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Abstract. During auroral substorms, the electric currents
�owing in the ionosphere change rapidly, and a large amount
of energy is dissipated in the auroral ionosphere. An impor-
tant part of the auroral current system is the auroral elec-
trojets whose pro�les can be estimated from magnetic �eld
measurements from low-earth orbit satellites. In this paper,
we combine electrojet data derived from the Swarm satellite
mission of the European Space Agency with the substorm
database derived from the SuperMAG ground magnetometer
network data. We organize the electrojet data in relation to
the location and time of the onset and obtain statistics for the
development of the integrated current and latitudinal location
for the auroral electrojets relative to the onset. The major fea-
tures of the behaviour of the westward electrojet are found to
be in accordance with earlier studies of �eld-aligned currents
and ground magnetometer observations of substorm tempo-
ral statistics. In addition, we show that, after the onset, the
latitudinal location of the maximum of the westward electro-
jet determined from Swarm satellite data is mostly located
close to the SuperMAG onset latitude in the local time sector
of the onset regardless of where the onset happens. We also
show that the SuperMAG onset corresponds to a strengthen-
ing of the order of 100 kA in the amplitude of the median
of the westward integrated current in the Swarm data from
15 min before to 15 min after the onset.

1 Introduction

Ionospheric electric currents give rise to a variety of space
weather effects that in�uence the performance and reliabil-
ity of space-borne and ground-based technological systems.

Problems in ground-based systems occur, for instance, due
to geomagnetically induced currents (GIC) in technological
conductor systems such as power grids (Pirjola, 2000, 2002).
Substorms are a major source of GIC (Viljanen et al., 2006)
because the geoelectric �elds and induced currents are linked
to rapid changes in the ionospheric currents, which are
highly variable during substorms. A better understanding of
the temporal and spatial structure of the high-latitude iono-
spheric currents during substorms, in particular a better de-
scription of their contribution for a given time and location,
is therefore of great importance not only for advances in fun-
damental space research but also regarding practical applica-
tions.

Rostoker et al. (1980) gave a general de�nition of a mag-
netospheric substorm as “a transient process initiated on the
nightside of the earth in which a signi�cant amount of energy
derived from the solar wind–magnetosphere interaction is de-
posited in the auroral ionosphere and in the magnetosphere”
and, more speci�cally, as a time interval in which most of the
energy dissipation is con�ned to the auroral oval. Following
the de�nition of Rostoker et al. (1980), the onset of the sub-
storm is associated with a large increase in auroral luminosity
in the midnight sector of the auroral oval. The development
of the aurora at the onset time and during substorms was �rst
described by Akasofu (1964), who determined that, despite
the variability from substorm to substorm, there are common
substorm features, such as the formation and expansion of the
bulge poleward, westward and eastward. Another prevalent
phenomenon linked to substorms is the formation of the sub-
storm current wedge (SCW). Bonnevier et al. (1970), Horn-
ing et al. (1974) and McPherron et al. (1973) established that
the SCW is an integral part of substorm physics. The mag-
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netic �eld signature of the enhanced currents related to the
SCW can be observed from the ground, and the signature
also provides a way of identifying substorms and substorm
onsets in principle without direct observations of the aurora
(Newell and Gjerloev, 2011a; Forsyth et al., 2015). The SCW
has been and still is an active research topic (see Kepko et al.,
2015, for a review). Ohtani et al. (2021b) found evidence that
the nightside subauroral magnetic signatures of substorms
can be attributed to the SCW. Recently, the open question
of the possible role of small-scale wedgelets in forming the
large-scale SCW has also gathered attention (Liu et al., 2015;
Nishimura et al., 2020; Ohtani and Gjerloev, 2020; Orr et al.,
2021).

The statistical behaviour of the aurora, the enhanced �eld-
aligned currents (FACs) linked to the aurora, and the SCW
and the horizontal ionospheric currents related to the SCW
have been studied extensively. Gjerloev et al. (2007) used
satellite observations in the ultraviolet to perform a statisti-
cal study of the auroral features described by Akasofu (1964)
and obtained a quantitative description of the development
of the bulge and the oval aurora. Ohtani et al. (2021a) de-
scribed the observations of double auroral bulges, Forsyth
et al. (2018) studied the seasonal variation of FACs related
to substorms from AMPERE (Active Magnetosphere and
Planetary Electrodynamics Response Experiment) data and
Coxon et al. (2014) also used AMPERE data to derive statis-
tics of Region 1 and Region 2 FACs during substorms in re-
lation to open magnetic �ux. Gjerloev and Hoffman (2014)
provided an empirical model of the equivalent current sys-
tem at the peak of a bulge-type auroral substorm, and Orr
et al. (2019) used a directed network analysis to estimate
the evolution of the equivalent current pattern during sub-
storms. In this study, we will use the divergence-free cur-
rent calculated with the spherical elementary current system
(SECS) method (Vanhamäki et al., 2003; Vanhamäki and Ju-
usola, 2020) provided by the Auroral Electrojet and auro-
ral Boundaries estimated from Swarm observations (Swarm-
AEBS) data products from the European Space Agency's
Swarm mission (Friis-Christensen et al., 2006). We combine
the Swarm-AEBS data set with a SuperMAG substorm list
(Gjerloev, 2012; Newell and Gjerloev, 2011a, b) to derive
statistics for the divergence-free current linked to the auro-
ral electrojets in relation to the substorm onsets. Statistics of
the ionospheric currents using the SECS method and Swarm
have been derived in previous studies from the viewpoint
of hemispheric and seasonal differences (Workayehu et al.,
2019, 2020). Using the Swarm data in the substorm context
provided by SuperMAG will enable this study to focus on
the substorm time divergence-free currents. Swarm also pro-
vides a different view of the currents compared with ground-
based magnetometers, as the latitudinal coverage of the au-
roral oval crossing is not dependent on the network density,
and the effect of ground-induced currents on the magnetome-
ter measurements, which can sum up to tens of percent of the

total �eld strength at ground level (Juusola et al., 2020), is
subdued at Swarm altitudes.

In general, the horizontal ionospheric currents can be mod-
elled as sheet currents on a spherical surface with a ra-
dius ofRE C110 km (Earth radiusRE D 6371:2 km). In this
thin-shell approximation (Untiedt and Baumjohann, 1993),
the horizontal ionospheric sheet current density can be sep-
arated into two components: the curl-free part, connected
to the FACs such that it closes the regions of upward and
downward current, and the divergence-free part, forming
a rotational current that closes within the ionospheric cur-
rent sheet (Amm and Viljanen, 1999). The eastward elec-
trojet (EEJ) in the dusk sector and the westward electro-
jet (WEJ) in the dawn sector are major features associated
with the divergence-free system. These currents can be stud-
ied using the magnetic �eld observations from ground and
space. Ground-based networks usually provide better spa-
tial coverage and are able to separate spatial and temporal
changes in the magnetic �eld, but the networks are relatively
sparse and can only provide knowledge on the equivalent cur-
rent pattern that corresponds to the divergence-free current.
Observations made by satellites and satellite constellations
such as Swarm, CHAMP (CHAllenging Minisatellite Pay-
load; Reigber et al., 2002) and AMPERE (Anderson et al.,
2000, 2002, 2014, 2018; Waters et al., 2001, 2004, 2020;
Coxon et al., 2018), which orbit the Earth above the current
sheet, can also provide observations about the FAC and the
curl-free current system along the orbits, but the spatial cov-
erage is usually more limited, and it can be dif�cult to sepa-
rate spatial and temporal changes. Satellites in low earth or-
bit are still relatively close (i.e.< 500 km) to the ionospheric
currents which enables them to provide information about
the ionospheric current system in reasonable latitudinal res-
olution compared with the auroral oval extent. Signals from
structures smaller than the distance between the satellite and
ionosphere get strongly attenuated, as the magnetic �eld sig-
nature of divergence-free currents obey the Laplace equation
(Amm and Viljanen, 1999). In particular, we can character-
ize the development of the substorm temporal statistics of
the dominant features of the horizontal divergence-free cur-
rents and the auroral electrojets using Swarm data. The anal-
ysis is done for both the EEJ and the WEJ, and we obtain
spatio-temporal statistics of the divergence-free current car-
ried by auroral electrojets and their boundaries in relation to
substorm onset time and location. The structure of the pa-
per is as follows: the data and methods used are described in
Sect. 2; the results are presented in Sect. 3; Sect. 4 contains
discussion; and Sect. 5 summarizes the conclusions.
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