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Abstract

We quantify the spatio-temporal evolution of the substorm ionospheric current system
utilizing the SuperMAG 100+ magnetometers. We construct dynamical directed networks
from this data for the first time. If the canonical cross-correlation (CCC) between vec-
tor magnetic field perturbations observed at two magnetometer stations exceeds a thresh-
old, they form a network connection. The time lag at which CCC is maximal determines
the direction of propagation or expansion of the structure captured by the network con-
nection. If spatial correlation reflects ionospheric current patterns, network properties
can test different models for the evolving substorm current system. We select 86 isolated
substorms based on nightside ground station coverage. We find, and obtain the timings
for, a consistent picture in which the classic substorm current wedge (SCW) forms. A
current system is seen pre-midnight following the SCW westward expansion. Later, there
is a weaker signal of eastward expansion. Finally, there is evidence of substorm-enhanced
convection.

1 Plain Language Summary

Space weather makes beautiful auroral displays (the northern and southern lights),
but with these come large-scale electrical currents in the ionosphere which generate dis-
turbances of magnetic fields on the ground. These are observed by > 100 magnetome-
ter stations on the ground, and the challenge is to extract the important information from
these many observations and present it as a few key parameters that indicate how se-
vere the ground impact will be. Networks are now a common analysis tool in societal
data, where people are linked based on various social relationships. Other examples of
networks include the world wide web, where websites are connected via hyperlinks, or
maps where places are linked via roads. We have constructed networks from the mag-
netometer observations of space weather events (geomagnetic sub-storms), where mag-
netometers are linked if there is significant correlation between the observations. There
has been considerable debate as to how the ionospheric pattern evolves during a geomag-
netic substorm. We are able to use the networks to resolve some of these controversies.

2 Introduction

Substorms, their associated current systems, and the corresponding geomagnetic
displacements seen at earth, have been the subject of longstanding interest (Pulkkinen,
2015). The fundamental morphology, stages of development, and their timings are well
established (Akasofu, 1964). The classic scenario is that of the formation of a substorm
current wedge (SCW) (McPherron, Russell, & Aubry, 1973), a rapidly appearing, intense
westward electrojet that follows disruption to the cross-tail current system. This corre-
sponds to the DP1 pattern of magnetic perturbations in the nightside auroral zone, which
appears in addition to the DP2 geomagnetic counterpart associated with the convective
system in the dawn and dusk auroral zones (Nishida, 1968). However, there have been
several important variants of this picture. Kamide and Kokubun (1996) proposed a two
component auroral electrojet, and Sergeev et al. (2011) argued that their computational
wedge model is more consistent with observations, if an additional region two polarity
field-aligned current is added to the classic SCW cartoon. Gjerloev and Hoffman (2014)
proposed a two-wedge current system, comprised of a bulge and an oval current wedge,
in their empirical model of the ionospheric equivalent current system, during an auro-
ral substorm. Recently it was proposed, by Liu et al. (2018), that there is no large-scale
westward electrojet but rather many small, individual segments. These proposed mod-
els point to the outstanding question: what is the average substorm current system mor-
phology that we can quantify and resolve uniquely from the full set of available ground-
based magnetometer observations? The goal of this paper is to construct a method that
quantifies the time-evolving spatial pattern seen across all 100+ magnetometers, in a man-
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ner that allows systematic averaging across may substorm events. This will provide a
quantitative benchmark to test against model predictions. Key aspects of many of the
above models, whilst being physically distinctive, are qualitative. Our results place these
qualitative predictions in direct contact with the observations, and can thus drive for-
ward the formation of quantitative hypotheses that will allow these models to be distin-
guished.

The SuperMAG initiative (Gjerloev, 2012) makes the full set of 100+ ground-based
magnetometer observations routinely available, with a standardized coordinate system
and a common baseline, supporting both single event and comparative statistical stud-
ies. In this form the data is now amenable to analysis methodologies designed to quan-
tify spatio-temporal pattern in sets of multiple, spatially distributed observations. Com-
plex network methodology has recently grown in popularity as a useful mathematical tool
and has been used to analyse complex systems from a variety of disciplines ranging from
social sciences (Albert & Barabdsi, 2002; Newman, 2003; Watts & Strogatz, 1998) to geo-
physical data (Boccaletti, Latora, Moreno, Chavez, & Hwang, 2006; Malik, Bookhagen,
Marwan, & Kurths, 2012; McGranaghan, Mannucci, Verkhoglyadova, & Malik, 2017; Stol-
bova, Tupikina, Bookhagen, Marwan, & Kurths, 2014; Wiedermann, Radebach, Donges,
Kurths, & Donner, 2016). Crucially, unlike other data assimilative methods, including
AMIE (Richmond & Kamide, 1988), network analysis does not introduce spatial corre-
lation. Furthermore, our network analysis does not require any a priori assumptions for
variation in ground conductivity since we normalize for this using solely the data to de-
termine the time and station dependent network threshold.

Dods, Chapman, and Gjerloev (2015) recently demonstrated, on a small set of events,
that a network methodology could be applied to the full set of magnetometers for sin-
gle isolated substorms to yield a characteristic network signature of substorm onset. The
networks are time-dependent, hence contain information on the timings of substorm evo-
lution (Dods, Chapman, & Gjerloev, 2017). Canonical correlation is used to study cor-
relations between multivariate datasets (Reinsel, 2003). If we have two vector time se-
ries, canonical correlation analysis will determine the linear combination of the two which
are maximally cross-correlated. The cross-correlation between these linear combinations
is the (1st) canonical cross-correlation (CCC) component. The key elements of this net-
work analysis are (i) to calculate the CCC of the vector magnetic field time series be-
tween each pair of magnetometers and (ii) to apply a station and event specific thresh-
old to this CCC, which is obtained directly from the data. The station pairs that have
CCC above the threshold then form a time varying network.

The analysis of Dods et al. (2015), only examined the undirected network (zero-
lag CCC). This was sufficient to reveal the initial formation of the SCW at substorm on-
set but without directional information could not capture the full spatio-temporal evo-
lution of the current system. In this paper we construct the networks based on the (of-
ten non-zero) time lags at which the CCC between each pair of stations is maximal, to
form the substorm directed network, which captures the direction of information prop-
agation between network nodes (magnetometers). Looking across a range of CCC lags
captures the full pattern of spatial correlation and how it evolves in time. Non-zero CCC
lags indicate the time-scale for propagation or expansion of a coherent structure and the
sign of the lag gives the direction of propagation or expansion. We construct specific sub-
networks to test the hypotheses of different proposed models for how the ionospheric cur-
rent system evolves. The sub-networks isolate different spatial regions and allow us to
test for connections between them. We will focus on spatially well-sampled isolated sub-
storm events and establish network parameters that characterize how the magnetome-
ters collectively respond to the SCW. We have identified 86 events that meet the sam-
pling requirements (this is a subset of the substorm list used in the series of papers by
Gjerloev and Hoffman (Gjerloev & Hoffman, 2014; Gjerloev, Hoffman, Sigwarth, & Frank,
2007)). We find timings for a pattern in the magnetic field perturbations consistent with
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the SCW formation at onset which then expands westward to form a coherent current
system in the pre-midnight sector. There is additional weaker, eastward expansion of the
SCW, followed by coherent correlation patterns spanning the entire nightside.

The organization of the paper is as follows. In section 3 we describe the methods
and the data used to obtain the directed networks. In section 4 we highlight a case study
of one substorm and present a statistical survey 86 events which reveals how on aver-
age the spatial pattern of correlation evolves as the substorm progresses. We conclude
in section 5.

3 Methods
3.1 Constructing the dynamical directed network

For each substorm we first construct the full dynamical directed network before di-
viding it into sub-networks that flag spatial correlation within and between specific spa-
tial regions. These regions are selected to test different proposed models of substorm cur-
rent patterns. The term ’dynamical’ is used here as in the networks literature (Jost, 2007).
Our analysis cannot resolve short-range fine structures that are smaller than, or of the
order of the inter-magnetometer spacings, but can test whether long-range spatially cor-
related patterns exist. The method for forming a network, at zero lag, is detailed in Dods
et al. (2015). The magnetometer stations form the nodes of the network and a given pair
of nodes are connected if the CCC of their vector magnetic field perturbation time se-
ries exceeds an event and station specific threshold, as specified in Dods et al. (2015).

In summary, the CCC is calculated over a 128 minute running window of the magnetic
field perturbations observed by magnetometer pairs. The data is at minute resolution,
giving a 128 point CCC for each station pair, every minute. The 128 minute sliding win-
dow is chosen to give sufficient accuracy in the computed cross-correlation function whilst
also capturing the large-scale spatial and temporal behaviour of the substorm current
wedge. Dods et al. (2017) previously demonstrated using model time series that this win-
dow length resolves changes on timescales much shorter than that of the window, specif-
ically capturing onset where there is a sharp ramp in activity in time as the SCW forms.
A network is calculated for every minute and all times, t, will refer to the leading edge
of the window, that is the last time point spanned by the window (i.e. a window span-
ning time interval [T, T + 127] will have network properties plotted at time ¢ = T +
127). Each windowed, three-component vector magnetic field time series is (1) linearly
detrended and (2) the CCC is calculated for each station pair then (3) if the correlation
between magnetometers ¢ and j exceeds the maximum of the two station thresholds then
they are connected and are part of the network. For a network with M active magne-
tometers, an M x M adjacency matrix, A, is formed which has A;; =1, if 7 and j are
connected, and A;; = 0, otherwise. The station specific threshold for each magnetome-
ter station is determined such that the station will be connected to the network for 5%
of the month (28 days) surrounding the event. This ensures that all stations have the
same likelihood of being connected to the network, independent of their individual sen-
sitivities to an overhead current perturbation, which in turn depends on the individual
instrument characteristics and the local time and season dependent ground conductiv-

ity.

Dods et al. (2015) constructed the network using just the CCC at zero lag. Here,
we form the directed network by considering the lag at which the CCC is maximal, 7,
up to a lag of 15 minutes. The value of the CCC value at lag 7. is used to determine
if the stations are connected (exceeds the threshold) and each connection then also has
a direction and timescale of propagation of the observed signal, which is spatially coher-
ent between the two stations. This potentially corresponds to the coherent pattern of
time-varying ionospheric currents. The adjacency matrix, A, is not symmetric and the
sign of 7.;; determines the signal propagation direction for A;;. If the CCC between mag-
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netometer ¢ and j is above the threshold (they are connected), but with 7. < 0, we can
infer that the signal originates at j and propagates towards i, j — ¢. If 7. > 0 the prop-
agation is 7 — j.

Gjerloev (2012) found that the probability distributions of differences between Su-
perMAG baselines and official quiet days rarely exceed 20nT. For consistency we also
exclude magnetometers from the network whose time series of magnetic field perturba-
tions never exceed this noise level.

3.2 Data and event selection

We analyse vector magnetometer time series at 1 minute time resolution for the
full set of magnetometer stations available from the SuperMAG database. This data is
processed as in Gjerloev (2012), such that the ground magnetic field perturbations are
in the same coordinate system, and have had a common baseline removed. A set of iso-
lated substorm events, occurring between 1997 — 2000, has been previously identified
in Gjerloev et al. (2007). These events have been selected such that (i) they are isolated
single events optically and magnetically; (ii) the onset location is spatially defined; (iii)
bulge-type auroral events; (iv) there is a single expansion and recovery phase (or the end
of the event is at the time of a new expansion); (v) the entire bulge region is in dark-
ness to eliminate any terminator effects; and (vi) they are not during magnetic storms
(|Dst| < 30nT) or prolonged magnetic activity. The requirement for darkness creates
biases as the events with the majority of the nightside in darkness are in the months around
winter solstice. Excluding daylit stations does however avoid large differences in ground
conductivity between the stations which would otherwise dominate the CCC analysis.
We also require that activity levels are low for a full window of 128 minutes before the
substorm onset. Together these selection criteria, along with the requirement for a suf-
ficient number of stations in the spatial region around onset (described below) give 86
suitably isolated substorms (listed in the SI.)

3.3 Normalization to a substorm epoch time

It is well established that substorms vary in duration (Kullen & Karlsson, 2004;
Tanskanen, Pulkkinen, Koskinen, & Slavin, 2002). In order to perform an average across
many events we need to map each event onto a single normalized time-base such that,
once normalized, all substorms share a common onset time and take the same length of
time to evolve from onset to the peak of activity. Following Gjerloev et al. (2007), the
observed event time, ¢, is related to the normalized time, ¢/, by:

T t— tonse
= E X ( t) (1)

tpeak: — tonset

where Tr = 30 minutes, approximately the average length of a substorm expansion phase.
The onset time is then at ¢/ = 0 and the time of peak expansion ¢’ = 30. The critical
timings for this normalization, tonset and tpeqk, can be unambiguously identified in these
isolated substorm events.

3.4 Sub-networks for specific auroral spatial regions

We construct time-varying directed sub-networks that quantify correlation within
and between specific spatial regions in the nightside. These spatial regions are selected
for each event as shown in Figure 1. The network is constructed using stations located
between 60—75° magnetic latitude and within the nightside. Gjerloev and Hoffman in-
dividually determined the timings and positions of onset and the east and west ends of
the bulge portion of the aurora using polar VIS images (Gjerloev et al., 2007). The LT
of the bulge edges at the time of maximum expansion (¢ = 30) have been used to de-
fine the boundaries of region B. The study was repeated using the east and west bound-

©2018 American Geophysical Union. All rights reserved.
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Figure 1. SuperMAG polar plot indicating the spatial regions A, B and C for which we ob-
tain sub-networks. All data is from stations between 60 —  75° magnetic latitude, within the
nightside. The LT boundaries between A, B and C are different for each event and are deter-
mined from Polar VIS images; they are separated by the east and west boundaries of the bulge

at the time of maximum expansion (dashed lines). The magnetic latitude and local time of onset

(again from Polar VIS) for each event, are indicated by the yellow star.

aries of the bulge fifteen normalized minutes before, and after, the maximum expansion
phase (t = 15 and t' = 45), results are presented in the SI. This gives slight differ-
ences but the overall results and conclusions are unchanged. The SCW is typically six
hours of local time in extent (Gjerloev et al., 2007) which corresponds to region B; re-
gions A and C are westwards and eastwards of the SCW respectively.

We will present a detailed study of the sub-networks for a single event and then
will compare it to the average sub-network behaviour seen across all 86 isolated substorms.
An event was identified which has > 7 magnetometer stations in each of regions A, B
and C for the duration of the substorm; this occurs on 01—Jan—1999 with onset at 04 :
52 UT. It had a relatively short expansion phase, 17 minutes, and a thin SCW, extend-
ing over 4.1 hours of LT at the time of peak expansion (¢ = 30). For the averaged study
over 86 events we require at least three magnetometers in a spatial region for it’s sub-
network to be included in the study. For example, a substorm in which there were > 3
magnetometers in regions A and B, but < 3 in C, will contribute to the average sub-
networks behaviour within A and B but not within sub-network C. We repeated the en-
tire analysis with the more restrictive criterion of > 7 magnetometers and found very
similar results (see SI). One benefit of using network analysis is that we do not require
a spatially uniform grid of magnetometers, that being said, the condition of having >
3 magnetometers per region gives a mean spatial separation distance (within regions)
of ~ 1000km.

The spatial regions A, B and C are defined such that the sub-networks are always
in the same local time relative to the SCW but, as the earth rotates, the geomagnetic
location of the magnetometer stations will vary. This will not affect the properties of the
computed network provided regions A, B, C continue to be well-sampled with stations.
However, the number of stations within each region can change. We therefore include
a normalization to the number of possible connections to define the parameter that we
will use to quantify the network, the normalized number of connections:

S S A
N@ON (@) =1)

a(t) =

where A is the adjacency matrix and N (¢) is the number of active magnetometers.

©2018 Arfierican Geophysical Union. All rights reserved.
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19 Figure 2. The normalized number of connections, a(t', 7), is binned by the lag of maxi-
250 mal canonical cross-correlation (CCC), |7.|. Each panel stacks vertically (one above the other)
51 a(t', 7c) versus normalized time, t', for |7.] < 15. |7| is indicated by colour (see colour bar).

252 Panel 1 plots the SuperMAG electrojet index, SME. Panels 2 — 10 plot « for connections within
253 and between each of the regions A, B and C (identified in Figure 1). The left columns plot a

254 single event, whereas the right plots the average of 86 events (containing sub-networks with > 3
255 magnetometers per region). Substorm onset (green dashed line) is at # = 0 and the maximum of

256 the expansion phase (purple dashed line) is at ¢’ = 30.
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257 4.1 Observed timings of spatial correlation

8 We now present (in figure 2) the directed network for the individual substorm iden-

259 tified above (left column), and the average of all 86 selected substorms (right column).

260 Substorm evolution is not necessarily linear but the individual substorm is plotted as an

51 example to highlight that the multi-event mean is a reasonable average. Having obtained

262 the sub-networks for each region (identified in figure 1), we have the normalized num-

63 ber of connections, a(t', 7.) (equation 2) within (panels 2—4), or between the regions

64 A, B and C (panels 5 — 10). Looking at connected magnetometers within each region

265 provides timings of the emergence of coherent spatial patterns of correlation in the mag-

66 netic field perturbations (at ground level), whilst connections between regions provide

267 information on how these patterns are propagating and/or expanding through out the

268 substorm; any inter-region dependencies will also be flagged. If all possible magnetome-

269 ter connections are present then o = 1. Since the connections between regions (e.g. A—C

270 and C—A) are plotted separately (e.g. panel 7 and 8), then if these were fully connected,

) the sum over the two plots would be 1. Hence the range of values for the y-axes for con-

72 nections between regions (panels 5-10) are half the size of that within the regions (pan-

273 els 2—4).

74 As the networks are constructed using the time delay/lag at which the CCC be-

215 tween each pair of magnetometer stations is maximal, each connection has an associated

276 signed lag, 7.. We bin the number of connections («) into ranges of the magnitude of

77 this lag (7). Connections which are at zero lag have no time delay i.e. 7. = 0 (grey),

278 and connections with an associated direction of propagation/ expansion, from one mag-

279 netometer to another, have a range of delays, that is, lags from 1 — 15 minutes (blue-

280 red). The sign of the lag indicates a direction of propagation or expansion from one mag-

a1 netometer location to another; this information is combined with the physical geograph-

3 ical locations of the magnetometers to determine if the propagation/expansion is east-

283 ward or westward. The connections are separated into different panels for each direc-

284 tion and then binned by the magnitude of the lag. For example, between regions A and

35 C, panel 7 plots the A—C propagation/expansion, eastward, from region A into region

286 C whilst panel 8 plots C—A propagation/expansion, westward, from region C into re-

287 gion A. Connections with a lag 7. = 0 (indicated in grey) are plotted on both panels

58 7 and 8 (A—C and C—A) as they simply indicate instantaneous correlation between re-

289 gions A and C, which have no associated direction and thus, by definition the grey bars

200 are identical on the two plots.

‘o1 Figure 2 stacks the time series of the normalized number of connections, a(t’, 7..),
so that the value of « for each range of | 7. | are plotted one above the other for increas-

203 ing | 7. |. The stacking is such that each independent «(#',7.) is visible. The envelope

04 is then the total (normalized) number of connections over all lags, that is, all | 7. |<

% 15. For example, during the individual substorm (left column), we see mostly instanta-

206 neous (grey) correlation within A (panel 2) with an additional low level of lagged cor-

207 relation later in the substorm. On the other hand within B (panel 3), at the time of peak

8 expansion (purple dashed line) the network is made up of ~ 10% instantaneous corre-

209 lation, ~ 80% with 1 <| 7. |< 5 (fast propagating or expanding) and < 10% of con-

300 nections have | 7. |> 6 (slow expansion or propagation). The plot covers the time in-

o terval —10 < ¢ < 50 normalized minutes where the times of onset, peak expansion

s02 and the 10 minute intervals in-between are indicated with vertical dashed lines. The fig-

303 ure presents a summary of time-varying spatial correlation for each sub-network for the

04 duration of the substorm. The full networks for the individual substorm are plotted in

505 the SI. The SME (SuperMAG electrojet index) for the individual event, and its multi-

306 event average, is plotted in panel 1 of figure 2. We can see that although the events are

207 on a normalized time-base, the multi-event average is more smooth and responds less

208 sharply to onset than the individual event.

©2018 Anferican Geophysical Union. All rights reserved.



300 Prior to onset, the multi-event average shows some spatially coherent connections

310 within each of regions A and C (panels 2 and 4). These connections are mostly instan-

u taneous (| 7. |= 0, grey shading) or with 1 minute lag (| 7. |= 1, dark blue shading).

312 Importantly these regions are not correlated with each other, so that the number of A—C
213 and C—A connections are small (panels 7 and 8). At onset, in both the individual event
14 and the statistical average, (panel 3) we see that the sub-network within region B has

315 the most prompt and largest response, that is, increase in spatial correlation. For the

16 individual substorm we see a sharp increase in the number of correlated pairs, beginning
s17 at onset (t' = 0) and increasing to ~ 100% (all magnetometers within B are highly cor-
318 related) at ¢’ ~ 15. Likewise, the multi-event average number of correlated magnetome-
19 ter pairs within the B sub-network begins to increase at onset, but it is smoother and

320 reaches a peak slightly later than in the individual event; in this case, correlation max-
o imizes with ~ 60% connectivity at ¢’ ~ 25. The January substorm onset is mainly char-
22 acterized by fast propagating (0—6 minutes lag) connections whilst in the multi-event

323 mean sub-network ~ 80% of connections are propagating (non-zero peak lag) through-
224 out. This is consistent with a pattern that is both coherent and propagating and/or ex-
2 panding. The timings of region B growth are consistent across the majority of substorms
326 observed.

7 About 10 normalized minutes after onset we can see in panel 6 westward propa-

328 gation and/or expansion from region B (around onset) into region A (westward of on-

29 set), B—A. This coincides with an increase in spatial correlation within region A (panel
30 2). For both the individual and the multi-event average, the B—A time series (panel 6),
331 that is, the relative increase in the number of connections at different lags, resembles that
33 of the network located wholly within region B (panel 3), except that it occurs ~ 10 nor-
33 malized minutes later and has about half the magnitude. Within region A (panel 2), ~
334 50% of magnetometers become highly correlated at 20 < ¢’ < 30. For the individual

35 substorm most of the connections between magnetometers are instantaneous, but for the
336 multi-event average ~ % of the increase in the number of connections is at non-zero lag.
337 We have found some variation between individual substorms as to how spatial correla-

38 tion between magnetometers within region A develops from —10 < ¢/ < 50, with some

339 substorms having no obvious response to onset. The A—B (panel 5) propagation and/or
340 expansion develops on similar timescales to B —A (panel 6) but there are significantly
a1 fewer connections (20—30% of magnetometers correlated at peak, ' = 30) within the

342 multi-event average, with ~ % of these connections being instantaneous (zero lag, no

343 direction).

344 The sub-network for region C (panel 4, east of the SCW) has the smallest response
to substorm onset of any region. The January substorm remains moderately connected
346 (~ 23%) from before onset until long after peak expansion. The multi-event average be-
1 gins to increase at 10 < ¢’ < 20 and the region is maximally correlated after peak ex-

348 pansion, ¢ > 30 with ~ 20% of magnetometer pairs being connected; this pattern of

349 correlation is consistent long into the recovery phase. This is consistent with many of

50 the individual substorms showing little/no response to onset. In panel 9 we see that re-
51 gion B becomes correlated with region C with eastwards propagation and/or expansion
352 (B—C) ~ 10—20 normalized minutes after onset, peaking with ~ 20% magnetometer

353 pairs correlated at ¢’ > 30. In panel 10, we can see that for the individual event < 10%
4 of magnetometers are correlated from C—B, with this small increase only occurring ~
355 25 normalized minutes after onset. Correlation increases by ~ 15% for the multi-event
356 average between ¢’ ~ 10 and ¢’ ~ 30. Thus the response within region C simply tracks

57 that of the propagation or expansion from B — C, and any propagation from C — B

358 occurs subsequently.

359 Finally, ~ 10 — 20 normalized minutes after onset, in panels 7 and 8 we see cor-

260 relation growing relatively slowly between regions A and C (west and east of the onset
361 location, respectively), reaching a maximum level of connectedness at ¢’ ~ 40, long af-
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362 ter the time of peak expansion. There is slightly more eastward propagation (A—C, >
363 20% of magnetometers) than westward propagation (C—A, ~ 10% and ~ 18% of mag-

5 netometer pairs for the individual and multi-event average, respectively). Again, the lagged
365 correlation originating in C is very small (and mostly instantaneous) for the individual

266 event.

367 4.2 Interpretation

368 If we can interpret coherent patterns of spatial correlation across the distributed

369 SuperMAG magnetometers as the emergence of current systems, the above time-dependent
70 network provides an evolution sequence, with timings, for the substorm current system

an in the nightside. Our analysis then provides a quantitative measure of spatial coherence

72 as well as the time scales on which evolution occurs. By separating the nightside into

373 three regions we have attempted to isolate the components that have been proposed. To

374 use the terminology of Kamide and Kokubun (1996) we have: (A) eastward electrojet;
275 (B) substorm unloading component (SCW) and (C) westward electrojet. Whereas B is

76 associated with the substorm current wedge, or DP1 perturbations, A and C can be re-

377 lated to the general magnetospheric convective system, DP2 (Nishida, 1968), which is

78 enhanced during substorm growth and expansion phases (Milan et al., 2017). To sum-

379 marize the above results we identify key time ranges, before and after onset: 0 < ¢} <

380 10, 10 < ¢4 < 20, 20 < t4 < 30 and t; > 30 in terms of normalized time, t'. Relating

381 these intervals to substorm evolution ¢} is following onset, t5 is expansion phase, ¢4 is

382 near substorm peak and ¢} is the early recovery phase. The timings are:

383 « Before onset, the pre- and post-midnight regions A and C each have a relatively

84 weak coherent pattern consistent with convection (DP2); notably A and C are not

85 coherent with each other.

386 « In t} we first see the formation of a substorm current wedge (SCW/DP1) around

387 onset (correlation within B) which approaches maximum in t}.

58 o In ¢}, there is westward propagation and/or expansion of the SCW west towards

89 the pre-midnight region (A). We see connections (B—A) and at the same time a

390 signature of a coherent current system within region A (correlation within A). This

91 is shortly followed by weaker correlation from A—B, indicating that the entire A-

30 B system is now correlated. These all approach a maximum at tj.

303 + A weaker signal of eastward propagation and/or expansion of the SCW towards

% the post-midnight region starts in t}, and reaches its maximum in ¢j. We see con-

395 nections (B—C) and on a similar timescale a signature of a coherent current sys-
tem within region C (correlation within C), with additional weaker correlation from

307 C—B. The correlation in region C is relatively low.

% + The regions eastward and westward of onset (A and C) each have a coherent pat-

599 tern consistent with enhanced magnetospheric convection (DP2). Later in the sub-

400 storm there is coherence between regions A and C, beginning well after onset, in

01 t,, and reaching maximum correlation in ¢}, that is, only after region B has be-

0 come correlated with all other regions. This can either reflect direct correlation

203 between A and C, or could simply imply that both A and C are correlated with

404 B.

405 We can then consider what support these results provide for proposed models for

206 substorm current systems, specifically, models with a single westward electrojet segment

o7 (Kamide & Kokubun, 1996; McPherron et al., 1973), a westward and, a lower (but still

408 in the auroral zones) latitude eastward electrojet segment (Ritter & Liihr, 2008; Sergeev

409 et al., 2014, 2011); two unconnected westward electrojet segments pre- and post-midnight

‘10 (Gjerloev & Hoffman, 2014; Rostoker, 1996) and finally many small individual segments

an (Liu et al., 2018). Importantly, any method for quantifying spatial correlation cannot

a2 distinguish between direct correlation (here, A—C) and indirect correlation (here, A—B—C);
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this indirect correlation may enhance the number of A—C connections relative to B—C.
Therefore our results are not inconsistent with multiple separate current systems pro-
vided that they are either spatially correlated with each other, or on spatial scales smaller
than that of the magnetometer spacing.

The coherent patterns of eastward and westward expansion are in agreement with
previous work using synchronous space and ground based magnetometers (Nagai, 1982,
1991). However, we have not found definitive support for two, or more, distinct and un-
correlated substorm current systems. A lag, | 7. |> 0, for B—C connections, implies
that C is delayed with respect to B, consistent with a propagation from B to C. Inter-
preting these results in terms of current components suggest two scenarios for this prop-
agation: i) a single current segment which is expanding from B to C; or, ii) a current seg-
ment in B and another in C, where the segment in C is correlated with that in B but
is developing with some delay. There is no interpretation of our results which would sug-
gest a scenario where regions B and C are uncorrelated, independent current systems.

If they are associated entirely with general magnetospheric convection (DP2 sys-
tem), the pre- and post- midnight (A and C) are directly-driven by the solar wind and

must enhance on similar time-scales, although the magnitudes may differ (Kamide & Kokubun,

1996). We have found that pre-onset, the regions A and C each have coherent, but rel-
atively small, signatures of correlation with little CCC between them. Post-onset, in both
the individual event and the average over 86 substorms, the long range east to west (A—C)
correlation patterns only emerge after the growth of the SCW (region B). The growth

of spatially coherent patterns appears first in B (the SCW, at onset) followed by A (with
correlation between B and A) and later, in C. This suggests that following onset, A and

C are not solely attributable to enhanced convection and the presence of contempora-
neous B — C and B— A connections suggests that there may be a combination of con-
tributions from convection enhancement and SCW expansion. Importantly, this does not
require that a current segment in A expands or propagates into C.

Finally, if instead of a large scale SCW there were only many small, uncorrelated,
individual segments (Liu et al., 2018) we would not expect to find the long-range cor-
relations (A to C) seen here (also SI, figure 1). Since we calculate CCC on minute res-
olution time series, each connection in the network is derived from a 128 minute time
window. Thus we cannot resolve short-timescale events such as a large number of small
wedgelets each associated with a bursty bulk flow (BBF) in the plasma sheet which have
lifetimes of some 10 min. In addition, we cannot resolve structures that are on smaller
spatial scales than the inter-magnetometer spacing. If multiple wedgelets are present,
their spatial aggregate would give an overall large-scale magnetic amplitude signature
mainly at the edges of the region containing the wedgelets, regardless of whether or not
the wedglets are spatio-temporally correlated. Here, both spatial and temporal informa-
tion is used to obtain the cross-correlation so that temporally uncorrelated wedgelets would
give no spatially coherent signature of cross correlation at all, whereas if the same wedgelets
were temporally correlated, we would find a signature of spatial cross-correlation.

Potential limitations to the technique include sensitivity to the location of the east
and west bulge boundaries, which are static and therefore may not fully represent fast
changes in the time-varying current system. There may also be a spatial coarse-graining
effect due to the geographic location of the finite number of magnetometers; there are
few near the eastward SWC boundary during the January substorm. To test this we present
the same plots for this event, but with the east and west boundaries of the bulge at ¢’ =
15 and ¢’ = 45 in the SI. These show little change from the results shown in Figure 2.
Additionally, the detailed network maps of the individual event, for the times represented
by the vertical dashed lines in Figure 2, onset-peak, are provided in the SI. They high-
light the importance of the spatial coverage and geographical locations of the highly cor-
related magnetometer pairs.
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a65 Also, in the analysis and by the organization of data into three regions, A, B, C,

166 we are quantifying the coherence over these regions. This is over a range in both lati-

57 tude (60 — 75°) and local time (typically region B is ~ 6 hrs LT). The westward elec-

468 trojet around onset (B) may not cover all latitudes but our analysis technique is mainly
469 addressing the various SCW models which differ in their local time distribution.

0 5 Conclusions

an We used the full set of SuperMAG ground-based magnetometer observations of iso-
72 lated substorms to quantify the time evolution of patterns of spatial correlation. If the

473 observed pattern of spatial correlation between magnetometer observations captures iono-
7 spheric current patterns then we can directly test different models for substorm iono-

a7 spheric current systems. We have obtained the first directed networks for isolated sub-

at6 storms. Each connection in the network indicates when the maximum canonical cross-

ar7 correlation CCC between the vector magnetic field perturbations seen at each pair of mag-
78 netometers exceeds an event and station specific threshold. The maximum of the CCC

479 corresponding to each connection in the network can occur at a non-zero time lag. The

50 resulting directed network then contains information, not only on the formation of co-

81 herent patterns seen by multiple magnetometers, but also on the propagation and/or ex-
482 pansion of these spatially coherent structures.

83 To gain insight on the ionospheric current system during a substorm, we obtained
a8 specific time-varying sub-networks from the data which isolate specific physical regions.
485 These regions are west (A), within (B) and east (C) of the bulge boundaries for each sub-
186 storm (obtained from polar VIS images at the time of peak expansion). We presented

287 both a study of an individual event, which has at least seven magnetometers in each of

38 these regions for the duration of the substorm, as well as the average of the network prop-
489 erties of 86 substorm events. If the observed pattern of spatial correlation between mag-
490 netometer observations captures ionospheric current patterns, we find the following se-

n quence of events in terms of key time ranges after onset: 0 < ¢} < 10, 10 < ¢, < 20,

492 20 < t§ < 30 and t} > 30 (¢ is normalized time (Gjerloev et al., 2007)):

9 + Pre- onset, the pre- and post-midnight regions A and C each have a relatively weak

204 coherent pattern consistent with general magnetospheric convection (DP2) and

405 are not coherent with each other.

6 + A dominant substorm current wedge (SCW) forming around the onset location
(within region B) at the time of onset, ¢1, which reaches maximum spatial corre-

498 lation at t5, half way through the expansion phase.

299  This is followed by a westward expansion of this SCW (starting at to, with peak

% at t3) contemporaneous to and coherent with a current system in the pre-midnight

501 region (within A).

502 + An additional weaker eastward expansion of the SCW (starting slowly at t5 with

3 peak at t4). The signal of a self-contained current post-midnight (region C) is rel-

504 atively weaker and occurs late in the substorm. The enhancement of C is delayed

505 with respect to that of A.

06 « Following the SCW expansion, A and C are coherent with each other, but at the

So7 same time are coherent with the SCW. This is consistent with a combination of

508 convection and expansion of the SCW.

<09 These conclusions are drawn from the averaged network over 86 isolated substorms.

510 Although the overall spatio-temporal timings revealed by this network analysis are rea-

511 sonably consistent between individual events and the 86 event average for the formation

e of a SCW around onset (B) and it’s expansion both east (B—C) and west (B—A), the

513 exact timings of the current system evolution varies. Variability between events could

514 be intrinsic or could relate to the observing conditions, such as differing magnetometer
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515 spatial coverage or the static choice of location for region boundaries. Future work will

516 quantify event-by-event variability across multiple events and extend the analysis to mul-
17 tiple, compound events. So far in our analysis we have not utilized the direction of the
518 (vector) maximal CCC. In principle this could resolve the direction of the electojet (east-
519 ward /westward).
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