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Abstract13

The ring current experiences dramatic enhancements during geomagnetic storms, how-14

ever understanding the global distribution of ring current energy content is restricted15

by spacecraft coverage. Many studies use ring current indices as a proxy for energy con-16

tent, but these indices average over spatial variations and include additional contribu-17

tions. We have conducted an analysis of Van Allen Probes’ data, identifying the spatial18

distribution and storm-time variations of energy content. Ion observations from the HOPE19

and RBSPICE instruments were used to estimate energy content in L-MLT bins. The20

results show large enhancements particularly in the premidnight sector during the main21

phase, alongside reductions in local time asymmetry and intensity during the recovery22

phase. A comparison with estimated energy content using the Sym-H index was conducted.23

In agreement with previous results, the Sym-H index significantly overestimates (by up24

to ∼ 4 times) the energy content, and we attribute the difference to contributions from25

additional current systems. A new finding is an observed temporal discrepancy, where26

energy content estimates from the Sym-H index maximise 3 to 9 hours earlier than in27

situ observations. Case studies reveal a complex relationship, where variable degrees of28

agreement between the Sym-H index and in situ measurements are observed. The re-29

sults highlight the drawbacks of ring current indices and emphasise the variability of the30

storm time ring current.31

Plain Language Summary32

The Earth’s global magnetic field can trap energetic ions, and during storm times33

the energy and number of trapped ions increases dramatically. However, the location of34

the enhancements and how the enhancements vary with time is not fully understood. In35

this study we have used spacecraft observations to measure changes in the ion popula-36

tion over a large region of space and at different times during storms. The results show37

that the enhancement is initially very localised, allowing us to identify how the ions are38

transported to this region. The enhancement then extends to cover a larger region, demon-39

strating how the ions drift and move spatially.40

We also compared the results to indirect measurements of the ions’ magnetic field41

perturbation. We find that there are substantial discrepancies between the different mea-42

surements, both temporally and in magnitude. The results support previous work that43

the indirect measurements include significant contamination and do not accurately rep-44

resent the ring current dynamics during geomagnetic storms.45

1 Introduction46

Geomagnetic storms were first discovered from observations of large irregular dis-47

turbances in the global geomagnetic field (Graham, 1724; Chapman & Bartels, 1940).48

It was suggested that charged drifting particles in the magnetosphere generate a west-49

ward current and an associated magnetic field perturbation that opposes the background50

geomagnetic field (e.g., Chapman & Dyson, 1918; Chapman & Ferraro, 1930; Singer, 1957).51

This current is now known as the ring current. The terrestrial ring current is generated52

predominantly by ∼ keV ions and is located between ∼ 4 to 7 RE (Daglis et al., 1999;53

Le et al., 2004). During geomagnetic storms, the ring current undergoes significant in-54

tensifications, driven by the energisation and an increase in the density of the ring cur-55

rent ions (e.g., Takahashi et al., 1990; Gonzalez et al., 1994; Stepanova et al., 2019). The56

enhanced storm time ring current, and the associated magnetic field perturbations from57

the westward current, play an important role in a number of magnetospheric processes.58

These include changes in field line eigenfrequencies that control where ULF wave power59

can access (e.g., Sandhu, Yeoman, & Rae, 2018; Rae et al., 2019), as well as providing60

a source of free energy to drive waves in the inner magnetosphere (e.g., Usanova & Mann,61
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2016; Yue et al., 2019). Understanding when, where, and how the ring current popula-62

tion is energised is a key motivation.63

Ground magnetometers whose locations map to the inner magnetosphere can ob-64

serve north-south magnetic field perturbations induced by the ring current, and fluctu-65

ations in this perturbation are often inferred as corresponding to changes in the ring cur-66

rent strength. Ring current indices (such as the Dst index (Sugiura & Poros, 1964), the67

Sym-H index (Iyemori, 1990), and the SMR index (Newell & Gjerloev, 2012)) are de-68

rived from magnetometers that map to this region and cover a range of local times. Fur-69

thermore, the magnitude of the indices can be directly related to the total energy con-70

tent of the ring current population, ET, using the Dessler-Parker-Sckopke (DPS) equa-71

tion (Dessler & Parker, 1959; Sckopke, 1966):72

∆B = −µ0

2π

ET
B0RE

3 (1)73

In equation 1, µ0 is the permeability constant (4π×10−7 H m−1), B0 is the magnetic74

field strength at the surface of the Earth (3.12×10−5 T), and RE is the radius of Earth75

(1RE = 6372 km). The global magnetic field perturbation, ∆B, can be considered equiv-76

alent to the value of a ring current index. Equation 1 provides a relatively simple means77

to indirectly infer the total energy content of the ring current from the indices and mon-78

itor the storm time variations.79

However, Liemohn (2003) reported that the DPS relation makes several key assump-80

tions, such as linear field distortions and a symmetric ring current. In addition, other81

magnetospheric current systems, notably the tail current and the magnetopause current,82

can contribute significantly to the observed magnetic field perturbations (e.g., Burton83

et al., 1975; Turner et al., 2000). Attempts to account for these contributions led to the84

development of corrected ring current indices, known as the Dst* index and the Sym-85

H* index (Burton et al., 1975). Furthemore, Gkioulidou et al. (2016) demonstrated that86

the Sym-H index poorly describes long timescale variations that are driven by the ra-87

dial diffusion of the high energy ring current ions. Gkioulidou et al. (2016) showed that88

the high energy ion contribution to the ring current is not well correlated with the ab-89

solute value of the Sym-H index and the fluctuations in the Sym-H index are instead dom-90

inated by variations in the low energy ion population that occur on much shorter con-91

vective timescales.92

To assess the accuracy of the ring current indices and the use of the DPS relation,93

the estimates can be compared to direct in situ observations of the ring current popu-94

lation. Previous work has shown that in situ energy density and plasma pressure mea-95

surements are typically ∼ 2 times less than the values predicted from the ring current96

indices (e.g., Hamilton et al., 1988; Roeder et al., 1996; Ebihara & Ejiri, 2000; Turner97

et al., 2000, 2001; Zhao et al., 2015). However, these studies were often based on single98

storm events, presenting difficulties in understanding the typical storm time variations,99

and made several assumptions regarding energy ranges (neglected low energy popula-100

tions) and ring current symmetry.101

This study aims to identify how the ring current varies temporally during a storm.102

A statistical analysis of direct in situ observations was conducted to avoid the assump-103

tions made by the ring current indices and the DPS relation, and also to allow for spa-104

tial variations to be explored. The results provide information on where energy is de-105

posited and how ion transport distributes that energy across the inner magnetosphere106

during storms. We also challenge the use of the ring current indices with the DPS re-107

lation by conducting a direct comparison to the in situ observations.108
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2 Estimating the Ring Current Energy Content During Storms109

2.1 Using Van Allen Probes Data110

Direct in situ observations of the ring current population were obtained from the111

Van Allen Probes (Mauk et al., 2013), consisting of two identically instrumented space-112

craft (Probe A and Probe B). The orbit has a perigee of ∼ 600 km altitude, an apogee113

of 5.8 RE geocentric radial distance, and an inclination of 10◦. The orbital period is 9114

hours and the orbital apogee precesses in local time, such that sampling over all local115

times is achieved in less than 2 years. Overall, the Van Allen Probes provide highly suit-116

able coverage of the ring current region, and with data availability from 2012 onwards,117

the spatial and temporal coverage allows for statistical analysis.118

This study employed observations from the Radiation Belt Storm Probes Ion Com-119

position Experiment (RBSPICE) (Mitchell et al., 2013) and the Helium Oxygen Proton120

Electron (HOPE) (Spence et al., 2013) instruments. The RBSPICE data sets include:121

H+ ions in the energy range of 50 to 660 keV; O+ ions in the energy range of 120 to 990122

keV; He+ ions in the energy range of 60 to 980 keV. Observations of lower energy ions123

were provided by the HOPE instrument and these data sets include: H+ ions in the en-124

ergy range of 1 eV to 50 keV; O+ ions in the energy range of 1 eV to 50 keV. These datasets125

cover the bulk population of H+ ions with energies of a few hundred keV (e.g., Krim-126

igis et al., 1985; Sandhu, Rae, et al., 2018). Previous work clearly demonstrates that heavy127

ions and low energy ions can contribute significantly during geomagnetically active times,128

and in some cases dominate the ring current population (e.g., Zhao et al., 2015; Kistler129

et al., 2016; Keika et al., 2018; Sandhu, Rae, et al., 2018; Stepanova et al., 2019). There-130

fore the contribution of these ions was also covered in the data sets used.131

The datasets provided observations of the omnidirectional ion energy flux and we132

employed the method of Sandhu, Rae, et al. (2018) and Sandhu et al. (2019) to estimate133

the energy content in L-MLT bins. The L-MLT coordinate system uses the L value (ra-134

dial distance of where the given field line crosses the equatorial plane in Earth Radii)135

as a radial coordinate and the Magnetic Local Time (MLT) value as the azimuthal co-136

ordinate. We refer the reader to Sandhu, Rae, et al. (2018) for full details of the method-137

ology, and briefly summarise here. The following steps were taken:138

1. For each dataset, the mean partial ion energy density was estimated from the om-139

nidirectional energy flux, for a spacecraft pass through a L-MLT bin of width ∆L140

and ∆MLT. The time taken for the spacecraft to traverse the L-MLT is recorded141

as the uncertainty in the time of measurement (typically 6 minutes for ∆L = 0.5).142

The partial ion energy density from each dataset (corresponding to a given ion species143

and energy range) was summed to estimate the total ring current energy density.144

2. The volume of the L-MLT bin was then estimated using a dipole magnetic field145

model scaled for the local magnetic field strength as observed by the Electric and146

Magnetic Field Instrument Suite and Integrated Science instrument (Kletzing et147

al., 2013) onboard the Van Allen Probes.148

3. The ion energy density was integrated over the volume of the bin to obtain an es-149

timate of the total energy content for the L-MLT bin, E.150

This method was applied to all Van Allen Probe A and B data between October 2012151

to June 2019 to provide a dataset of E values.152

It is noted that this approach uses coincident observations from two separate in-153

struments (HOPE and RBSPICE). Significant efforts by the HOPE instrument team have154

minimised any intercalibration issues in the latest data release (Release 04), such the 87%155

of ion fluxes agree to within a factor of 2 (see https://www.rbsp-ect.lanl.gov/rbsp ect.php).156
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2.2 Using Ring Current Indices157

Although there are a range of ring current indices available, the most common be-158

ing the Dst index, the Sym-H index, and the SMR index, we opted to present a detailed159

comparison for the Sym-H index. All are derived using a similar method, but key dif-160

ferences relate to the subtraction of baselines, the number of stations used in the calcu-161

lation, and the cadences of the indices. Our findings are consistent across all indices.162

A detailed description of how the Sym-H index is derived is provided by Iyemori163

(1990) and briefly summarised here. The Sym-H index is calculated with a 1 minute tem-164

poral resolution from a range of ground magnetometers spanning magnetic latitudes from165

−47◦ to 50◦. The data is processed in units of one month, and for each month only six166

stations that are approximately evenly spaced in longitude are used. Firstly, the distur-167

bance component of the measured H (north-south) component is obtained by subtract-168

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

dinate transformation to the dipole coordinate system is applied. Finally, for each minute,170

the disturbance component over the six stations is averaged to provide the Sym-H in-171

dex.172

As mentioned previously, attempts to remove contributions from other current sys-173

tems to the observed Sym-H index have been made, resulting in the corrected Sym-H174

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

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

Sym-H∗ = Sym-H − bP
1/2

dyn
+ c (2)177

where the parameters b and c are empirically determined and Pdyn is the solar wind dy-178

namic pressure. In this study we use the values of b and c determined by O’Brien and179

McPherron (2000): b = 7.26 nT nPa1/2 and c = 11 nT. The Sym-H* index endeav-180

ours to correct for the contribution of magnetopause currents and the quiet day currents.181

The calculation of the Sym-H index relies on using observations from magnetome-182

ter stations mapping to different MLT sectors of the ring current population and tak-183

ing an average of those measurements. Therefore, this average perturbation can be con-184

sidered as describing the symmetric component of the ring current. Alternatively, the185

Asy-H index can be used to describe the asymmetric component of the ring current (Iyemori186

et al., 1992). The Asy-H index is derived similarly to the Sym-H index but, instead of187

averaging the perturbations, the difference between the smallest perturbation and the188

largest perturbation over the six stations is taken for each minute sample.189

For each sample of the energy content provided by the Van Allen Probes, we also190

took the Sym-H, Sym-H*, and Asy-H indices at the given time. From the dataset of Sym-191

H and Sym-H* values, we estimated the corresponding total ring current energy content192

for each sample according to the DPS relation (equation 1).193

2.3 Storm Identification194

To extract storm time periods for analysis, storms were identified using the algo-195

rithm described by Walach and Grocott (2019). The reader is referred to Walach and196

Grocott (2019) for full details, and we summarise the key aspects here. The algorithm197

identifies storms from variations in the Sym-H index, and a typical Sym-H index trace198

is shown in Figure 1. Figure 1 demonstrates the typical features of a geomagnetic storm,199

which can generally be split into three distinct phases: the initial phase, the main phase,200

and the recovery phase. The initial phase is present for most storms and is characterised201

by an enhancement in the Sym-H index driven by enhancements in the magnetopause202

currents. The initial phase typically lasts ∼ 20 hours (Walach & Grocott, 2019). The203

main phase is identified from a sharp and rapid negative excursion in the Sym-H index,204

driven by significant energisation of the ring current, and has a typical duration of ∼ 8205
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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 index206

gradually increases to quiet time values as the ring current decays, generally lasts sev-207

eral days (Walach & Grocott, 2019). Geomagnetic storms typically exhibit important208

structure within the recovery phase, namely a two-step decay. In the early recovery phase,209

the decay of the ring current and consequent increase of the Sym-H index is rapid. This210

is followed by a lower rate of change in the late recovery phase. The two-step charac-211

teristic of the ring current recovery indicates that there are multiple process in opera-212

tion that occur on different timescales (e.g., Hamilton et al., 1988; Jorgensen et al., 2001;213

Daglis et al., 2003; Kozyra & Liemohn, 2003).214

As well as identifying the storm time periods, the algorithm of Walach and Gro-215

cott (2019) also determines the timings of each storm phase. Firstly, a storm is identi-216

fied as a period where the Sym-H index crosses below a storm time threshold of −80 nT.217

The storm peak, or alternatively the start of the recovery phase, is marked as the point218

where the Sym-H index is at its lowest level. The start of the main phase and the end219

of the recovery phase are then marked as the times immediately prior to and after the220

storm peak where the Sym-H index is at the quiet time level (here defined as -15 nT).221

To bound the initial phase, we identify where the Sym-H index reaches a maximum value222

and then record the time immediately prior to this that the Sym-H index is at the quiet223

time level. The quiet time threshold of -15 nT and the storm time threshold of -80 nT224

are taken from Hutchinson et al. (2011).225

We note that the Walach and Grocott (2019) algorithm does not distinguish be-226

tween the early and late recovery phase for storms with a two-step recovery phase, and227

hence the sub-structure of ring current variations within the recovery phase will not be228

the focus of this study. It is hoped that further developments of the algorithm will al-229

low for a detailed analysis of the recovery phase dynamics in a future study.230

The Walach and Grocott (2019) algorithm identified 52 storms occurring between231

2012 to 2019, and the storm list is included in the Supplementary Information (Dataset232
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S1). Using the storm times, we binned the in situ measurements, the Sym-H index, and233

the Sym-H* index for storm phase. The following sections explore how the measurements234

vary during storm times.235

3 Results236

3.1 Variations with Storm Phase237

Figure 2a,c shows the in situ energy content estimates, E, using a L binsize of 0.5238

and a MLT binsize of 3 hours, binned for L and E. The colour of each bin shows the column-239

normalised number of samples, considering the full dataset. Unlike the Sym-H index, the240

use of in situ observations allows for the spatial variations to be explored, and in Fig-241

ure 2a,c we focus on the radial distribution of energy content in the ring current. To ac-242

count for any local time asymmetries in the ring current energy content we have further243

binned data for MLT. Figure 2a shows observations in a 12 hour bin centered on the pre-244

noon sector (03 ≥ MLT < 15) and Figure 2c is a 12 hour bin centered on the pre-midnight245

sector (15 ≥ MLT < 03). Previous studies have established that the ring current can246

exhibit strong local time asymmetries with energy content peaking in the pre-midnight247

sector (e.g., Jordanova et al., 2003), and the MLT bins employed in Figure 2 were cho-248

sen to centre on the regions of maximum asymmetry.249

Figure 2a,c shows that the values typically maximise around L ∼ 5, and that there250

is a large variability in values in this region. In the pre-noon sector (Figure 2a) the dis-251

tribution of samples is slightly skewed towards lower L values. In contrast, the pre-midnight252

sector (Figure 2c) shows that the distribution is slightly skewed towards higher L val-253

ues.254

Figure 2a,c also includes the mean energy profiles, E(L), for the storm initial phases255

(yellow circles), main phases (orange squares), and recovery phases (light blue triangles).256

Non-storm times are labelled as quiet and the mean energy profile is shown by the blue257

diamonds. The bars on each profile indicate the standard deviations. The profiles show258

that the energy values during quiet times and the initial phase are similar (∼ 0.8×1013259

J at L = 5). The energy values in the premidnight sector are ∼ 0.1 × 1013 J larger260

during quiet times compared to during the initial phase, which is attributed to the quiet261

time intervals containing periods of non-storm time activity associated with substorm262

related enhancements (Sandhu, Rae, et al., 2018; Sandhu et al., 2019) or residual post-263

storm enhancements of the ring current for example. Furthermore, during the initial phase264

the increase in solar wind coupling increases the number of ions on open drift paths through265

an increase in the convection electric field and the earthward displacement of the mag-266

netopause (Ozeke & Mann, 2001; Staples et al., 2020). These ions are then lost through267

the dayside magnetopause and the average ring current energy content experiences a de-268

crease compared to the quiet time level.269

During the main phase, Figure 2a,c demonstrates the substantial increases relative270

to the main phase are observed in the premidnight sector, with values exceeding 2×1013271

J at 4 ≥ L < 5. In contrast, in the pre-noon sector the main phase values are only272

slightly elevated by ∼ 0.1 × 1013 J compared to the initial phase profile. During the273

recovery phase, the values remain elevated in the premidnight sector and the profile is274

very close to the main phase profile (Figure 2c). In the pre-noon sector the values in-275

crease substantially compared to the main phase and peaks at ∼ 1.8 × 1013 J. Over-276

all, Figure 2a,c shows that large storm time enhancements occur during both the main277

and recovery phase for the premidnight sector, but are only observed in the pre-noon sec-278

tor during the recovery phase. Furthermore, the magnitude of the enhancement is smaller279

in the pre-noon sector compared to the postmidnight sector.280

To examine how the energy is proportioned across L values, Figure 2b,d shows the281

relative energy as a function of L. For each profile shown in Figure 2a,c, the average en-282
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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,

ΣE(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 bins283

(ΣE(L)). Therefore, each bin in Figure 2b,d shows the fraction of energy compared to284

the total ring current energy in the given MLT sector. A comparison of the profiles shown285

in Figure 2b,d demonstrates that the variation with L is very similar for the different286

geomagnetic conditions, with a very broad peak centred at L ∼ 5 and large variabil-287

ity across the profile.288

However, based on the Sym-H trace the ring current undergoes dramatic changes289

throughout each storm phase, which cannot be assessed by averaging over each phase.290

Instead, a superposed epoch analysis was used to explore the variations in energy con-291

tent during a storm and variations within a storm phase. Figure 3 shows the in situ en-292

ergy values (calculated using a L binsize of 0.5 and a MLT binsize of 3 hours), where each293

panel corresponds to a different time relative to the time of the storm peak, where Sym-294

H is at a minimum (t = t0). Each panel shows the energy values within a time bin of295

width 12 hours and centred on the corresponding time labelled. The data is then fur-296

ther binned for L and MLT, where the mean energy value in each spatial bin is indicated297

by the colour. If there are no samples in a bin then the bin is coloured grey. For refer-298

ence, the number of samples and standard deviations of samples in each L-MLT bin shown299

in Figure 3 are included in the Supplementary Information (Figure S1 and Figure S2).300

In general, each bin contains ∼ 10 − 100 samples. Overall, Figure 3 demonstrates av-301

erage ring current energy variations during a storm, considering changes in the spatial302

distribution as well as the magnitude. It is noted that the storm main phases were nor-303

malised to a length of 12 hours (the mean duration of main phases across the storm stud-304

ied here), which avoided averaging initial and main phases together and accounted for305

the large variation in main phase durations.306

Figure 3a-c encapsulates both the initial phase and the main phase, describing vari-307

ations leading up to the storm peak. We observe that the energy values increase with308

time. The largest enhancements are observed in the premidnight sector where energy val-309

ues increase from ∼ 1 × 1013 J to ∼ 2.5 × 1013 J, representing an increase of ∼ 150%.310

The energy distribution at the storm peak (Figure 3c) is highly asymmetric with energy311

values peaking in the premidnight sector. Following the storm peak, the start of the re-312

covery phase shows that the ring current remains at an elevated state (Figure 3d). How-313

ever, the energy values are high (∼ 2× 1013 J) across all MLT sectors and the energy314

distribution is more symmetric. Throughout the rest of the recovery phase (Figure 3e-315

l) the energy distribution remains very symmetric and the magnitude of the energy con-316

tent values gradually reduce with time.317

In order to further analyse temporal variations, Figure 4 shows the energy values318

relative to the values at the storm peak. Using the same format as Figure 3, each L-MLT319

bin shows the difference in energy ∆E [J], comparing the mean energy value at that time320

to the mean energy value at the storm peak in the same spatial bin. In addition, the dis-321

tribution of energy values are compared using the Kolmogorov-Smirnov test, which al-322

lows for an identification of whether the energy distributions have changed significantly.323

Using a p value threshold of 0.01, distributions that are not significantly different have324

the corresponding L-MLT bin plotted as grey. If the distributions are different, the ∆E325

value is plotted, where red corresponds to an increase in energy and blue corresponds326

to a decrease in energy relative to t = t0. Note that the L-MLT map shown in Figure327

4c shows no changes in energy because the values are being compared are identical.328

Figure 4a,b clearly shows that the energy values are lower prior to the storm peak,329

and that the largest differences are mostly observed in the dusk MLT sector. An inter-330

esting feature arises in Figure 4d. The majority of the L-MLT bins show an increase in331

energy relative to the storm peak. The increases are generally localised to 21 ≤ MLT332

≤ 00 and the morning sector with ∆E exceeding ∼ 1×1013 J. The morning sector en-333

hancement is sustained throughout the recovery phase (Figure 4d - l), although the mag-334

–9–



manuscript submitted to JGR: Space Physics

F
ig
u
re

3
.

E
a
ch

p
a
n
el

sh
ow

s
th

e
m

ea
n

en
er

g
y,

E
[J

],
in

L
-M

L
T

sp
a
ce

.
If

n
o

sa
m

p
le

s
a
re

p
re

se
n
t

in
a
L

-M
L
T

b
in

,
th

en
th

e
b
in

is
co

lo
u
re

d
g
re

y.
E

a
ch

p
a
n
el

sh
ow

s

sa
m

p
le

s
in

a
ti

m
e

b
in

o
f

w
id

th
1
2

h
o
u
rs

a
n
d

ce
n
tr

ed
o
n

th
e

ti
m

e
sh

ow
n
.

T
h
e

ti
m

e
b
in

s
a
re

re
la

ti
v
e

to
th

e
st

o
rm

p
ea

k
s

(m
in

im
a

in
th

e
S
y
m

-H
in

d
ex

).

–10–



manuscript submitted to JGR: Space Physics

F
ig
u
re

4
.

In
th

e
sa

m
e

fo
rm

a
t

a
t

F
ig

u
re

3
.

T
h
e

co
lo

u
r

sh
ow

s
th

e
d
iff

er
en

ce
in

m
ea

n
en

er
g
y

co
m

p
a
re

d
to

th
e

m
ea

n
en

er
g
y

a
t
t

=
t 0

(F
ig

u
re

4
c)

fo
r

th
e

sa
m

e
L

-

M
L
T

b
in

.
T

h
e

b
in

is
co

lo
u
re

d
g
re

y
if

th
e

ch
a
n
g
e

in
en

er
g
y

d
is

tr
ib

u
ti

o
n
s

a
re

n
o
t

st
a
ti

st
ic

a
ll
y

si
g
n
ifi

ca
n
t

a
cc

o
rd

in
g

to
th

e
K

o
lm

o
g
o
ro

v
-S

m
ir

n
ov

te
st

.

–11–



manuscript submitted to JGR: Space Physics

nitude and spatial extent reduces. Elsewhere, the bins show a decrease in energy con-335

tent with time throughout the recovery phase.336

Figures 3 and 4 show interesting local time dependent variations occurring close337

to the storm peak and in the early recovery phase. To attempt to extract further tem-338

poral information, Figure 5 shows the data in the same L-MLT format plots, but using339

a smaller time binsize of 6 hours and focusing on the period from 9 hours prior to the340

storm peak to 15 hours after the storm peak. Following the same formats and colour scale341

as Figure 3 and Figure 4, Figure 5a-d shows the mean energy values and Figure 5e-h shows342

the difference in mean energy relative to the storm peak. Figure 5i-l shows the correspond-343

ing number of samples in each bin indicating that, although the time bins have decreased344

in width, sufficient sampling persists across most L-MLT bins. Overall, Figure 5 shows345

similar features as previously highlighted. The energy values increase from the main phase346

to the storm peak, resulting in a highly asymmetric ring current where values peak in347

the premidnight sector. Following the storm peak, the energy values remain sustained348

at high levels in the premidnight sector. The ring current also becomes comparatively349

more symmetric with values increasing in the pre-noon MLT sector.350

3.2 Comparison to Ring Current Indices351

Figures 3, 4, and 5 demonstrate significant changes in energy content during storms.352

These results are now compared to the energy content predicted by the Sym-H and Sym-353

H* indices using the DPS relation.354

For context, Figure 6a shows the Sym-H traces of all storms included in the anal-355

ysis in grey. The mean Sym-H profile as a function of time is shown in blue. Vertical bars356

indicate the size of the standard deviation. Figure 6a provides insight into the variabil-357

ity across the storms in the range of Sym-H index values.358

For a given L-MLT map shown in Figure 5, the mean energy values displayed were359

summed together to estimate the total ring current energy content, ET, for the time bin.360

The time range was also extended from Figure 5 to cover the full storm period. The pink361

circles in Figure 6b show the total energy, ET, for each 6 hour time bin, plotted rela-362

tive to the storm peak (noting that the energy axis is reversed here). Using error prop-363

agation of the standard deviation values for each L-MLT bin, vertical bars are also in-364

cluded to show the extent of the standard deviation for each time bin. However, due to365

the standard deviation being relatively small compared to the mean (∼ 1013 and < 7%366

of the mean value), they cannot easily be seen on Figure 6b. Horizontal bars show the367

uncertainty in the mean time for each bin, using the same error propogation techniques.368

The extent of the bars is again visually small on Figure 6b, with a typical value of 1.6369

hours. For each time bin, the mean value of the Sym-H and Sym-H* indices are also shown370

by the blue solid profile and the light blue dashed profile, respectively. The standard de-371

viations are indicated by the extent of the vertical bars, and the corresponding axis is372

displayed on the right of the panel. The DPS equation (equation 1) allows for a direct373

linear relation of ET and the ring current indices and was used to align the ET and the374

Sym-H index axes shown in Figure 6b. The energy content estimated from the Sym-H375

and Sym-H* indices under the DPS relation are now directly compared to the in situ en-376

ergy values (pink circles).377

Figure 6b shows that the in situ measurements of ET vary from ∼ 0.4 × 1015 J378

to ∼ 1.0×1015 J, maximising between 3 to 9 hours following the storm peak on a sta-379

tistical basis. In contrast, the DPS derived energy content values from the Sym-H in-380

dex vary from ∼ 0.2×1015 J up to ∼ 3.3×1015 J at the storm peak. The peak in en-381

ergy occurs at t = t0 by definition of the storm peak. It is also noted that the peak is382

substantially more defined than the peak in the in situ energy values. Figure 6b shows383

that the range in these energy values (see blue bars) is largest at the storm peak, sug-384

gesting a large variability in the energy content at this time across different storms. The385

–12–



manuscript submitted to JGR: Space Physics

F
ig
u
re

5
.

In
th

e
sa

m
e

fo
rm

a
t

a
t

F
ig

u
re

3
,

b
u
t

w
it

h
ti

m
e

b
in

w
id

th
s

o
f

6
h
o
u
rs

.
(a

-d
)

T
h
e

co
lo

u
r

sh
ow

s
th

e
m

ea
n

en
er

g
y

a
n
d

a
b
in

is
co

lo
u
re

d
g
re

y
if

n
o

sa
m

p
le

s

a
re

p
re

se
n
t.

(e
-h

)
T

h
e

co
lo

u
r

sh
ow

s
th

e
d
iff

er
en

ce
in

m
ea

n
en

er
g
y

co
m

p
a
re

d
to

th
e

m
ea

n
en

er
g
y

a
t
t

=
t 0

(F
ig

u
re

4
c)

fo
r

th
e

sa
m

e
L

-M
L
T

b
in

.
T

h
e

b
in

is
co

lo
u
re

d

g
re

y
if

th
e

ch
a
n
g
e

in
en

er
g
y

d
is

tr
ib

u
ti

o
n
s

a
re

n
o
t

st
a
ti

st
ic

a
ll
y

si
g
n
ifi

ca
n
t

a
cc

o
rd

in
g

to
th

e
K

o
lm

o
g
o
ro

v
-S

m
ir

n
ov

te
st

.
(i

-l
)

T
h
e

co
lo

u
r

sh
ow

s
th

e
n
u
m

b
er

o
f

sa
m

p
le

s

a
n
d

a
b
in

is
co

lo
u
re

d
g
re

y
if

n
o

sa
m

p
le

s
a
re

p
re

se
n
t.

–13–



manuscript submitted to JGR: Space Physics

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, ET [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 (t− t0). The Sym-H and Sym-H*

values [nT] correspond to the right axis, and this axis was aligned with the ET axis according

to the DPS relation (equation 1). The standard deviations are indicated by the vertical bars and

uncertainties in time for ET 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, ∆SML [nT],

over substorm expansion phases.
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energy content values predicted from the corrected ring current index, Sym-H*, show a386

largely similar temporal dependence to the values using Sym-H. The magnitudes using387

Sym-H are also very similar to Sym-H*, differing by less than ∼ 0.1 × 1015 J.388

Although the peak in ET appears comparatively slight, partly due to the large y-389

axis range, we emphasise that the result is underpinned by statistical testing (see Fig-390

ure 4). Furthermore, comparisons of sample distributions for adjacent temporal bins around391

the ET peak show significant differences according to the Kolmogorov-Smirnov test with392

a confidence level of > 99.99 % (not shown for brevity).393

It is noted here that the time binsize of 6 hours is chosen, although we find that394

the minimum in observed ET remains at t = t0 + 6 hours when smaller time binsizes395

are used (not shown). However, binsizes smaller than 6 hours have significantly reduced396

statistical significance. Furthermore, for binsizes smaller than the duration of a full space-397

craft pass through the ring current region (4.5 hours) leads to inconsistent spatial sam-398

pling between time bins.399

Previous work has identified that the tail current systems can contribute signifi-400

cantly to the observed ring current indices during substorms (e.g., Belova & Maltskv,401

1994; Siscoe & Petschek, 1997; Turner et al., 2000; Ohtani et al., 2001; Kalegaev et al.,402

2005). Turner et al. (2000) shows that the tail current contributes ∼ 25 % to the ob-403

served ring current index value during both storm time and non-storm time substorms.404

To identify whether there was substorm activity during the storms analysed here, and405

hence important tail contributions to the Sym-H and Sym-H* indices, we include the av-406

erage SML index trace in Figure 6c. The SML index can be considered as equivalent to407

the AL index in terms of construction, and describes the strength of the high latitude408

nightside westward auroral electrojets (Newell & Gjerloev, 2011; Gjerloev, 2012). In con-409

trast to the AL index, the coverage of ground magnetometers used for the SML index410

extends over a larger range of latitudes (40−80 degrees magnetic latitude) and will pro-411

vide reliable measurements of the storm time westward auroral electrojet (Feldstein et412

al., 1999; Ahn et al., 2005). Reductions in the SML index are signatures of substorm ac-413

tivity and the magnitude of the reduction over the substorm expansion phase is an in-414

dicator of the substorm size. Figure 6c shows a decrease in the SML index during the415

storm, centred around the storm peak (t = t0).416

In order to investigate the role of substorm activity, the SOPHIE (Substorm On-417

sets and Phases from Indices of the Electrojet) identification technique is employed to418

identify the occurrence and properties of substorms during each storm (Forsyth et al.,419

2015). In this study, the SOPHIE technique identifies substorm expansion phases based420

on percentiles of the rate of change of the SML index (using an expansion percentile thresh-421

old of 75). During enhanced magnetospheric convection the SML index will exhibit substorm-422

like reductions and these fluctuations are also reflected in the SMU index, whereas dur-423

ing substorms the SML and SMU index vary relatively independently (Rostoker, 1972).424

In order to identify whether an expansion phase identification corresponds to a period425

of enhanced convection (a false identification), the SOPHIE technique also consults vari-426

ations in the SMU index and removes identifications where the SML and SMU indices427

are varying in a similar way. For full details on the SOPHIE technique the reader is re-428

ferred to Forsyth et al. (2015). Using the SOPHIE identifications, Figure 6d shows the429

average number of substorms in a given time bin, indicated by the height of the filled430

bars. The number of substorms maximise at the storm peak, with an average of 3−4431

substorms occurring for a typical storm. The circles in Figure 6d show the average size432

of the substorm, where the size was inferred from the change in the SML index over the433

substorm expansion phase. We also identify that substorms are, on average, largest at434

the storm peak.435

Although the energy content of the ring current is estimated by summing over all436

local time sectors and accounts for any local time dependences in energy content, the437
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Sym-H index is constructed by averaging over local time asymmetries. In order to more438

accurately compare the E values observed with the Sym-H indices, an alternative ap-439

proach can be adopted that aims to replicate the Sym-H generation technique. At a given440

time and for a given MLT sector shown in Figure 5a-d the values were summed over L441

bins to provide the energy content for the MLT sector. The value was then integrated442

to cover 24 hours of MLT, and from a single MLT sector estimate the total ring current443

energy content, ET. This echoes the Sym-H technique, where each magnetometer mea-444

sures perturbations that would correspond to a hypothetical symmetric ring current across445

all MLTs. The construction of the Sym-H index then averages the measurements from446

6 magnetometer stations to describe the average ring current over all local times. Es-447

sentially, the resultant ET values can be interpreted as what a single magnetometer would448

measure as the total ring current energy. Figure 7a shows the ET values binned for MLT449

and time relative to the storm peak. The colour of the bin shows the ET value. Figure450

7a demonstrates the key storm time features that have been previously identified. Specif-451

ically, we observe increases in energy content during the main phase that maximise close452

to the storm peak and gradually decay throughout the recovery phase. The ring current453

is also highly asymmetric around the storm peak, with values maximising in the premid-454

night MLT sector, and increasingly symmetric following the storm peak.455

The Sym-H index is generated by averaging perturbations from a range of local times.456

Figure 7b shows the result of averaging values shown in Figure 7a across all MLT sec-457

tors, considering each time bin separately. The pink open circles show the mean ET value,458

and the error-propagated standard deviation is shown by pink bars. (As before the bars459

are considerably smaller than the range of the axes and are not easily visible). The cor-460

responding mean Sym-H and Sym-H∗ values as a function of time are shown by the blue461

solid and light blue dashed profiles, respectively. The bars show the width of the stan-462

dard deviation. The y-axes are scaled according to the DPS relation (similarly to Fig-463

ure 6b). Overall, the profiles show the same features as discussed from Figure 6b. The464

estimates of total energy content are extremely similar in both magnitude and tempo-465

ral variation, and it appears that the alternative technique has little impact on the es-466

timations.467

An advantage of the technique is the ability to conduct a comparison to the Asy-468

H index. As described in section 2.2, the Sym-H index is the average over the pertur-469

bations measured across stations whereas the Asy-H index is the difference between the470

maximum and minimum perturbations across stations. Figure 7c shows the mean Asy-471

H index as a function of time in green, where the bars indicate the standard deviation472

across values. Using the ET values shown in Figure 7a, the maximum and minimum ET473

value across the range of MLT sectors can be taken for each time bin. The pink profile474

in Figure 7c shows the difference between the maximum and minimum value for each475

time bin, the vertical bars shows the error-propagated standard deviation, and the hor-476

izontal bars show the uncertainty in time. Note that the y-axes are scaled according to477

the DPS relation. Both the energy values and the Asy-H profiles show similar tempo-478

ral variation. The values increase during the main phase and maximise at the storm peak479

(within ±3 hours). The values then reduce throughout the recovery phase, with a rapid480

recovery in the early recovery phase and a comparatively gradual recovery in the late481

recovery phase. The variability in values is largest at the storm peak. These trends arise482

as the ring current is highly asymmetric at the storm peak and gradually becomes in-483

creasingly symmetric during the recovery phase (Figure 3 and 7a). Interestingly, we note484

that the peaks in observed asymmetry and intensity occur at different times during the485

storm, on average. Whereas the observed energy content (shaped by the magnitudes of486

ion source and loss processes) maximises at 3 ≤ t0 < 9 hours, the asymmetry (domi-487

nated by drift path configurations that control the ratio of open and closed drift paths)488

maximises at −3 ≤ t0 < 3. Figure 7c also shows that there are significant differences489

in magnitude between the observed energy values and the Asy-H index especially at the490

storm peak, similarly to the comparison to the Sym-H index. The source of the discrep-491
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Figure 7. (a) Total ring current energy content, ET [J] binned for MLT [h] and time relative

to the storm peak, t− t0 [h]. (b) The average ring current energy content, ET [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 (t − t0). The

Sym-H and Sym-H* values [nT] correspond to the right axis, and this axis was aligned with the

ET 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 (t − t0). 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 be492

discussed in the following section.493

3.3 Case Studies494

Figures 6b and 7b demonstrates that there is a statistical difference in the tempo-495

ral profile of the energy content estimated using ring current indices with the DPS re-496

lation and of the in situ estimates, such that the in situ values peak approximately 6 hours497

later. Is this a feature consistent across all storms or is it a result of averaging storms498

with different temporal trends? In order to shed light on this question we present a se-499

lection of case studies, shown in Figures 8 and 9.500

As before, the timeseries are plotted relative to the storm peak, defined using the501

Sym-H index. The Sym-H (blue) and Sym-H* (light blue) indices [nT] are shown in panel502

(a) and the SML (orange) and SMU (light orange) indices [nT] are shown in panel (b).503

The enhanced level of magnetospheric convection during the storm main phase is appar-504

ent from the simultaneous increase in the SMU index with the decrease in the SML in-505

dex. Superimposed deviations in the SML index, with no corresponding changes in the506

SMU index, are also evident throughout both events and indicate the occurrence of sub-507

storms. Panel (c) shows the number of substorms in each time bin (filled bars), as iden-508

tified using the SOPHIE technique, as well as the average change in SML index over the509

substorm expansion phases (circles). The Bz [nT] component of the magnetic field, as510

observed by GOES 15, is shown in panel (d). Periods when GOES 15 is located in the511

nightside magnetosphere (18 < MLT < 06) are indicated by the grey bars at the top512

of the panel. Figure 8d and Figure 9d both show rapid (less than ∼ 1 hour) enhance-513

ments in the Bz component throughout the storm period, indicative of substorm-associated514

dipolarizations of the magnetic field.515

The Van Allen Probes MLT and L location is shown in panels (e,f), in black for516

Probe A and in grey for Probe B. Both case studies have consistent L coverage across517

the time period of the storm. Figure 8e shows spacecraft passes through the midnight518

sector, and Figure 9e shows sampling of the dusk region. Panel (g) shows the L-MLT519

bins of width ∆L = 0.5 and ∆MLT = 24 hours, where the colour of the bin indicates520

the mean energy content, E [J]. Figure 8g and 9g show variations in the energy content521

during the storm period, with the values increasing across almost all L values then de-522

creasing. However, the duration of the enhancement differs between the case studies. In523

order to extract changes in energy content relative to the time of the storm peak, panel524

(h) shows the difference in mean energy content relative to t = t0, ∆E [J], for the same525

spatial bin. Prior to the storm peak, the energy values are reduced by ∼ 1013 J. Fol-526

lowing the storm peak, Figure 8 shows a general decrease in energy whereas Figure 9 shows527

initial enhancements in the early recovery phase followed by a decrease after a few days.528

The variation is further explored in panel (i), which shows the estimated total energy529

content, ET [J], obtained by summing over the spatial bins for each time bin. As some530

time periods have L bins with no sampling, the L dependence shown in Figure 2b is used531

to extrapolate over the 3 ≤ L ≤ 7 region. Figure 8h,i shows that the energy content532

increases prior to the storm peak, over the main phase, and then maximises at the storm533

peak, following a gradual reduction in the energy content over the recovery phase. This534

closely follows the temporal trends of the ring current indices. Figure 9h,i similarly shows535

that the energy content increases over the main phase. However, following the storm peak536

(t > t0) there is continued enhancement and the energy content peaks ∼ 12 hours af-537

terwards. This is in agreement with the statistical trends shown in Figure 4.538

It is noted here that larger time bins are used compared to Figure 6. This was to539

avoid differences between inbound and outbound spacecraft passes (which sample dif-540

ferent MLT sectors) being interpreted as temporal variations. Using a time bin of 12 hours541

ensures that a full orbit is sampled.542
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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 − t0). (a) Sym-H (blue) and Sym-H* (light blue) indices [nT]. (b) SML

(orange) and SMU (light orange) indices [nT]. (c) The number of substorms for each time bin

(filled bars) and the average change in SML index, ∆SML [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 ∆L = 0.5 and ∆MLT = 24 hours. (h)

Energy content of an L-MLT bin relative to the value of the bin at t − t0. (i) The total energy

content, ET 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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4 Discussion and Interpretation543

The results demonstrate clear and statistically significant changes in the energy con-544

tent, both in magnitude as well as local time distribution. Prior to the storm peak and545

during the main phase, the ring current undergoes large global enhancements with the546

energy content more than doubling in some regions. Interestingly, the L shell dependence547

is observed to be relatively independent of storm phase, where the L profile shown in Fig-548

ure 2b is similar for both storm times and quiet times. The peak in energy content does549

not demonstrate any observable change in L location. Although some previous work sug-550

gets that the peak moves Earthwards during storm times (e.g., Hamilton et al., 1988;551

Roeder et al., 1996), Zhao et al. (2015) observes that the energy density peak does not552

exhibit substantial changes in L position. Zhao et al. (2015) asserts that although the553

low energy ion contribution is significant during storm times and moves to lower L val-554

ues, the higher energy (> few hundred keV) H+ contribution that is neglected in some555

studies does not change significantly in L location. Therefore, the higher energy ions con-556

tinue to control the location of the ring current energy peak and, especially for small and557

moderate storms, are critical in determining the L distribution of energy content. The558

results shown here support the conclusions of Zhao et al. (2015), and suggests that the559

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

In terms of the MLT distribution, Figures 5 and 7 demonstrates that during the561

main phase, the energy content is highly asymmetric and the values peak in the premid-562

night sector. This feature is well documented and attributed to the enhanced supply of563

plasma from the nightside plasma sheet via injection and convection (e.g., Fok et al., 1996;564

Antonova & Ganushkina, 1997; Ebihara & Ejiri, 2000; Ebihara et al., 2002; Lui, 2003;565

Buzulukova et al., 2010; Li et al., 2011; Perez et al., 2012; Katus et al., 2013). Due to566

strongly enhanced electric fields in the inner magnetosphere, the ring current is domi-567

nated by ions on open drift paths. Ions enter the inner magnetosphere on the nightside,568

experience westward drift, and are lost to the duskside magnetopause, thus generating569

the local time asymmetry (Takahashi et al., 1990; Liemohn et al., 2001; Milillo et al., 2003;570

Liemohn et al., 2015; Mouikis et al., 2019).571

Closely following the storm peak (3 ≤ t0 < 9 hours), the ring current becomes572

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

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

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

lowing ions to be trapped on closed drift paths and access all local time sectors (e.g., Daglis576

et al., 2003; Liemohn et al., 2001). The drift of ions from the duskside on closed drift577

paths acts to reduce the local time asymmetry (Ebihara & Ejiri, 2000; Antonova et al.,578

2014). Throughout the recovery phase, the ring current asymmetry continues to decrease579

as the ions drift and populate all local time sectors (Ebihara & Ejiri, 2000). The energy580

content gradually reduces due to a multitude of ring current loss process, namely charge581

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

2015).583

4.1 Discrepancies between the Ring Current Energy Content and the584

Ring Current Indices585

Although both the in situ observations and energy values derived using the DPS586

relation with ring current indices show the same general trends, where the energy con-587

tent increases during the main phase then gradually reduces in the recovery phase, there588

are also significant discrepancies in the magnitude and temporal variations. These are589

clearly apparent from Figure 6a. We find that during the storm period, the in situ es-590

timates are ∼ 50% smaller than the estimates using Sym-H and Sym-H*, and are al-591

most 4 times smaller at the storm peak.592
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The observed discrepancy may initially appear to contradict some previous results.593

For example, Greenspan and Hamilton (2000) show that, on average, during geomag-594

netic storms the DPS relation is upheld with no significant discrepancy between the Dst595

index and in situ measurements. However, a key factor relating to the Greenspan and596

Hamilton (2000) study and others, is that the statistical analyses consider the full storm597

interval and instead order observations using ring current indices (whereas in this study598

we separate samples according to storm phase). Due to the comparatively longer dura-599

tion of the recovery phase compared to the main phase, the statistical storm time anal-600

ysis will be mostly represented by recovery phase samples. The results shown here sug-601

gest that the statistically significant discrepancy with the DPS relation predominantly602

occurs in a relatively small period of time compared to the storm length and compared603

to the recovery phase duration. Therefore, we suggest that time periods where the DPS604

relation is not a good description is not statistically significant when Greenspan and Hamil-605

ton (2000) and others consider the full storm period. On this basis, it is justified that606

these results do not necessarily contradict previous work, but instead highlights the ca-607

pabilities of different analysis techniques to understand the temporal evolution during608

geomagnetic storms. Furthermore, previous studies also report a difference in magnitude609

between observed ring current energy content and values derived from ring current in-610

dices with the DPS relation. For example, Hamilton et al. (1988) observes that ring cur-611

rent energy content ranges from 1 to 4 times smaller than the estimates using the DPS612

relation applied to the Dst index. Previous work attributes discrepancies in the magni-613

tude to a variety of factors, which will now be discussed in the context of this study.614

4.1.1 Unrepresentative in situ estimates615

The in situ estimates of ring current energy content assume that the total energy616

is contributed by ions within an L range from 3 to 7. If these assumptions disregard a617

population or region that contributes a substantial amount of energy to the ring current,618

then the approach will underestimate the total ring current energy content. Although619

it is assumed that the ring current is carried solely by ions and neglects electron contri-620

butions, results from Zhao et al. (2016) show that this is a reasonable premise. Zhao et621

al. (2016) demonstrated the electrons contribute approximate 12% of the energy content622

for a moderate storm, and even less for intense storms. The electron contribution is clearly623

insufficient to be dominating the observed discrepancy.624

In terms of the L range considered, Zhao et al. (2015) identified that ring current625

ions at radial distances outside the Van Allen Probe coverage have a very small contri-626

bution due to the steep radial gradient in energy density. Therefore, we conclude that627

the L range is not excluding a substantial portion of the ring current energy density.628

4.1.2 Contributions from other current systems629

A breadth of the published literature demonstrates that the Sym-H index includes630

significant contributions from additional magnetospheric current systems:631

1. Internal magnetic fields. Dessler and Parker (1959) showed that for a perfectly dia-632

magnetic Earth, the magnetic field perturbation is multiplied by ∼ 50% at the633

equator. Langel and Estes (1985) suggested that the observed ring current indices634

should be multiplied by 0.3 - 0.5 in order to mitigate for this contribution.635

2. The magnetopause. Enhancements in the magnetopause current contribute pos-636

itively to the measured magnetic field perurbation, as demonstrated by strong cor-637

relations between the solar wind dynamic pressure and ring current indices (Stepanova638

et al., 2019). In order to account for this contribution, Burton et al. (1975) sug-639

gested the use of a corrected ring current index. However, Figure 6a shows that640

the discrepancy persists.641
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3. The substorm current wedge. When a substorm current wedge is present, ground642

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

ative perturbation and stations located inside the wedge experience a positive per-644

turbation. If the station coverage is uniform, then this effect is averaged out. If645

station coverage is limited, then the contribution from the substorm current wedge646

can be significant, with reports that the perturbation is comparable to the tail cur-647

rent effects (Friedrich et al., 1999; Munsami, 2000). The Sym-H index is derived648

from only 6 magnetometer stations, suggesting that the substorm current wedge649

effects could be important. However, the large similarity in results when the SMR650

index is used instead (derived from ∼ 100 stations (Newell & Gjerloev, 2012)),651

indicates that this is unlikely to be the dominant driver of the discrepancy with652

in situ estimates.653

4. The tail current. As previously mentioned, preceding work shows that the tail cur-654

rent is a significant contributor to the observed ring current indices, representing655

∼ 25% of the measured perturbation (e.g., Turner et al., 2000). Dubyagin et al.656

(2014) observed a nearly linear relationship between the ring current index and657

the tail current contribution, and concluded that the tail current is a dominant658

factor compared to the other additional current systems. Furthermore, Kalegaev659

et al. (2005) establishes that during moderate storm times, the tail current and660

ring current contributions to ring current indices are comparable, although the tail661

current contribution is less important for intense storms.662

4.2 The Role of Substorms663

Figure 6a shows a temporal discrepancy, where the in situ energy content estima-664

tion peaks, on average, at a later time (3 ≤ t0 < 9 hours) than estimates using the665

Sym-H index. From an examination of in situ tail current observations, Ohtani et al. (2001)666

found that there is a tendency for a substorm onset to occur at the storm peak. The au-667

thors suggest that the associated reduction of the tail current following substorm onset668

drives a corresponding reduction in the magnitude of the observed Sym-H index (see also669

Iyemori and Rao (1996) and Friedrich et al. (1999)). Therefore, Ohtani et al. (2001) con-670

cluded that the start of the recovery phase (or equivalently the time of the storm peak),671

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

dependent of the ring current intensity. Furthermore, Ohtani et al. (2001) suggest that673

a substorm onset would act to increase the ring current enhancement following the storm674

peak through substorm-associated ion injections. They also noted that the estimates of675

the tail current contribution are restricted by spacecraft coverage. The contribution to676

the Sym-H index is likely to be even larger as they cannot measure how widely and com-677

pletely the tail current is disrupted. This effect is also supported by modelling results,678

where Kalegaev et al. (2005) showed that the tail current begins to decay while the ring679

current continues intensifying during a storm. The substorm-related recovery of the tail680

current was estimated to cause an increase in the Dst index by approximately 50 nT for681

a moderate storm.682

However, the analysis conducted by Ohtani et al. (2001) considered the effect of683

a single substorm and showed that the storm peak in Sym-H would be shifted by ∼ 1684

hour earlier (timescale for a substorm). To support the observations shown in Figure 6a,685

where the storm peak is shifted by several hours, we require a sustained and continued686

period of substorm activity. This is confirmed by Figure 6b,c. We observe substorm ac-687

tivity throughout storms, but the frequency and substorm size clearly maximises at the688

storm peak. The high level of substorm activity not only reduces the tail current con-689

tribution, but also enhances the supply of plasma to the ring current region. Substorms690

are associated with long lived and substantial enhancements in ring current ion fluxes691

through enhanced convection and injection events (e.g., Reeves & Henderson, 2001; Yue692

et al., 2018; Sandhu, Rae, et al., 2018; Sandhu et al., 2019). For example, Gkioulidou693

et al. (2014) demonstrates that substorms play a crucial role in contributing to and build-694
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ing up ring current energy content during geomagnetic storms. The continued transport695

of plasma from the nightside plasma sheet is evident from the nightside enhancements696

following the storm peak (Figure 4d).697

Figure 9i provides an example of continued ring current energisation following the698

storm peak. Figure 9b shows both enhanced convection as well as intensified levels of699

substorm activity throughout the main phase and around the storm peak. The substorm700

identifications shown in Figure 9c demonstrate that as well as heightened substorm oc-701

currence (8 substorms occurring close to the storm peak), the average size of these sub-702

storms is slightly increased with an average ∆ SML ∼ −300 nT. The magnetic field ob-703

servations at geosynchronous orbit, provided by the GOES 15 spacecraft and shown in704

Figure 9c, indicate coincident dipolarisation signatures on the nightside and provides sup-705

port for the enhanced level of substorm activity during the main phase. The frequency706

and size of substorms then subsides during the recovery phase (Figure 9b-d).707

In contrast, Figure 8i shows that the ring current energy content peak is coincident708

with the storm peak. For this storm there is significant substorm activity during the early709

main phase (5 substorms with an average size of ∼ 800 nT) which is reflected in slight710

positive perturbations in the Sym-H trace (Figure 8a-d). However, at the storm peak711

the level of substorm activity is considerably decreased. Comparing Figure 8c to Fig-712

ure 9c reveals that the average substorm size is approximately halved. However, during713

the recovery phase the number of substorms is markedly elevated. High numbers of sub-714

storms are observed with coincident dipolarisation signatures (Figure 8c,d). For this storm,715

we suggest that the low level of substorm activity during the end of the main phase did716

not significantly change the tail current. The start of the recovery phase in the Sym-H717

index is not thought to be driven by tail current dynamics, and instead is driven by the718

ring current. Although there is observed substorm activity during the recovery phase and719

the early main phase, the dynamics at the storm peak would be the key factor for caus-720

ing an early recovery in the Sym-H index and generating a temporal discrepancy between721

the Sym-H index and the in situ energy values.722

Overall, Figures 8 and 9 show that although the Sym-H trace tends to show sim-723

ilar temporal trends, the ring current energy content variation with time is more vari-724

able. This variability in the level of agreement between the in situ observations and Sym-725

H trace is further supported by additional case studies (not shown here for brevity). We726

suggest that the varying timing discrepancy between the storm peak and the maximum727

in ring current energy content may be dominated by varying levels of substorm activ-728

ity during a storm. A comparison between Figures 8b,c and Figure 9b,c show that the729

level of substorm activity varies significantly between individual storm events, so the dom-730

inance of the tail current dynamics close to the storm peak is expected to also vary sub-731

stantially between events.732

As the energy content maxima occurs at varying times relative to the storm peak,733

the superposed epoch analysis approach has averaged over peaks occurring at different734

points. This leads to the very broad peak in energy content shown in Figure 6a. In or-735

der to further investigate when the ring current energy content peaks, without apply-736

ing assumptions of local time asymmetries on a spacecraft sampling a single MLT sec-737

tor, we require global, multi-point measurements of the inner magnetosphere. Future work738

will focus on multi-spacecraft analysis of the ring current during storm times to inves-739

tigate the temporal profiles further.740

5 Conclusions741

Spatial variations in energy content during geomagnetic storms were explored us-742

ing observations from the HOPE and RBSPICE instruments onboard the Van Allen Probes.743

The presence of an asymmetric ring current, with significant energy enhancements in the744
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premidnight MLT sector, agrees with previous work and provide information on ion tra-745

jectories in the inner magnetosphere. The distribution of energy content with L shows746

little change with storm phase, supporting previous results that the high energy pop-747

ulation dominates the peak location.748

A superposed epoch analysis revealed important discrepancies between in situ en-749

ergy content measurements and estimated values using ring current indices. In agree-750

ment with previous results, the Sym-H index combined with the DPS relation severely751

overestimates the ring current energy content. Statistically, there are substantial tem-752

poral discrepancies, such that energies estimated using the Sym-H index peak at an ear-753

lier time than the ring current energy content. The magnitude of this discrepancy is on754

average between 3 to 9 hours, and a suggested cause is intense substorm activity occur-755

ring at the end of the main phase. The discrepancies in magnitude and timing persist756

for the Sym-H* index, the Dst index, the SMR index, and the partial SMR indices. An757

analysis of case studies show that level of agreement between the ring current indices and758

the ring current energy content is highly variable. We emphasise that the substorm-ring759

current relationship is complicated. Although previous studies ((e.g., Ohtani et al., 2001))760

provides some basis for the proposed mechanisms, further quantitative analysis of the761

tail current contribution to the Sym-H index is essential for validating the suggested role762

of substorm activity.763

Overall, this work highlights the level of variability across storms, and proposes the764

importance of substorms in inner magnetospheric dynamics. We challenge the use of the765

Sym-H index to directly infer temporal variations in the ring current intensity and high-766

light potential issues with using ring current indices to organise storm time behaviour767

(Borovsky & Shprits, 2017; “Exploration of a Composite Index to Describe Magneto-768

spheric Activity: Reduction of the Magnetospheric State Vector to a Single Scalar”, 2018).769

In order to fully understand the drivers of the Sym-H index and the cause of these re-770

ported discrepancies, future work will involve a corresponding investigation into the role771

of the tail current during storm times, as well as focusing on how the Sym-H index may772

be corrected to account for non-ring current contributions.773
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