraft observations to measure changes in the ion popula-
tion over a large region of space and at different times during storms. The results show
that the enhancement is initially very localised, allowing us to identify how the ions are
transported to this region. The enhancement then extends to cover a larger region, demon-
strating how the ions drift and move spatially.

We also compared the results to indirect measurements of the ions’ magnetic field
perturbation. We find that there are substantial discrepancies between the different mea-
surements, both temporally and in magnitude. The results support previous work that
the indirect measurements include significant contamination and do not accurately rep-
resent the ring current dynamics during geomagnetic storms.

1 Introduction

Geomagnetic storms were first discovered from observations of large irregular dis-
turbances in the global geomagnetic field (Graham, 1724; Chapman & Bartels, 1940).
It was suggested that charged drifting particles in the magnetosphere generate a west-
ward current and an associated magnetic field perturbation that opposes the background
geomagnetic field (e.g., Chapman & Dyson, 1918; Chapman & Ferraro, 1930; Singer, 1957).
This current is now known as the ring current. The terrestrial ring current is generated
predominantly by ~ keV ions and is located between ~ 4 to 7 R (Daglis et al., 1999;
Le et al., 2004). During geomagnetic storms, the ring current undergoes significant in-
tensifications, driven by the energisation and an increase in the density of the ring cur-
rent ions (e.g., Takahashi et al., 1990; Gonzalez et al., 1994; Stepanova et al., 2019). The
enhanced storm time ring current, and the associated magnetic field perturbations from
the westward current, play an important role in a number of magnetospheric processes.
These include changes in field line eigenfrequencies that control where ULF wave power
can access (e.g., Sandhu, Yeoman, & Rae, 2018; Rae et al., 2019), as well as providing
a source of free energy to drive waves in the inner magnetosphere (e.g., Usanova & Mann,



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

v

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

2016; Yue et al., 2019). Understanding when, where, and how the ring current popula-
tion is energised is a key motivation.

Ground magnetometers whose locations map to the inner magnetosphere can ob-
serve north-south magnetic field perturbations induced by the ring current, and fluctu-
ations in this perturbation are often inferred as corresponding to changes in the ring cur-
rent strength. Ring current indices (such as the Dst index (Sugiura & Poros, 1964), the
Sym-H index (Iyemori, 1990), and the SMR index (Newell & Gjerloev, 2012)) are de-
rived from magnetometers that map to this region and cover a range of local times. Fur-
thermore, the magnitude of the indices can be directly related to the total energy con-
tent of the ring current population, Ep, using the Dessler-Parker-Sckopke (DPS) equa-
tion (Dessler & Parker, 1959; Sckopke, 1966):

In equation 1, pig is the permeability constant (47 x10~7 H m~1!), By is the magnetic
field strength at the surface of the Earth (3.12x107° T), and Rp is the radius of Earth
(1Rp = 6372 km). The global magnetic field perturbation, AB, can be considered equiv-
alent to the value of a ring current index. Equation 1 provides a relatively simple means
to indirectly infer the total energy content of the ring current from the indices and mon-
itor the storm time variations.

However, Liemohn (2003) reported that the DPS relation makes several key assump-
tions, such as linear field distortions and a symmetric ring current. In addition, other
magnetospheric current systems, notably the tail current and the magnetopause current,
can contribute significantly to the observed magnetic field perturbations (e.g., Burton
et al., 1975; Turner et al., 2000). Attempts to account for these contributions led to the
development of corrected ring current indices, known as the Dst* index and the Sym-

H* index (Burton et al., 1975). Furthemore, Gkioulidou et al. (2016) demonstrated that
the Sym-H index poorly describes long timescale variations that are driven by the ra-

dial diffusion of the high energy ring current ions. Gkioulidou et al. (2016) showed that
the high energy ion contribution to the ring current is not well correlated with the ab-
solute value of the Sym-H index and the fluctuations in the Sym-H index are instead dom-
inated by variations in the low energy ion population that occur on much shorter con-
vective timescales.

To assess the accuracy of the ring current indices and the use of the DPS relation,
the estimates can be compared to direct in situ observations of the ring current popu-
lation. Previous work has shown that in situ energy density and plasma pressure mea-
surements are typically ~ 2 times less than the values predicted from the ring current
indices (e.g., Hamilton et al., 1988; Roeder et al., 1996; Ebihara & Ejiri, 2000; Turner
et al., 2000, 2001; Zhao et al., 2015). However, these studies were often based on single
storm events, presenting difficulties in understanding the typical storm time variations,
and made several assumptions regarding energy ranges (neglected low energy popula-
tions) and ring current symmetry.

This study aims to identify how the ring current varies temporally during a storm.
A statistical analysis of direct in situ observations was conducted to avoid the assump-
tions made by the ring current indices and the DPS relation, and also to allow for spa-
tial variations to be explored. The results provide information on where energy is de-
posited and how ion transport distributes that energy across the inner magnetosphere
during storms. We also challenge the use of the ring current indices with the DPS re-
lation by conducting a direct comparison to the in situ observations.
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2 Estimating the Ring Current Energy Content During Storms
2.1 Using Van Allen Probes Data

Direct in situ observations of the ring current population were obtained from the
Van Allen Probes (Mauk et al., 2013), consisting of two identically instrumented space-
craft (Probe A and Probe B). The orbit has a perigee of ~ 600 km altitude, an apogee
of 5.8 R geocentric radial distance, and an inclination of 10°. The orbital period is 9
hours and the orbital apogee precesses in local time, such that sampling over all local
times is achieved in less than 2 years. Overall, the Van Allen Probes provide highly suit-
able coverage of the ring current region, and with data availability from 2012 onwards,
the spatial and temporal coverage allows for statistical analysis.

This study employed observations from the Radiation Belt Storm Probes Ion Com-
position Experiment (RBSPICE) (Mitchell et al., 2013) and the Helium Oxygen Proton
Electron (HOPE) (Spence et al., 2013) instruments. The RBSPICE data sets include:

HT ions in the energy range of 50 to 660 keV; O™ ions in the energy range of 120 to 990
keV; He™ ions in the energy range of 60 to 980 keV. Observations of lower energy ions

were provided by the HOPE instrument and these data sets include: HT ions in the en-

ergy range of 1 eV to 50 keV; O ions in the energy range of 1 eV to 50 keV. These datasets
cover the bulk population of HT ions with energies of a few hundred keV (e.g., Krim-

igis et al., 1985; Sandhu, Rae, et al., 2018). Previous work clearly demonstrates that heavy
ions and low energy ions can contribute significantly during geomagnetically active times,
and in some cases dominate the ring current population (e.g., Zhao et al., 2015; Kistler

et al., 2016; Keika et al., 2018; Sandhu, Rae, et al., 2018; Stepanova et al., 2019). There-
fore the contribution of these ions was also covered in the data sets used.

The datasets provided observations of the omnidirectional ion energy flux and we
employed the method of Sandhu, Rae, et al. (2018) and Sandhu et al. (2019) to estimate
the energy content in L-MLT bins. The L-MLT coordinate system uses the L value (ra-
dial distance of where the given field line crosses the equatorial plane in Earth Radii)
as a radial coordinate and the Magnetic Local Time (MLT) value as the azimuthal co-
ordinate. We refer the reader to Sandhu, Rae, et al. (2018) for full details of the method-
ology, and briefly summarise here. The following steps were taken:

1. For each dataset, the mean partial ion energy density was estimated from the om-
nidirectional energy flux, for a spacecraft pass through a L-MLT bin of width AL
and AMLT. The time taken for the spacecraft to traverse the L-MLT is recorded
as the uncertainty in the time of measurement (typically 6 minutes for AL = 0.5).
The partial ion energy density from each dataset (corresponding to a given ion species
and energy range) was summed to estimate the total ring current energy density.

2. The volume of the L-MLT bin was then estimated using a dipole magnetic field
model scaled for the local magnetic field strength as observed by the Electric and
Magnetic Field Instrument Suite and Integrated Science instrument (Kletzing et
al., 2013) onboard the Van Allen Probes.

3. The ion energy density was integrated over the volume of the bin to obtain an es-
timate of the total energy content for the L-MLT bin, E.

This method was applied to all Van Allen Probe A and B data between October 2012
to June 2019 to provide a dataset of E values.

It is noted that this approach uses coincident observations from two separate in-
struments (HOPE and RBSPICE). Significant efforts by the HOPE instrument team have
minimised any intercalibration issues in the latest data release (Release 04), such the 87%
of ion fluxes agree to within a factor of 2 (see https://www.rbsp-ect.lanl.gov /rbsp_ect.php).



157 2.2 Using Ring Current Indices

158 Although there are a range of ring current indices available, the most common be-
150 ing the Dst index, the Sym-H index, and the SMR index, we opted to present a detailed
160 comparison for the Sym-H index. All are derived using a similar method, but key dif-

161 ferences relate to the subtraction of baselines, the number of stations used in the calcu-
162 lation, and the cadences of the indices. Our findings are consistent across all indices.

163 A detailed description of how the Sym-H index is derived is provided by Iyemori

164 (1990) and briefly summarised here. The Sym-H index is calculated with a 1 minute tem-
165 poral resolution from a range of ground magnetometers spanning magnetic latitudes from
166 —47° to 50°. The data is processed in units of one month, and for each month only six

167 stations that are approximately evenly spaced in longitude are used. Firstly, the distur-
168 bance component of the measured H (north-south) component is obtained by subtract-

169 ing the background geomagnetic field and the solar quiet daily variation. Next, a coor-

170 dinate transformation to the dipole coordinate system is applied. Finally, for each minute,
171 the disturbance component over the six stations is averaged to provide the Sym-H in-

172 dex.

173 As mentioned previously, attempts to remove contributions from other current sys-
174 tems to the observed Sym-H index have been made, resulting in the corrected Sym-H

175 index. This is termed Sym-H*. Although there are many different versions of Sym-H*,

176 they generally follow the formulation of Burton et al. (1975):

1/2
17 Sym-H* = Sym-H — degfn +c (2)
178 where the parameters b and ¢ are empirically determined and Py, is the solar wind dy-
179 namic pressure. In this study we use the values of b and ¢ determined by O’Brien and
180 McPherron (2000): b = 7.26 nT nPa'/? and ¢ = 11 nT. The Sym-H* index endeav-
181 ours to correct for the contribution of magnetopause currents and the quiet day currents.
182 The calculation of the Sym-H index relies on using observations from magnetome-
183 ter stations mapping to different MLT sectors of the ring current population and tak-
184 ing an average of those measurements. Therefore, this average perturbation can be con-
185 sidered as describing the symmetric component of the ring current. Alternatively, the
186 Asy-H index can be used to describe the asymmetric component of the ring current (Iyemori
187 et al., 1992). The Asy-H index is derived similarly to the Sym-H index but, instead of
188 averaging the perturbations, the difference between the smallest perturbation and the
189 largest perturbation over the six stations is taken for each minute sample.
190 For each sample of the energy content provided by the Van Allen Probes, we also
101 took the Sym-H, Sym-H*, and Asy-H indices at the given time. From the dataset of Sym-
192 H and Sym-H* values, we estimated the corresponding total ring current energy content
103 for each sample according to the DPS relation (equation 1).
104 2.3 Storm Identification
195 To extract storm time periods for analysis, storms were identified using the algo-

1% rithm described by Walach and Grocott (2019). The reader is referred to Walach and
197 Grocott (2019) for full details, and we summarise the key aspects here. The algorithm

108 identifies storms from variations in the Sym-H index, and a typical Sym-H index trace
199 is shown in Figure 1. Figure 1 demonstrates the typical features of a geomagnetic storm,
200 which can generally be split into three distinct phases: the initial phase, the main phase,
201 and the recovery phase. The initial phase is present for most storms and is characterised
202 by an enhancement in the Sym-H index driven by enhancements in the magnetopause

203 currents. The initial phase typically lasts ~ 20 hours (Walach & Grocott, 2019). The

204 main phase is identified from a sharp and rapid negative excursion in the Sym-H index,
205 driven by significant energisation of the ring current, and has a typical duration of ~ 8
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Figure 1. The Sym-H trace during a geomagnetic storm, where the storm peak occurs at

07:11 UT on 26 August 2018. The coloured regions show the phase identification using the
Walach and Grocott (2019) algorithm, where the initial phase is in yellow, the main phase in

orange, and the recovery phase in blue.

hours (Walach & Grocott, 2019). Finally the recovery phase, where the Sym-H index
gradually increases to quiet time values as the ring current decays, generally lasts sev-
eral days (Walach & Grocott, 2019). Geomagnetic storms typically exhibit important
structure within the recovery phase, namely a two-step decay. In the early recovery phase,
the decay of the ring current and consequent increase of the Sym-H index is rapid. This
is followed by a lower rate of change in the late recovery phase. The two-step charac-
teristic of the ring current recovery indicates that there are multiple process in opera-
tion that occur on different timescales (e.g., Hamilton et al., 1988; Jorgensen et al., 2001;
Daglis et al., 2003; Kozyra & Liemohn, 2003).

As well as identifying the storm time periods, the algorithm of Walach and Gro-
cott (2019) also determines the timings of each storm phase. Firstly, a storm is identi-
fied as a period where the Sym-H index crosses below a storm time threshold of —80 nT.
The storm peak, or alternatively the start of the recovery phase, is marked as the point
where the Sym-H index is at its lowest level. The start of the main phase and the end
of the recovery phase are then marked as the times immediately prior to and after the
storm peak where the Sym-H index is at the quiet time level (here defined as -15 nT).
To bound the initial phase, we identify where the Sym-H index reaches a maximum value
and then record the time immediately prior to this that the Sym-H index is at the quiet
time level. The quiet time threshold of -15 nT and the storm time threshold of -80 nT
are taken from Hutchinson et al. (2011).

We note that the Walach and Grocott (2019) algorithm does not distinguish be-
tween the early and late recovery phase for storms with a two-step recovery phase, and
hence the sub-structure of ring current variations within the recovery phase will not be
the focus of this study. It is hoped that further developments of the algorithm will al-
low for a detailed analysis of the recovery phase dynamics in a future study.

The Walach and Grocott (2019) algorithm identified 52 storms occurring between
2012 to 2019, and the storm list is included in the Supplementary Information (Dataset
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S1). Using the storm times, we binned the in situ measurements, the Sym-H index, and
the Sym-H* index for storm phase. The following sections explore how the measurements
vary during storm times.

3 Results
3.1 Variations with Storm Phase

Figure 2a,c shows the in situ energy content estimates, E, using a L binsize of 0.5
and a MLT binsize of 3 hours, binned for L and E. The colour of each bin shows the column-
normalised number of samples, considering the full dataset. Unlike the Sym-H index, the
use of in situ observations allows for the spatial variations to be explored, and in Fig-
ure 2a,c we focus on the radial distribution of energy content in the ring current. To ac-
count for any local time asymmetries in the ring current energy content we have further
binned data for MLT. Figure 2a shows observations in a 12 hour bin centered on the pre-
noon sector (03 > MLT < 15) and Figure 2c is a 12 hour bin centered on the pre-midnight
sector (15 > MLT < 03). Previous studies have established that the ring current can
exhibit strong local time asymmetries with energy content peaking in the pre-midnight
sector (e.g., Jordanova et al., 2003), and the MLT bins employed in Figure 2 were cho-
sen to centre on the regions of maximum asymmetry.

Figure 2a,c shows that the values typically maximise around L ~ 5, and that there
is a large variability in values in this region. In the pre-noon sector (Figure 2a) the dis-
tribution of samples is slightly skewed towards lower L values. In contrast, the pre-midnight
sector (Figure 2c) shows that the distribution is slightly skewed towards higher L val-
ues.

Figure 2a,c also includes the mean energy profiles, F(L), for the storm initial phases
(vellow circles), main phases (orange squares), and recovery phases (light blue triangles).
Non-storm times are labelled as quiet and the mean energy profile is shown by the blue
diamonds. The bars on each profile indicate the standard deviations. The profiles show
that the energy values during quiet times and the initial phase are similar (~ 0.8x10%3
Jat L = 5). The energy values in the premidnight sector are ~ 0.1 x 1013 J larger
during quiet times compared to during the initial phase, which is attributed to the quiet
time intervals containing periods of non-storm time activity associated with substorm
related enhancements (Sandhu, Rae, et al., 2018; Sandhu et al., 2019) or residual post-
storm enhancements of the ring current for example. Furthermore, during the initial phase
the increase in solar wind coupling increases the number of ions on open drift paths through
an increase in the convection electric field and the earthward displacement of the mag-
netopause (Ozeke & Mann, 2001; Staples et al., 2020). These ions are then lost through
the dayside magnetopause and the average ring current energy content experiences a de-
crease compared to the quiet time level.

During the main phase, Figure 2a,c demonstrates the substantial increases relative
to the main phase are observed in the premidnight sector, with values exceeding 2x10'3
Jat4 > L < 5. In contrast, in the pre-noon sector the main phase values are only
slightly elevated by ~ 0.1 x 10'3 J compared to the initial phase profile. During the
recovery phase, the values remain elevated in the premidnight sector and the profile is
very close to the main phase profile (Figure 2¢). In the pre-noon sector the values in-
crease substantially compared to the main phase and peaks at ~ 1.8 x 10'3 J. Over-
all, Figure 2a,c shows that large storm time enhancements occur during both the main
and recovery phase for the premidnight sector, but are only observed in the pre-noon sec-
tor during the recovery phase. Furthermore, the magnitude of the enhancement is smaller
in the pre-noon sector compared to the postmidnight sector.

To examine how the energy is proportioned across L values, Figure 2b,d shows the
relative energy as a function of L. For each profile shown in Figure 2a,c, the average en-
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Figure 2. (a,c) The column-normalised number of energy samples binned for L and energy,

E [J]. The mean energy as a function of L, E(L) is overplotted for quiet times (blue diamonds),
storm initial phase (yellow circles), storm main phase (orange squares), and storm recovery phase
(blue triangles). The bars indicate the standard deviation of values in the L bin. Panel (a) corre-
sponds to data in the 03 > MLT < 15 sector, and panel (c) corresponds to data in the 15 > MLT
< 03 sector. (b,d) The mean energy profiles shown in (a,c) normalised to the summed profiles,
SE(L) [J].
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ergy value in each L bin, E(L), was divided by the sum of the averages over all L bins
(XE(L)). Therefore, each bin in Figure 2b,d shows the fraction of energy compared to
the total ring current energy in the given MLT sector. A comparison of the profiles shown
in Figure 2b,d demonstrates that the variation with L is very similar for the different
geomagnetic conditions, with a very broad peak centred at L ~ 5 and large variabil-

ity across the profile.

However, based on the Sym-H trace the ring current undergoes dramatic changes
throughout each storm phase, which cannot be assessed by averaging over each phase.
Instead, a superposed epoch analysis was used to explore the variations in energy con-
tent during a storm and variations within a storm phase. Figure 3 shows the in situ en-
ergy values (calculated using a L binsize of 0.5 and a MLT binsize of 3 hours), where each
panel corresponds to a different time relative to the time of the storm peak, where Sym-
H is at a minimum (¢ = tg). Each panel shows the energy values within a time bin of
width 12 hours and centred on the corresponding time labelled. The data is then fur-
ther binned for L and MLT, where the mean energy value in each spatial bin is indicated
by the colour. If there are no samples in a bin then the bin is coloured grey. For refer-
ence, the number of samples and standard deviations of samples in each L-MLT bin shown
in Figure 3 are included in the Supplementary Information (Figure S1 and Figure S2).

In general, each bin contains ~ 10 — 100 samples. Overall, Figure 3 demonstrates av-
erage ring current energy variations during a storm, considering changes in the spatial
distribution as well as the magnitude. It is noted that the storm main phases were nor-
malised to a length of 12 hours (the mean duration of main phases across the storm stud-
ied here), which avoided averaging initial and main phases together and accounted for
the large variation in main phase durations.

Figure 3a-c encapsulates both the initial phase and the main phase, describing vari-
ations leading up to the storm peak. We observe that the energy values increase with
time. The largest enhancements are observed in the premidnight sector where energy val-
ues increase from ~ 1 x 103 J to ~ 2.5 x 10'3 J, representing an increase of ~ 150%.
The energy distribution at the storm peak (Figure 3c) is highly asymmetric with energy
values peaking in the premidnight sector. Following the storm peak, the start of the re-
covery phase shows that the ring current remains at an elevated state (Figure 3d). How-
ever, the energy values are high (~ 2 x 10*3 J) across all MLT sectors and the energy
distribution is more symmetric. Throughout the rest of the recovery phase (Figure 3e-

1) the energy distribution remains very symmetric and the magnitude of the energy con-
tent values gradually reduce with time.

In order to further analyse temporal variations, Figure 4 shows the energy values
relative to the values at the storm peak. Using the same format as Figure 3, each L-MLT
bin shows the difference in energy AFE [J], comparing the mean energy value at that time
to the mean energy value at the storm peak in the same spatial bin. In addition, the dis-
tribution of energy values are compared using the Kolmogorov-Smirnov test, which al-
lows for an identification of whether the energy distributions have changed significantly.
Using a p value threshold of 0.01, distributions that are not significantly different have
the corresponding L-MLT bin plotted as grey. If the distributions are different, the AF
value is plotted, where red corresponds to an increase in energy and blue corresponds
to a decrease in energy relative to t = t3. Note that the L-MLT map shown in Figure
4c shows no changes in energy because the values are being compared are identical.

Figure 4a,b clearly shows that the energy values are lower prior to the storm peak,
and that the largest differences are mostly observed in the dusk MLT sector. An inter-
esting feature arises in Figure 4d. The majority of the L-MLT bins show an increase in
energy relative to the storm peak. The increases are generally localised to 21 < MLT
< 00 and the morning sector with AE exceeding ~ 1x10*® J. The morning sector en-
hancement is sustained throughout the recovery phase (Figure 4d - 1), although the mag-
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nitude and spatial extent reduces. Elsewhere, the bins show a decrease in energy con-
tent with time throughout the recovery phase.

Figures 3 and 4 show interesting local time dependent variations occurring close
to the storm peak and in the early recovery phase. To attempt to extract further tem-
poral information, Figure 5 shows the data in the same L-MLT format plots, but using
a smaller time binsize of 6 hours and focusing on the period from 9 hours prior to the
storm peak to 15 hours after the storm peak. Following the same formats and colour scale
as Figure 3 and Figure 4, Figure 5a-d shows the mean energy values and Figure 5e-h shows
the difference in mean energy relative to the storm peak. Figure 5i-1 shows the correspond-
ing number of samples in each bin indicating that, although the time bins have decreased
in width, sufficient sampling persists across most L-MLT bins. Overall, Figure 5 shows
similar features as previously highlighted. The energy values increase from the main phase
to the storm peak, resulting in a highly asymmetric ring current where values peak in
the premidnight sector. Following the storm peak, the energy values remain sustained
at high levels in the premidnight sector. The ring current also becomes comparatively
more symmetric with values increasing in the pre-noon MLT sector.

3.2 Comparison to Ring Current Indices

Figures 3, 4, and 5 demonstrate significant changes in energy content during storms.
These results are now compared to the energy content predicted by the Sym-H and Sym-
H* indices using the DPS relation.

For context, Figure 6a shows the Sym-H traces of all storms included in the anal-
ysis in grey. The mean Sym-H profile as a function of time is shown in blue. Vertical bars
indicate the size of the standard deviation. Figure 6a provides insight into the variabil-
ity across the storms in the range of Sym-H index values.

For a given L-MLT map shown in Figure 5, the mean energy values displayed were
summed together to estimate the total ring current energy content, £, for the time bin.
The time range was also extended from Figure 5 to cover the full storm period. The pink
circles in Figure 6b show the total energy, E, for each 6 hour time bin, plotted rela-
tive to the storm peak (noting that the energy axis is reversed here). Using error prop-
agation of the standard deviation values for each L-MLT bin, vertical bars are also in-
cluded to show the extent of the standard deviation for each time bin. However, due to
the standard deviation being relatively small compared to the mean (~ 10** and < 7%
of the mean value), they cannot easily be seen on Figure 6b. Horizontal bars show the
uncertainty in the mean time for each bin, using the same error propogation techniques.
The extent of the bars is again visually small on Figure 6b, with a typical value of 1.6
hours. For each time bin, the mean value of the Sym-H and Sym-H* indices are also shown
by the blue solid profile and the light blue dashed profile, respectively. The standard de-
viations are indicated by the extent of the vertical bars, and the corresponding axis is
displayed on the right of the panel. The DPS equation (equation 1) allows for a direct
linear relation of E and the ring current indices and was used to align the Ep and the
Sym-H index axes shown in Figure 6b. The energy content estimated from the Sym-H
and Sym-H* indices under the DPS relation are now directly compared to the in situ en-
ergy values (pink circles).

Figure 6b shows that the in situ measurements of Ep vary from ~ 0.4 x 10'° J
to ~ 1.0x10'® J, maximising between 3 to 9 hours following the storm peak on a sta-
tistical basis. In contrast, the DPS derived energy content values from the Sym-H in-
dex vary from ~ 0.2 x 10 J up to ~ 3.3 x10'® J at the storm peak. The peak in en-
ergy occurs at t = tg by definition of the storm peak. It is also noted that the peak is
substantially more defined than the peak in the in situ energy values. Figure 6b shows
that the range in these energy values (see blue bars) is largest at the storm peak, sug-
gesting a large variability in the energy content at this time across different storms. The
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Figure 6. (a) The Sym-H index traces for all storms included in the analysis are shown in
grey. The mean and standard deviation of the Sym-H index values is shown by the blue points
and bars, respectively. (b) The total ring current energy content, Eq [J], estimated from in situ
observations (pink open circles), the Sym-H index (blue solid), and the Sym-H* index (light blue
dashed) plotted as a function of time relative to the storm peak (¢ —tp). The Sym-H and Sym-H*
values [nT] correspond to the right axis, and this axis was aligned with the Ep axis according
to the DPS relation (equation 1). The standard deviations are indicated by the vertical bars and
uncertainties in time for E are indicated by the horizontal bars. (c) The average SML index
[nT] as a function of time relative to the storm peak. The bars indicate the standard deviation
in the SML index and the temporal uncertainty. (d) The filled bars show the average number of
substorms for each time bin. The circles show the average change in SML index, ASML [nT],

over substorm expansion phases.
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energy content values predicted from the corrected ring current index, Sym-H*, show a
largely similar temporal dependence to the values using Sym-H. The magnitudes using
Sym-H are also very similar to Sym-H*, differing by less than ~ 0.1 x 10'® J.

Although the peak in E appears comparatively slight, partly due to the large y-
axis range, we emphasise that the result is underpinned by statistical testing (see Fig-
ure 4). Furthermore, comparisons of sample distributions for adjacent temporal bins around
the E peak show significant differences according to the Kolmogorov-Smirnov test with
a confidence level of > 99.99 % (not shown for brevity).

It is noted here that the time binsize of 6 hours is chosen, although we find that
the minimum in observed ET remains at ¢ = ¢y + 6 hours when smaller time binsizes
are used (not shown). However, binsizes smaller than 6 hours have significantly reduced
statistical significance. Furthermore, for binsizes smaller than the duration of a full space-
craft pass through the ring current region (4.5 hours) leads to inconsistent spatial sam-
pling between time bins.

Previous work has identified that the tail current systems can contribute signifi-
cantly to the observed ring current indices during substorms (e.g., Belova & Maltskv,
1994; Siscoe & Petschek, 1997; Turner et al., 2000; Ohtani et al., 2001; Kalegaev et al.,
2005). Turner et al. (2000) shows that the tail current contributes ~ 25 % to the ob-
served ring current index value during both storm time and non-storm time substorms.
To identify whether there was substorm activity during the storms analysed here, and
hence important tail contributions to the Sym-H and Sym-H* indices, we include the av-
erage SML index trace in Figure 6¢c. The SML index can be considered as equivalent to
the AL index in terms of construction, and describes the strength of the high latitude
nightside westward auroral electrojets (Newell & Gjerloev, 2011; Gjerloev, 2012). In con-
trast to the AL index, the coverage of ground magnetometers used for the SML index
extends over a larger range of latitudes (40—80 degrees magnetic latitude) and will pro-
vide reliable measurements of the storm time westward auroral electrojet (Feldstein et
al., 1999; Ahn et al., 2005). Reductions in the SML index are signatures of substorm ac-
tivity and the magnitude of the reduction over the substorm expansion phase is an in-
dicator of the substorm size. Figure 6¢c shows a decrease in the SML index during the
storm, centred around the storm peak (t = tg).

In order to investigate the role of substorm activity, the SOPHIE (Substorm On-
sets and Phases from Indices of the Electrojet) identification technique is employed to
identify the occurrence and properties of substorms during each storm (Forsyth et al.,
2015). In this study, the SOPHIE technique identifies substorm expansion phases based
on percentiles of the rate of change of the SML index (using an expansion percentile thresh-
old of 75). During enhanced magnetospheric convection the SML index will exhibit substorm-
like reductions and these fluctuations are also reflected in the SMU index, whereas dur-
ing substorms the SML and SMU index vary relatively independently (Rostoker, 1972).
In order to identify whether an expansion phase identification corresponds to a period
of enhanced convection (a false identification), the SOPHIE technique also consults vari-
ations in the SMU index and removes identifications where the SML and SMU indices
are varying in a similar way. For full details on the SOPHIE technique the reader is re-
ferred to Forsyth et al. (2015). Using the SOPHIE identifications, Figure 6d shows the
average number of substorms in a given time bin, indicated by the height of the filled
bars. The number of substorms maximise at the storm peak, with an average of 3—4
substorms occurring for a typical storm. The circles in Figure 6d show the average size
of the substorm, where the size was inferred from the change in the SML index over the
substorm expansion phase. We also identify that substorms are, on average, largest at
the storm peak.

Although the energy content of the ring current is estimated by summing over all
local time sectors and accounts for any local time dependences in energy content, the
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Sym-H index is constructed by averaging over local time asymmetries. In order to more
accurately compare the E values observed with the Sym-H indices, an alternative ap-
proach can be adopted that aims to replicate the Sym-H generation technique. At a given
time and for a given MLT sector shown in Figure 5a-d the values were summed over L
bins to provide the energy content for the MLT sector. The value was then integrated

to cover 24 hours of MLT, and from a single MLT sector estimate the total ring current
energy content, Ep. This echoes the Sym-H technique, where each magnetometer mea-
sures perturbations that would correspond to a hypothetical symmetric ring current across
all MLTs. The construction of the Sym-H index then averages the measurements from

6 magnetometer stations to describe the average ring current over all local times. Es-
sentially, the resultant Eq values can be interpreted as what a single magnetometer would
measure as the total ring current energy. Figure 7a shows the E values binned for MLT
and time relative to the storm peak. The colour of the bin shows the Ep value. Figure

7a demonstrates the key storm time features that have been previously identified. Specif-
ically, we observe increases in energy content during the main phase that maximise close
to the storm peak and gradually decay throughout the recovery phase. The ring current

is also highly asymmetric around the storm peak, with values maximising in the premid-
night MLT sector, and increasingly symmetric following the storm peak.

The Sym-H index is generated by averaging perturbations from a range of local times.
Figure 7b shows the result of averaging values shown in Figure 7a across all MLT sec-
tors, considering each time bin separately. The pink open circles show the mean Ep value,
and the error-propagated standard deviation is shown by pink bars. (As before the bars
are considerably smaller than the range of the axes and are not easily visible). The cor-
responding mean Sym-H and Sym-H* values as a function of time are shown by the blue
solid and light blue dashed profiles, respectively. The bars show the width of the stan-
dard deviation. The y-axes are scaled according to the DPS relation (similarly to Fig-
ure 6b). Overall, the profiles show the same features as discussed from Figure 6b. The
estimates of total energy content are extremely similar in both magnitude and tempo-
ral variation, and it appears that the alternative technique has little impact on the es-
timations.

An advantage of the technique is the ability to conduct a comparison to the Asy-
H index. As described in section 2.2, the Sym-H index is the average over the pertur-
bations measured across stations whereas the Asy-H index is the difference between the
maximum and minimum perturbations across stations. Figure 7c shows the mean Asy-
H index as a function of time in green, where the bars indicate the standard deviation
across values. Using the E values shown in Figure 7a, the maximum and minimum E
value across the range of MLT sectors can be taken for each time bin. The pink profile
in Figure 7c shows the difference between the maximum and minimum value for each
time bin, the vertical bars shows the error-propagated standard deviation, and the hor-
izontal bars show the uncertainty in time. Note that the y-axes are scaled according to
the DPS relation. Both the energy values and the Asy-H profiles show similar tempo-
ral variation. The values increase during the main phase and maximise at the storm peak
(within +3 hours). The values then reduce throughout the recovery phase, with a rapid
recovery in the early recovery phase and a comparatively gradual recovery in the late
recovery phase. The variability in values is largest at the storm peak. These trends arise
as the ring current is highly asymmetric at the storm peak and gradually becomes in-
creasingly symmetric during the recovery phase (Figure 3 and 7a). Interestingly, we note
that the peaks in observed asymmetry and intensity occur at different times during the
storm, on average. Whereas the observed energy content (shaped by the magnitudes of
ion source and loss processes) maximises at 3 < tg < 9 hours, the asymmetry (domi-
nated by drift path configurations that control the ratio of open and closed drift paths)
maximises at —3 < ty < 3. Figure 7c also shows that there are significant differences
in magnitude between the observed energy values and the Asy-H index especially at the
storm peak, similarly to the comparison to the Sym-H index. The source of the discrep-
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Figure 7. (a) Total ring current energy content, Ep [J] binned for MLT [h] and time relative
to the storm peak, t —to [h]. (b) The average ring current energy content, E [J], estimated from
values shown in Figure 7a (pink open circles), the Sym-H index (blue solid), and the Sym-H*
index (light blue dashed) plotted as a function of time relative to the storm peak (¢ — o). The
Sym-H and Sym-H* values [nT] correspond to the right axis, and this axis was aligned with the
Em axis according to the DPS relation (equation 1). (c) The difference between the maximum
and minimum values shown in Figure 7a (pink open circles) and the Asy-H index (green solid)
plotted as a function of time relative to the storm peak (¢ — to). The Asy-H values [nT] corre-
spond to the right axis, and the axis was aligned with the left axis according to the DPS relation
(equation 1). The standard deviations are indicated by the vertical bars and the uncertainty in

time is indicated by the horizontal bars for the pink profiles.
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ancy is expected to be the same as the discrepancies with the Sym-H index, and will be
discussed in the following section.

3.3 Case Studies

Figures 6b and 7b demonstrates that there is a statistical difference in the tempo-
ral profile of the energy content estimated using ring current indices with the DPS re-
lation and of the in situ estimates, such that the in situ values peak approximately 6 hours
later. Is this a feature consistent across all storms or is it a result of averaging storms
with different temporal trends? In order to shed light on this question we present a se-
lection of case studies, shown in Figures 8 and 9.

As before, the timeseries are plotted relative to the storm peak, defined using the
Sym-H index. The Sym-H (blue) and Sym-H* (light blue) indices [nT] are shown in panel
(a) and the SML (orange) and SMU (light orange) indices [nT] are shown in panel (b).
The enhanced level of magnetospheric convection during the storm main phase is appar-
ent from the simultaneous increase in the SMU index with the decrease in the SML in-
dex. Superimposed deviations in the SML index, with no corresponding changes in the
SMU index, are also evident throughout both events and indicate the occurrence of sub-
storms. Panel (¢) shows the number of substorms in each time bin (filled bars), as iden-
tified using the SOPHIE technique, as well as the average change in SML index over the
substorm expansion phases (circles). The By [nT] component of the magnetic field, as
observed by GOES 15, is shown in panel (d). Periods when GOES 15 is located in the
nightside magnetosphere (18 < MLT < 06) are indicated by the grey bars at the top
of the panel. Figure 8d and Figure 9d both show rapid (less than ~ 1 hour) enhance-
ments in the Bz component throughout the storm period, indicative of substorm-associated
dipolarizations of the magnetic field.

The Van Allen Probes MLT and L location is shown in panels (e,f), in black for
Probe A and in grey for Probe B. Both case studies have consistent L coverage across
the time period of the storm. Figure 8e shows spacecraft passes through the midnight
sector, and Figure 9e shows sampling of the dusk region. Panel (g) shows the L-MLT
bins of width AL = 0.5 and AMLT = 24 hours, where the colour of the bin indicates
the mean energy content, E [J]. Figure 8¢ and 9g show variations in the energy content
during the storm period, with the values increasing across almost all L values then de-
creasing. However, the duration of the enhancement differs between the case studies. In
order to extract changes in energy content relative to the time of the storm peak, panel
(h) shows the difference in mean energy content relative to t = tg, AFE [J], for the same
spatial bin. Prior to the storm peak, the energy values are reduced by ~ 10'3 J. Fol-
lowing the storm peak, Figure 8 shows a general decrease in energy whereas Figure 9 shows
initial enhancements in the early recovery phase followed by a decrease after a few days.
The variation is further explored in panel (i), which shows the estimated total energy
content, E [J], obtained by summing over the spatial bins for each time bin. As some
time periods have L bins with no sampling, the L dependence shown in Figure 2b is used
to extrapolate over the 3 < L < 7 region. Figure 8h,i shows that the energy content
increases prior to the storm peak, over the main phase, and then maximises at the storm
peak, following a gradual reduction in the energy content over the recovery phase. This
closely follows the temporal trends of the ring current indices. Figure 9h,i similarly shows
that the energy content increases over the main phase. However, following the storm peak
(t > to) there is continued enhancement and the energy content peaks ~ 12 hours af-
terwards. This is in agreement with the statistical trends shown in Figure 4.

It is noted here that larger time bins are used compared to Figure 6. This was to
avoid differences between inbound and outbound spacecraft passes (which sample dif-
ferent MLT sectors) being interpreted as temporal variations. Using a time bin of 12 hours
ensures that a full orbit is sampled.
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Figure 8. Magnetic indices and in situ observations of energy content during a storm, where
the storm peak occurred at 22:47 UT on 17 March 2015. The values are plotted relative to the
time of the storm peak (t — ¢). (a) Sym-H (blue) and Sym-H* (light blue) indices [nT]. (b) SML
(orange) and SMU (light orange) indices [nT]. (¢) The number of substorms for each time bin
(filled bars) and the average change in SML index, ASML [nT], over substorm expansion phases
(circles). (d) Bz [nT] component of the magnetic field observed by the GOES 15 spacecraft,
where the grey bars at the top of the panel indicate when GOES 15 is located in the nightside
sector (18 < MLT <  06). The (e) MLT and (f) L value of Van Allen Probe A (black) and B
(grey). (g) Energy content, E [J], for L-MLT bins of width AL = 0.5 and AMLT = 24 hours. (h)
Energy content of an L-MLT bin relative to the value of the bin at ¢ — to. (i) The total energy

content, Ep over all spatial bins for each time bin.
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Figure 9. Magnetic indices and in situ observations of energy content during a storm, where

the storm peak occurred at 04:52 UT on 05 July 2015, using the same format as Figure 8.
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543 4 Discussion and Interpretation

544 The results demonstrate clear and statistically significant changes in the energy con-
545 tent, both in magnitude as well as local time distribution. Prior to the storm peak and

546 during the main phase, the ring current undergoes large global enhancements with the

547 energy content more than doubling in some regions. Interestingly, the L shell dependence
548 is observed to be relatively independent of storm phase, where the L profile shown in Fig-
549 ure 2b is similar for both storm times and quiet times. The peak in energy content does
550 not demonstrate any observable change in L location. Although some previous work sug-

551 gets that the peak moves Earthwards during storm times (e.g., Hamilton et al., 1988;
552 Roeder et al., 1996), Zhao et al. (2015) observes that the energy density peak does not
553 exhibit substantial changes in L position. Zhao et al. (2015) asserts that although the

554 low energy ion contribution is significant during storm times and moves to lower L val-
555 ues, the higher energy (> few hundred keV) HT contribution that is neglected in some

556 studies does not change significantly in L location. Therefore, the higher energy ions con-
557 tinue to control the location of the ring current energy peak and, especially for small and
558 moderate storms, are critical in determining the L distribution of energy content. The

559 results shown here support the conclusions of Zhao et al. (2015), and suggests that the

560 higher energy ions are dominant in shaping the L profile on a statistical basis.

561 In terms of the MLT distribution, Figures 5 and 7 demonstrates that during the

562 main phase, the energy content is highly asymmetric and the values peak in the premid-
563 night sector. This feature is well documented and attributed to the enhanced supply of
564 plasma from the nightside plasma sheet via injection and convection (e.g., Fok et al., 1996;

565 Antonova & Ganushkina, 1997; Ebihara & Ejiri, 2000; Ebihara et al., 2002; Lui, 2003;
566 Buzulukova et al., 2010; Li et al., 2011; Perez et al., 2012; Katus et al., 2013). Due to

567 strongly enhanced electric fields in the inner magnetosphere, the ring current is domi-
568 nated by ions on open drift paths. Ions enter the inner magnetosphere on the nightside,
569 experience westward drift, and are lost to the duskside magnetopause, thus generating

570 the local time asymmetry (Takahashi et al., 1990; Liemohn et al., 2001; Milillo et al., 2003;
571 Liemohn et al., 2015; Mouikis et al., 2019).

572 Closely following the storm peak (3 < to < 9 hours), the ring current becomes

573 more symmetric. Figure 5 shows enhancements on the nightside corresponding to con-

574 tinued and increased transport of plasma from the nightside plasma sheet. Relative en-

575 hancements on the dayside arise from a subsidising of the convection electric field, al-

576 lowing ions to be trapped on closed drift paths and access all local time sectors (e.g., Daglis

577 et al., 2003; Liemohn et al., 2001). The drift of ions from the duskside on closed drift
578 paths acts to reduce the local time asymmetry (Ebihara & Ejiri, 2000; Antonova et al.,

579 2014). Throughout the recovery phase, the ring current asymmetry continues to decrease
580 as the ions drift and populate all local time sectors (Ebihara & Ejiri, 2000). The energy
581 content gradually reduces due to a multitude of ring current loss process, namely charge

582 exchange (Dessler & Parker, 1959; Hamilton et al., 1988; Antonova, 2006; Welling et al.,
583 2015).

584 4.1 Discrepancies between the Ring Current Energy Content and the
585 Ring Current Indices

586 Although both the in situ observations and energy values derived using the DPS
587 relation with ring current indices show the same general trends, where the energy con-
588 tent increases during the main phase then gradually reduces in the recovery phase, there
589 are also significant discrepancies in the magnitude and temporal variations. These are
590 clearly apparent from Figure 6a. We find that during the storm period, the in situ es-

501 timates are ~ 50% smaller than the estimates using Sym-H and Sym-H*, and are al-

502 most 4 times smaller at the storm peak.
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The observed discrepancy may initially appear to contradict some previous results.
For example, Greenspan and Hamilton (2000) show that, on average, during geomag-
netic storms the DPS relation is upheld with no significant discrepancy between the Dst
index and in situ measurements. However, a key factor relating to the Greenspan and
Hamilton (2000) study and others, is that the statistical analyses consider the full storm
interval and instead order observations using ring current indices (whereas in this study
we separate samples according to storm phase). Due to the comparatively longer dura-
tion of the recovery phase compared to the main phase, the statistical storm time anal-
ysis will be mostly represented by recovery phase samples. The results shown here sug-
gest that the statistically significant discrepancy with the DPS relation predominantly
occurs in a relatively small period of time compared to the storm length and compared
to the recovery phase duration. Therefore, we suggest that time periods where the DPS
relation is not a good description is not statistically significant when Greenspan and Hamil-
ton (2000) and others consider the full storm period. On this basis, it is justified that
these results do not necessarily contradict previous work, but instead highlights the ca-
pabilities of different analysis techniques to understand the temporal evolution during
geomagnetic storms. Furthermore, previous studies also report a difference in magnitude
between observed ring current energy content and values derived from ring current in-
dices with the DPS relation. For example, Hamilton et al. (1988) observes that ring cur-
rent energy content ranges from 1 to 4 times smaller than the estimates using the DPS
relation applied to the Dst index. Previous work attributes discrepancies in the magni-
tude to a variety of factors, which will now be discussed in the context of this study.

4.1.1 Unrepresentative in situ estimates

The in situ estimates of ring current energy content assume that the total energy
is contributed by ions within an L range from 3 to 7. If these assumptions disregard a
population or region that contributes a substantial amount of energy to the ring current,
then the approach will underestimate the total ring current energy content. Although
it is assumed that the ring current is carried solely by ions and neglects electron contri-
butions, results from Zhao et al. (2016) show that this is a reasonable premise. Zhao et
al. (2016) demonstrated the electrons contribute approximate 12% of the energy content
for a moderate storm, and even less for intense storms. The electron contribution is clearly
insufficient to be dominating the observed discrepancy.

In terms of the L range considered, Zhao et al. (2015) identified that ring current
ions at radial distances outside the Van Allen Probe coverage have a very small contri-
bution due to the steep radial gradient in energy density. Therefore, we conclude that
the L range is not excluding a substantial portion of the ring current energy density.

4.1.2 Contributions from other current systems

A breadth of the published literature demonstrates that the Sym-H index includes
significant contributions from additional magnetospheric current systems:

1. Internal magnetic fields. Dessler and Parker (1959) showed that for a perfectly dia-
magnetic Earth, the magnetic field perturbation is multiplied by ~ 50% at the
equator. Langel and Estes (1985) suggested that the observed ring current indices
should be multiplied by 0.3 - 0.5 in order to mitigate for this contribution.

2. The magnetopause. Enhancements in the magnetopause current contribute pos-
itively to the measured magnetic field perurbation, as demonstrated by strong cor-
relations between the solar wind dynamic pressure and ring current indices (Stepanova
et al., 2019). In order to account for this contribution, Burton et al. (1975) sug-
gested the use of a corrected ring current index. However, Figure 6a shows that
the discrepancy persists.
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642 3. The substorm current wedge. When a substorm current wedge is present, ground

643 magnetometer stations located outside the wedge experience an additional neg-

64 ative perturbation and stations located inside the wedge experience a positive per-
645 turbation. If the station coverage is uniform, then this effect is averaged out. If

646 station coverage is limited, then the contribution from the substorm current wedge
647 can be significant, with reports that the perturbation is comparable to the tail cur-
648 rent effects (Friedrich et al., 1999; Munsami, 2000). The Sym-H index is derived
649 from only 6 magnetometer stations, suggesting that the substorm current wedge
650 effects could be important. However, the large similarity in results when the SMR,
651 index is used instead (derived from ~ 100 stations (Newell & Gjerloev, 2012)),

652 indicates that this is unlikely to be the dominant driver of the discrepancy with

653 in situ estimates.

654 4. The tail current. As previously mentioned, preceding work shows that the tail cur-
655 rent is a significant contributor to the observed ring current indices, representing
656 ~ 25% of the measured perturbation (e.g., Turner et al., 2000). Dubyagin et al.

657 (2014) observed a nearly linear relationship between the ring current index and

658 the tail current contribution, and concluded that the tail current is a dominant

659 factor compared to the other additional current systems. Furthermore, Kalegaev
660 et al. (2005) establishes that during moderate storm times, the tail current and

661 ring current contributions to ring current indices are comparable, although the tail
662 current contribution is less important for intense storms.

663 4.2 The Role of Substorms

664 Figure 6a shows a temporal discrepancy, where the in situ energy content estima-
665 tion peaks, on average, at a later time (3 < tg < 9 hours) than estimates using the

666 Sym-H index. From an examination of in situ tail current observations, Ohtani et al. (2001)
667 found that there is a tendency for a substorm onset to occur at the storm peak. The au-
668 thors suggest that the associated reduction of the tail current following substorm onset
669 drives a corresponding reduction in the magnitude of the observed Sym-H index (see also

670 Iyemori and Rao (1996) and Friedrich et al. (1999)). Therefore, Ohtani et al. (2001) con-
671 cluded that the start of the recovery phase (or equivalently the time of the storm peak),

672 where the Sym-H index begins to increase, is due to the tail current dynamics and in-

673 dependent of the ring current intensity. Furthermore, Ohtani et al. (2001) suggest that
674 a substorm onset would act to increase the ring current enhancement following the storm
675 peak through substorm-associated ion injections. They also noted that the estimates of
676 the tail current contribution are restricted by spacecraft coverage. The contribution to
677 the Sym-H index is likely to be even larger as they cannot measure how widely and com-

678 pletely the tail current is disrupted. This effect is also supported by modelling results,
679 where Kalegaev et al. (2005) showed that the tail current begins to decay while the ring

680 current continues intensifying during a storm. The substorm-related recovery of the tail
681 current was estimated to cause an increase in the Dst index by approximately 50 nT for
682 a moderate storm.

683 However, the analysis conducted by Ohtani et al. (2001) considered the effect of

684 a single substorm and showed that the storm peak in Sym-H would be shifted by ~ 1

685 hour earlier (timescale for a substorm). To support the observations shown in Figure 6a,
686 where the storm peak is shifted by several hours, we require a sustained and continued
687 period of substorm activity. This is confirmed by Figure 6b,c. We observe substorm ac-
688 tivity throughout storms, but the frequency and substorm size clearly maximises at the
689 storm peak. The high level of substorm activity not only reduces the tail current con-

690 tribution, but also enhances the supply of plasma to the ring current region. Substorms
691 are associated with long lived and substantial enhancements in ring current ion fluxes

692 through enhanced convection and injection events (e.g., Reeves & Henderson, 2001; Yue
693 et al., 2018; Sandhu, Rae, et al., 2018; Sandhu et al., 2019). For example, Gkioulidou

604 et al. (2014) demonstrates that substorms play a crucial role in contributing to and build-
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ing up ring current energy content during geomagnetic storms. The continued transport
of plasma from the nightside plasma sheet is evident from the nightside enhancements
following the storm peak (Figure 4d).

Figure 9i provides an example of continued ring current energisation following the
storm peak. Figure 9b shows both enhanced convection as well as intensified levels of
substorm activity throughout the main phase and around the storm peak. The substorm
identifications shown in Figure 9c demonstrate that as well as heightened substorm oc-
currence (8 substorms occurring close to the storm peak), the average size of these sub-
storms is slightly increased with an average A SML ~ —300 nT. The magnetic field ob-
servations at geosynchronous orbit, provided by the GOES 15 spacecraft and shown in
Figure 9c, indicate coincident dipolarisation signatures on the nightside and provides sup-
port for the enhanced level of substorm activity during the main phase. The frequency
and size of substorms then subsides during the recovery phase (Figure 9b-d).

In contrast, Figure 8i shows that the ring current energy content peak is coincident
with the storm peak. For this storm there is significant substorm activity during the early
main phase (5 substorms with an average size of ~ 800 nT) which is reflected in slight
positive perturbations in the Sym-H trace (Figure 8a-d). However, at the storm peak
the level of substorm activity is considerably decreased. Comparing Figure 8c to Fig-
ure 9c reveals that the average substorm size is approximately halved. However, during
the recovery phase the number of substorms is markedly elevated. High numbers of sub-
storms are observed with coincident dipolarisation signatures (Figure 8c,d). For this storm,
we suggest that the low level of substorm activity during the end of the main phase did
not significantly change the tail current. The start of the recovery phase in the Sym-H
index is not thought to be driven by tail current dynamics, and instead is driven by the
ring current. Although there is observed substorm activity during the recovery phase and
the early main phase, the dynamics at the storm peak would be the key factor for caus-
ing an early recovery in the Sym-H index and generating a temporal discrepancy between
the Sym-H index and the in situ energy values.

Overall, Figures 8 and 9 show that although the Sym-H trace tends to show sim-
ilar temporal trends, the ring current energy content variation with time is more vari-
able. This variability in the level of agreement between the in situ observations and Sym-
H trace is further supported by additional case studies (not shown here for brevity). We
suggest that the varying timing discrepancy between the storm peak and the maximum
in ring current energy content may be dominated by varying levels of substorm activ-
ity during a storm. A comparison between Figures 8b,c and Figure 9b,c show that the
level of substorm activity varies significantly between individual storm events, so the dom-
inance of the tail current dynamics close to the storm peak is expected to also vary sub-
stantially between events.

As the energy content maxima occurs at varying times relative to the storm peak,
the superposed epoch analysis approach has averaged over peaks occurring at different
points. This leads to the very broad peak in energy content shown in Figure 6a. In or-
der to further investigate when the ring current energy content peaks, without apply-
ing assumptions of local time asymmetries on a spacecraft sampling a single MLT sec-
tor, we require global, multi-point measurements of the inner magnetosphere. Future work
will focus on multi-spacecraft analysis of the ring current during storm times to inves-
tigate the temporal profiles further.

5 Conclusions

Spatial variations in energy content during geomagnetic storms were explored us-
ing observations from the HOPE and RBSPICE instruments onboard the Van Allen Probes.
The presence of an asymmetric ring current, with significant energy enhancements in the
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premidnight MLT sector, agrees with previous work and provide information on ion tra-
jectories in the inner magnetosphere. The distribution of energy content with L shows
little change with storm phase, supporting previous results that the high energy pop-
ulation dominates the peak location.

A superposed epoch analysis revealed important discrepancies between in situ en-
ergy content measurements and estimated values using ring current indices. In agree-
ment with previous results, the Sym-H index combined with the DPS relation severely
overestimates the ring current energy content. Statistically, there are substantial tem-
poral discrepancies, such that energies estimated using the Sym-H index peak at an ear-
lier time than the ring current energy content. The magnitude of this discrepancy is on
average between 3 to 9 hours, and a suggested cause is intense substorm activity occur-
ring at the end of the main phase. The discrepancies in magnitude and timing persist
for the Sym-H* index, the Dst index, the SMR index, and the partial SMR indices. An
analysis of case studies show that level of agreement between the ring current indices and
the ring current energy content is highly variable. We emphasise that the substorm-ring
current relationship is complicated. Although previous studies ((e.g., Ohtani et al., 2001))
provides some basis for the proposed mechanisms, further quantitative analysis of the
tail current contribution to the Sym-H index is essential for validating the suggested role
of substorm activity.

Overall, this work highlights the level of variability across storms, and proposes the
importance of substorms in inner magnetospheric dynamics. We challenge the use of the
Sym-H index to directly infer temporal variations in the ring current intensity and high-
light potential issues with using ring current indices to organise storm time behaviour
(Borovsky & Shprits, 2017; “Exploration of a Composite Index to Describe Magneto-
spheric Activity: Reduction of the Magnetospheric State Vector to a Single Scalar”, 2018).
In order to fully understand the drivers of the Sym-H index and the cause of these re-
ported discrepancies, future work will involve a corresponding investigation into the role
of the tail current during storm times, as well as focusing on how the Sym-H index may
be corrected to account for non-ring current contributions.
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