
Journal of Geophysical Research: Space Physics

Solar wind control of ionospheric equivalent currents
and their time derivatives
L. Juusola1, K. Kauristie1, M. van de Kamp1, E. I. Tanskanen1, K. Mursula2, T. Asikainen2,
K. Andréeová1,3, N. Partamies1,4, H. Vanhamäki1,2, and A. Viljanen1

1Finnish Meteorological Institute, Helsinki, Finland, 2Astronomy and Space Physics, University of Oulu, Oulu, Finland,
3Department of Physics, University of Helsinki, Helsinki, Finland, 4University Centre in Svalbard, Longyearbyen, Norway

Abstract A solid understanding of the solar wind control of ground magnetic field disturbances
is essential for utilizing the existing long time series of ground data to obtain information on solar
wind-magnetosphere-ionosphere coupling. We have used 20 years of International Monitor for Auroral
Geomagnetic Effects magnetometer data (54∘–76∘ magnetic latitude) to study the solar wind control of the
ionospheric equivalent current density and its time derivative (< |dJeq∕dt|>). We found that < |dJeq∕dt|>
peaks at the premidnight and prenoon ends of the westward electrojet. The prenoon < |dJeq∕dt|> peak
was most intense during fast solar wind and radial interplanetary magnetic field (IMF). The location of
the peak was not affected by the IMF orientation but persisted at 8–10 magnetic local time and 70∘–75∘
latitude, near the boundary between the westward and eastward electrojets. Sensitivity of this boundary
to disturbances was suggested as a possible explanation for the persistent prenoon location of the peak.
The premidnight peak was most intense during southward IMF orientation. While faster solar wind mainly
resulted in more intense < |dJeq∕dt|> in the premidnight sector, stronger IMF caused the region of intense
< |dJeq∕dt|> to spread to the postmidnight, dawn, and dusk sectors. A good correspondence was found
between development of the nightside < |dJeq∕dt|> intensification and average substorm bulge and oval
aurora as determined by Gjerloev et al. (2007). The bulge aurora covered the western end of the westward
electrojet where the equivalent current also had a significant poleward component. The substorm oval
aurora, on the other hand, extended eastward along the westward electrojet.

1. Introduction

Ground magnetic field data are available in long time series that could provide information on the driving
solar wind conditions even before the start of direct solar wind observations. Such interpretations, however,
require a solid understanding of the solar wind control of the ground magnetic field disturbances. Ground
magnetic disturbance can also provide information on the processes associated with the transfer of solar
wind energy into the magnetosphere-ionosphere system as well as the processes associated with the dissipa-
tion of that energy. An ionospheric equivalent current map is a representation of combined ground magnetic
field data from several stations. In general, high-latitude ionospheric equivalent current density vectors tend
to be antiparallel to E × B flow vectors [Weygand et al., 2012]. The flow pattern, in turn, is largely controlled
by the interplanetary magnetic field (IMF) and solar wind plasma [Dungey, 1961; Axford and Hines, 1961;
Dungey, 1963; Russell, 1972; Luhmann et al., 1984; Weimer, 1995, 1996; Milan, 2004; Imber et al., 2006, 2007;
Juusola et al., 2014a].

Energy transfer from the solar wind into the magnetosphere is often described using coupling functions.
Several functional forms exist, but the solar wind parameters typically included are two components of the
IMF, Bz and By , and solar wind speed [e.g., Newell et al., 2007, and references therein]. IMF Bx is typically not
included. IMF Bx is generally not included in global self-consistent magnetohydrodynamic simulations either,
as a varying nonzero IMF Bx would lead to ∇ ⋅ B ≠ 0 in the solver [Roe, 1981].

Because geomagnetically induced currents occur together with large time derivatives of the ground mag-
netic field (dH∕dt) [Viljanen, 1997; Boteler et al., 1998; Pirjola, 2000], characteristics of intense dH∕dt have been
extensively studied [Viljanen et al., 2001, 2006; Viljanen and Tanskanen, 2011]. Intense dH∕dt are typically asso-
ciated with the westward electrojet [Viljanen and Tanskanen, 2011]. In the premidnight and midnight sectors,
intense dH∕dt are related to changes in the electrojet amplitude, while in the dawn sector, intense dH∕dt
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are associated with geomagnetic pulsations [Viljanen and Tanskanen, 2011]. Characteristics of the weaker but
more typical values, however, have received less attention.

Weigel et al. [2003] have shown that the average time derivative of the north-south component of the ground
magnetic field (|dBx∕dt|) has two peaks, one in the prenoon sector around 9 magnetic local time (MLT) and
one in the premidnight sector around 23 MLT, and that the sign changes of the average ground Bx take place
approximately in the same sectors. Weigel et al. [2003] also showed that of the solar wind drivers, the solar
wind speed has the strongest effect on the dayside |dBx∕dt| peak and IMF Bz almost no effect. Thus, Weigel
et al. [2003] attributed the driving of the dayside |dBx∕dt| peak to the Kelvin-Helmholtz instability and the
asymmetry about noon to the typical spiral orientation of the IMF. This indicates that different IMF orienta-
tions would then be expected to produce a peak at different dayside MLTs, but Weigel et al. [2003] did not
examine this.

Weigel et al. [2003] also did not consider the effects of IMF Bx , although it could be an important driver of distur-
bances in the dayside magnetosphere and ionosphere. Especially, when Bx is the dominant IMF component, a
highly turbulent foreshock forms directly upstream of the bow shock in front of Earth’s magnetosphere [e.g.,
Eastwood et al., 2005]. The foreshock is a significant source of ultralow-frequency (ULF) wave activity, which can
penetrate the magnetopause and cause disturbances in the magnetosphere, ionosphere, and on the ground.
High-speed solar wind is generally associated with more fluctuations than slow solar wind [Marsch and Tu,
1990; Snekvik et al., 2013], indicating that an increased speed should enhance the effect.

It is clear that the ground magnetic field and its time derivative do not always behave similarly or have the
same dependence on solar wind and IMF drivers. The response also depends on local time. Nightside dH∕dt
activity is mainly associated with the loading-unloading or substorm [Caan et al., 1978] cycle driven by a
southward IMF orientation and fast solar wind speed, whereas dayside dH∕dt activity might be expected
to be associated with a radial IMF orientation and fast solar wind speed. Moreover, depending on the IMF
orientation, disturbance on either dayside or nightside might be more prevalent.

In this study, we have used 20 years of ground-based magnetic field measurements from the North European
International Monitor for Auroral Geomagnetic Effects (IMAGE) [Tanskanen, 2009] from 1994 to 2013 to study
the solar wind and IMF control of the ionospheric equivalent currents and their time derivatives at different
magnetic latitudes and local times. We will start by introducing the data used (section 2), then show (section 3)
and discuss the results (section 4), and summarize the conclusions (section 5).

2. Data and Methods

The main sources of the ground magnetic field disturbances at high latitudes are horizontal ionospheric cur-
rents between about 90 and 130 km altitude [Kamide et al., 1977]. Ground magnetic measurements are often
most conveniently represented in the form of equivalent currents. By definition, the ionospheric equivalent
current is a spherical divergence-free sheet current that produces the same magnetic field below the iono-
sphere as the real ionospheric and field-aligned currents. In principle, such an equivalent current can always be
uniquely defined for any ground magnetic disturbance field. At high magnetic latitudes we can approximately
assume that the field-aligned currents flow radially into or out of the ionosphere, in which case the iono-
spheric equivalent current is equal to the divergence-free part of the real ionospheric current. For a further
discussion about equivalent currents see, e.g., Vanhamäki and Amm [2011, and references therein].

In this study, we have used the north-south (Bx) and east-west (By) components of the magnetic field from
the 10 s IMAGE ground magnetometer data between 1994 and 2013. Derivation of maps of the equivalent
current density and its time derivative as a function of Altitude Adjusted Corrected Geomagnetic Coordinates
(AACGM) latitude and magnetic local time (MLT) [Baker and Wing, 1989] from IMAGE data for every 10 s from
1994 to 2013 is described by Juusola et al. [2015]. Here we briefly summarize the procedure.

First, a baseline consisting of the regular quiet time variations in the magnetic field was subtracted from
the magnetometer data using the method by van de Kamp [2013]. The remaining data consist of the distur-
bance magnetic field caused by the components of ionospheric currents which are due to space weather
disturbances as well as currents induced in the solid Earth. The induced currents strengthen the horizontal
disturbance magnetic field by about 10–20%, although at substorm onset the internal contribution can be
up to 40% [Tanskanen et al., 2001]. Thus, assuming that the internal contribution to the disturbance magnetic
field is negligible may result in somewhat overestimated ionospheric equivalent current density amplitudes.
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Figure 1. Averages of all data. (a) < |dJeq∕dt|> (color) and < dJeq∕dt > (arrows) for the time derivative of the
equivalent current density over the 20 year interval 1994–2013 as a function of AACGM latitude and MLT. The location
of the dayside maximum < |dJeq∕dt|> is marked with the blue upside down triangle and the location of the nightside
maximum < |dJeq∕dt|> with the blue triangle. The blue curve is the 50 A/km contour of < |Jeq|>. (b) The same as
Figure 1a except that the color shows the standard deviation (SD) of |dJeq∕dt|. (c) The same as Figure 1a except that the
color shows < d|Jeq|∕dt >. (d) < |Jeq|> (color) and < Jeq > (arrows). The location of the maximum < |Jeq|> is marked
with the blue diamond. The blue curve is the same as in Figure 1a. (e) The same as Figure 1d except that the color and
blue diamond show the standard deviation of |Jeq| and the location of its maximum. (f ) The colors and the blue
triangles are the same as in Figure 1a, but the arrows show the E × B drift velocity (< V>), derived from Super Dual
Auroral Radar Network (SuperDARN) measurements [Juusola et al., 2014a]. The blue (upward) and red (downward)
curves are the ±0.1 A/km2 contours of the field-aligned current density (< j|| >), derived from Challenging Minisatellite
Payload (CHAMP) satellite magnetic field measurements [Juusola et al., 2014a].
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Next, we used the 2-D Spherical Elementary Current System method [Amm, 1997; Amm and Viljanen, 1999] to
derive maps of the ionospheric equivalent current density (Jeq(t) [A/km]) at 100 km altitude from the distur-
bance magnetic field. For the maps, we used a grid that covered the AACGM latitudes 54.0∘–75.6∘ with steps
of 0.6∘ and the AACGM longitudes 85.4∘–116.2∘ with steps of 1.4∘. Finally, corresponding maps of the time
derivative of the equivalent current density for each epoch t were obtained by subtracting the map of the
subsequent epoch (t + 10 s) from the map of the previous epoch (t − 10 s): dJeq∕dt = (Jeq(t + 10s) − Jeq(t −
10s))∕20s.

Maps of the mean and standard deviation of both the equivalent current density (Jeq, |Jeq|) and the time
derivative of the equivalent current density (dJeq∕dt, |dJeq∕dt|,d|Jeq|∕dt) were calculated on an AACGM
latitude-MLT grid similar to that used by Milan et al. [2010] and Juusola et al. [2014a]. Examples of the resulting
distributions are shown in Figure 1 (discussed in section 3.1). In Figure 1, we only show the arrows for every
other grid point, for clarity.

The statistical maps were constructed from the 10 s maps. Only grid points of the 10 s maps within 200 km
horizontal distance [Juusola et al., 2015] from the closest operational magnetometer were included when
calculating the statistical maps. The temporal mean (denoted by “< >”) was calculated from the x and y
components of the equivalent current density and its time derivative for each grid cell separately as

< dJeq∕dt > =< dJeq,x∕dt > ‚x+ < dJeq,y∕dt > ‚y (1)

< |dJeq∕dt|> =<
√

(dJeq,x∕dt)2 + (dJeq,y∕dt)2 > (2)

< d|Jeq|∕dt > =< d
√

J2
eq,x + J2

eq,y∕dt > (3)

< Jeq > =< Jeq,x > ‚x+ < Jeq,y > ‚y (4)

< |Jeq|> =<
√

J2
eq,x + J2

eq,y > (5)

Thus, | < dJeq∕dt > | (e.g., arrow length in Figure 1a) and< |dJeq∕dt|> (color in Figure 1a) or | < Jeq > | (arrow
length in Figure 1d) and < |Jeq|> (color in Figure 1d) are not expected to be equal. Our motivation for using
different definitions to describe the average behavior of the time derivative of the equivalent current density
was that while< dJeq∕dt > (equation (1)) could be used to detect systematic preferences for certain directions,
< d|Jeq|∕dt > (equation (3)) would reveal possible increases and decreases in the equivalent current density
strength. In case the directions were random but the vectors long, both< dJeq∕dt > and < d|Jeq|∕dt > would
be small but < |dJeq∕dt|> (equation (2)) large.

In order to create statistical maps for different solar wind plasma and IMF conditions, solar wind data in geo-
centric solar magnetospheric coordinates at 1 min resolution, propagated to the Earth’s bow shock nose, were
extracted from NASA/Goddard Space Flight Center’s (GSFC) OMNI data set through the OMNIWeb interface
(http://omniweb.gsfc.nasa.gov/). The OMNIWeb data were further delayed by 15 min in order to take into
account the signal transit time from the magnetopause to the ionosphere [Weimer et al., 2003].

In order to construct a statistical equivalent current density map (or a time derivative map) corresponding to
a set of certain solar wind and IMF conditions, for example, southward IMF orientation with IMF amplitude
B ≤ 5 nT and x component of the solar wind speed Vx ≥ −400 km/s, all epochs in a time series of the solar
wind data from 1994 to 2013 fulfilling all the prescribed criteria were given the value “1” while all the other
epochs were given the value “0.” In the resulting time series of ones and zeros, any continuous intervals of
zeros shorter than 15 min were removed by replacing the zeros with ones. The resulting intervals of ones could
have any length (≥1 min). The statistical equivalent current density map was then constructed from all the
instantaneous equivalent current density maps with their epoch corresponding to 1 using equations (1)–(5).

For the interval 1994–2013, the temporal mean values of the OMNI 1 min data for the three components and
strength of the solar wind velocity and IMF were<V>=(−430,−2.4,−1.5) km/s,< |V|> = 430 km/s,< B> =
(0.0, 0.0,−0.1) nT, and < |B|> = 5.8 nT. Vy and Vz are here given in geocentric solar ecliptic coordinates.
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3. Results
3.1. Latitude and Local Time Variation
Figure 1a shows < |dJeq∕dt|> (color) and < dJeq∕dt > (arrows) for the time derivative of the equivalent cur-
rent density over the 20 year interval 1994–2013 as a function of AACGM latitude and MLT. The location of
the dayside maximum < |dJeq∕dt|> is marked with the blue upside down triangle and the location of the
nightside maximum < |dJeq∕dt|> with the blue triangle. The blue curve is the 50 A/km contour of < |Jeq|>.
Figure 1b is otherwise the same as Figure 1a except that the color shows the standard deviation (SD) of
|dJeq∕dt|. Figure 1c is otherwise the same as Figure 1a except that the color shows < d|Jeq|∕dt >. Figure 1d
shows < |Jeq|> (color) and < Jeq > (arrows). The location of the maximum < |Jeq|> is marked with the blue
diamond. The blue curve is the same as in Figure 1a. Figure 1e is otherwise the same as Figure 1d except that
the color and blue diamond show the standard deviation of |Jeq| and the location of its maximum, respec-
tively. The colors and the blue triangles in Figure 1f are the same as in Figure 1a, but the arrows show the
E × B drift velocity (< V>), derived from Super Dual Auroral Radar Network (SuperDARN) measurements
[Juusola et al., 2014a]. The blue and red curves are the ±0.1 A/km2 contours of the field-aligned current den-
sity (< j|| >), derived from Challenging Minisatellite Payload (CHAMP) satellite magnetic field measurements
[Juusola et al., 2014a].
3.1.1. Equivalent Current Density
The equivalent current density pattern in Figure 1d shows the eastward electrojet on the duskside and the
westward electrojet on the dawnside and around midnight. Only the equatorward edge of the polar cap is
resolved, but the pattern suggests that in the polar cap the equivalent current is directed from the late evening
sector to the prenoon sector. The blue contour indicates the region inside of which< |Jeq|> exceeds 50 A/km,
which is used here as a proxy for the equatorward boundary of the auroral current system. We will call the
region poleward of the curve and equatorward of the high-latitude data gap the equivalent current oval. The
shape of the blue curve is not symmetrical with respect to the pole, as the most equatorward latitude (∼ 60∘)
is reached around 1 MLT and the most poleward latitude (∼ 70∘) around 10–11 MLT. The latter is the same
region where< Jeq > from the polar cap diverges to form the eastward and westward electrojets. The location
is in agreement with Viljanen and Tanskanen [2011], who investigated the characteristics of dH∕dt exceeding
1 nT/s at the Kilpisjärvi station (KIL, 65.88∘ latitude) in 1983–2010. They showed that when dH∕dt exceeds
1 nT, H changes direction from southward to northward orientation around 10 MLT. They also showed that H
changes direction from northward to southward orientation around 20 MLT, which agrees with the change
from eastward to westward electrojet direction in Figure 1d.

Viljanen and Tanskanen [2011] also examined the characteristics of the total ionospheric eastward and west-
ward equivalent current in 1994–2010 across the geographic meridian 22.1∘E in the geographic latitude
range of 59.0∘–79.4∘N. The westward current had a maximum around 2 MLT, which is where we also observe
the equivalent current density maximum as well as the most southward extending equivalent current oval
(Figure 1d). Guo et al. [2014a] reported westward electrojet current maxima between 0 MLT and 4 MLT. Viljanen
and Tanskanen [2011] observed the peak of eastward equivalent current around 18 MLT, where we observe the
most southward extending equivalent current oval of the eastward equivalent current-dominated dusk sec-
tor. Guo et al. [2014b] reported eastward electrojet current maxima between 16 MLT and 20 MLT. The largest
standard deviation of the equivalent current density (Figure 1e) occurred in the region of the westward elec-
trojet. The standard deviation is generally larger than the mean, which indicates that there are large variations
in |Jeq|.
3.1.2. Strength of the Time Derivative of the Equivalent Current Density
The color in Figure 1a shows that < |dJeq∕dt|> is elevated in two regions: in the premidnight sector and in
the prenoon sector. The prenoon peak in Figure 1a is located close to the region where the equivalent cur-
rent from the polar cap diverges eastward and westward (Figure 1d), with the most intense values lying on
the side of the westward current. In the region of the premidnight peak, the equivalent current is westward
and poleward. < |dJeq∕dt|> is also slightly enhanced within the purely westward electrojet in the postmid-
night and dawn sectors. In the region of the duskside eastward electrojet, on the other hand, < |dJeq∕dt|>
is low. The prenoon peak has a stronger average amplitude (maximum 0.58 A/km s) than the premidnight
peak (maximum 0.50 A/km s). The premidnight peak is most likely related to substorm activity, as its shape
and location agree with those of the average substorm bulge [e.g., Gjerloev et al., 2007]. This will be examined
further in section 3.3.
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Our results agree with those of Weigel et al. [2003], who showed that the average ground |dBx∕dt| peaks
around 9 MLT and 23 MLT and that the sign changes of the average ground Bx take place approximately in the
same sectors. Viljanen and Tanskanen [2011] showed that dH∕dt activity at 66∘ latitude peaks around 0 MLT
and 8 MLT and nearly vanishes at noon and early afternoon, in agreement with our Figure 1a. They also found
that large dH∕dt values occur predominantly during westward ionospheric electrojets, which we also observe.

Similar to the mean and standard deviation of |Jeq| (color in Figures 1d and 1e), the standard deviation of
|dJeq∕dt| (color in Figure 1b) is generally larger than the mean (color in Figure 1a), indicating that there are
large variations in |dJeq∕dt|. The standard deviation of |dJeq∕dt| peaks not only in the premidnight sector
but also in the dawn sector (3–7 MLT), between about 65∘–70∘ latitude. These peaks correspond to the two
regions where the most intense values of |dJeq∕dt| (top 0.0001% of the maximum |dJeq∕dt| values of the 10 s
maps in 1994–2013) typically occur [Juusola et al., 2015]. In the prenoon region between about 70∘–75∘ lat-
itude and 8–10 MLT, where the mean < |dJeq∕dt|> has its maximum, the standard deviation is only slightly
enhanced (although still larger than the mean), and typically, the most intense values of |dJeq∕dt| do not
occur there [Juusola et al., 2015]. Thus, the more intense prenoon maximum of mean < |dJeq∕dt|> appar-
ently consists of lower amplitude disturbances that nonetheless occur relatively frequently, whereas the less
intense premidnight peak of mean < |dJeq∕dt|> includes larger values, but the disturbances do not occur as
frequently as in the prenoon region. Intense disturbances also occur at dawn [Juusola et al., 2015], but these
are not frequent enough to produce a clear peak in the mean < |dJeq∕dt|>.
3.1.3. Direction of the Time Derivative of the Equivalent Current Density
The strength of < dJeq∕dt > shown by the lengths of the arrows in Figure 1a is small (reference arrow length
0.02 A/km s) compared to < |dJeq∕dt|> (color bar scale 0.6 A/km s). Therefore, we can conclude that there
are no specific regions of strongly preferred dJeq∕dt direction in the auroral oval. Instead, the tendency in the
vector directions is such that on average they largely cancel each other out. This finding is consistent with
the dH∕dt direction angle analysis presented by Viljanen and Tanskanen [2011]. Although the < dJeq∕dt >
vectors are small, they nonetheless form a distinct global pattern with relatively strong westward< dJeq∕dt >
in the premidnight sector between about 60∘ and 70∘ latitude (somewhat equatorward and westward of the
premidnight < |dJeq∕dt|> peak) and eastward < dJeq∕dt > in the dawn and prenoon sectors.

Figure 1c shows that for both the westward < dJeq∕dt > in the premidnight sector and the eastward
< dJeq∕dt > in the prenoon sector, there is decreasing equivalent current density amplitude (blue
< d|Jeq|∕dt >) on the western side of the region and increasing amplitude (red < d|Jeq|∕dt >) in the eastern
side of the region. Such a pattern would be expected from magnetometers that rotate with the Earth beneath
the typical equivalent current pattern: as the magnetometers travel from dusk to midnight, they would first
observe weaker and weaker eastward equivalent current and then stronger and stronger westward equiv-
alent current, producing the observed westward < dJeq∕dt >. Similarly, as the magnetometers travel from
dawn to noon, they would first observe weaker and weaker westward equivalent current and then stronger
and stronger eastward equivalent current, producing the eastward < dJeq∕dt > observed in this sector. The
weak amplitude is also in agreement with the observed< Jeq >map: at the rate of 0.02 A/km s, a change from
a westward equivalent current density of 100 A/km to an eastward equivalent current density of the same
amplitude (or vice versa) would occur over 2.8 h. In other words,< dJeq∕dt > and< d|Jeq|∕dt > appear to cor-
respond to spatial (east-west) derivative of the average equivalent current pattern rather than true temporal
variations.
3.1.4. Relation to Field-Aligned Currents and Convection
In Figure 1f, there is downward Region 1 current on the eastern side of the premidnight region of intense
< |dJeq∕dt|> and upward Region 1 current on the western side. Within this region of intense < |dJeq∕dt|>,
< Jeq > has a strong poleward and westward component. The equatorward mean plasma flow < V> from
the polar cap deviates dawnward and duskward, implying that this region maps to the region in the nightside
plasma sheet where fast earthward flows brake [Shiokawa et al., 1997], rebound from the dipole field [Chen
and Wolf , 1999; Ohtani et al., 2009; Panov et al., 2010a, 2010b; Birn et al., 2011; McPherron et al., 2011; Juusola
et al., 2013; Nakamura et al., 2013], and pile up magnetic flux [Shiokawa et al., 1997]. The intense < |dJeq∕dt|>
extends eastward along the purely westward electrojet between the downward Region 1 current on the
poleward side and upward Region 2 current on the equatorward side.

The prenoon < |dJeq∕dt|> peak is located mainly equatorward of the downward Region 1 field-aligned
current, within an area of weak (| < j|| > | < 0.1 A/km2) upward Region 2 field-aligned current. Hence,
the enhancement appears to be located on closed field lines. This is in agreement with the conclusions of
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Figure 2. Dependence on IMF strength. Mean time derivative of the equivalent current density (< |dJeq∕dt|>, color)
and mean equivalent current density (< Jeq >, arrows) as a function of AACGM latitude and MLT. If the maximum
< |dJeq∕dt|> is located between 3 and 7 MLT (dawn sector), its location is shown with a blue diamond. If the maximum
is not between 3 and 7 MLT, the location of the maximum between 7 and 18 MLT (dayside) is indicated with an upside
down blue triangle and the location of the maximum between 18 and 3 MLT (nightside) is indicated with a blue triangle.
The blue curve is the 50 A/km contour of the mean equivalent current density (< |Jeq|>). The data are binned with
respect to IMF strength (B). (a) 0nT ≤ B < 5nT, (b) 5nT ≤ B < 10nT, (c) 10nT ≤ B < 15nT, (d) 15nT ≤ B < 20nT, and
(e) B ≥ 20nT. The last panel shows the number of 1 min OMNI IMF B data points in each bin.

Wing et al. [2010], according to whom field-aligned current in this latitude and MLT sector tends to be upward
Region 2 that originates mainly from three possible domains: the central plasma sheet, the boundary plasma
sheet, or the low-latitude boundary layer. While the first two are located on closed field lines, the low-latitude
boundary layer located near the magnetopause can either be on open or closed field lines. < V> in the
region of the prenoon < |dJeq∕dt|> peak is mainly sunward, but in the poleward section of the < |dJeq∕dt|>
peak the flow direction starts to rotate antisunward. In agreement with < Jeq > (Figure 1d), the east-west
component of < V> changes direction around 10–11 MLT.
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Figure 3. Dependence on solar wind speed. Mean time derivative of the equivalent current density (< |dJeq∕dt|>, color) and mean equivalent current density
(< Jeq >, arrows) as a function of AACGM latitude and MLT. The location of the dayside maximum < |dJeq∕dt|> is marked with a blue upside down triangle and
the location of the nightside maximum < |dJeq∕dt|> with a blue triangle. The blue curve is the 50 A/km contour of the mean equivalent current density
(< |Jeq|>). The data are binned with respect to the x component of the solar wind velocity (Vx ). (a) Vx ≥ −300 km/s, (b) −350 km/s ≤ Vx < −300 km/s,
(c) −400 km/s ≤ Vx < −350 km/s, (d) −450 km/s ≤ Vx < −400 km/s, (e) −500 km/s ≤ Vx < −450 km/s, (f ) −550 km/s ≤ Vx < −500 km/s, (g) −600 km/s ≤ Vx
< −550 km/s, (h) −650 km/s ≤ Vx < −600 km/s, (i) −700 km/s ≤ Vx < −650 km/s, and (j) Vx < −700 km/s. The last panel shows the number of 1 min OMNI Vx
data points in each bin.
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Figure 4. Number of 1 min OMNI data points in each Vx and IMF B bin (color). The white dots show the mean IMF B
(smallest value 4.2 nT and largest value 8.3 nT) in each Vx bin and the black dots the mean Vx (smallest value −560 km/s
and largest value −420 km/s) in each IMF B bin.

The mean (Figure 1a) and standard deviation of |dJeq∕dt| (Figure 1b) as well as the standard deviation of
|Jeq| (Figure 1e) are all relatively small in the area of the duskside < Jeq > vortex (∼74∘ latitude and ∼16 MLT
in Figure 1d), indicating that the vortex is a relatively stable structure. The vortex is located close to but not
exactly at the same place as the < V> vortex (76∘ latitude and ∼17 MLT in Figure 1f ). In this area, the Region
1 field-aligned current is upward. There is a corresponding vortex on the dawnside as well (∼74∘ latitude and
∼3 MLT in Figure 1d), but this region is not as clearly a calm “eye of the storm” as the duskside vortex.

3.2. Solar Wind and IMF Control
Figure 2 shows the data binned with respect to IMF strength (B). The distributions are shown for (a) 0nT ≤

B < 5 nT, (b) 5 nT ≤ B < 10 nT, (c) 10 nT ≤ B < 15 nT, (d) 15 nT ≤ B < 20 nT, and (e) B ≥ 20 nT. In each
panel, the color shows < |dJeq∕dt|>, the arrows show < Jeq >, and the blue curve is the 50 A/km contour of
< |Jeq|>. If the maximum < |dJeq∕dt|> is located between 3 and 7 MLT (dawn sector), its location is shown
with a blue diamond. If the maximum is not between 3 and 7 MLT, the location of the maximum between 7 and
18 MLT (dayside) is indicated with the upside down blue triangle and the location of the maximum between
18 and 3 MLT (nightside) is indicated with the blue triangle. The last panel shows the number of 1 min OMNI
IMF B data points in each bin. For stronger IMF, the equivalent current density increases, shifting the equa-
torward boundary of the equivalent current oval equatorward, and the most intense < |dJeq∕dt|> tend to
concentrate in the dawn sector. The maximum < |dJeq∕dt|> values at the locations indicated by the blue tri-
angles and diamonds are the following: Figure 2a: 0.51 A/km s (dayside) and 0.45 A/km s (nightside), Figure 2b:
0.62 A/km s (dayside) and 0.54 A/km s (nightside), Figure 2c: 0.98 A/km s (dawn), Figure 2d: 1.7 A/km s (dawn),
and Figure 2e: 3.0 A/km s (dawn).

Figure 3 shows the data binned with respect to the x component of the solar wind velocity (Vx). The distri-
butions are shown for the following: (a) Vx ≥ −300 km/s (< |dJeq∕dt|> maxima: 0.19 A/km s (dayside) and
0.23 A/km s (nightside)), (b) −350 km/s ≤ Vx < −300 km/s (0.29 A/km s and 0.31 A/km s), (c) −400 km/s ≤

Vx < −350 km/s (0.40 A/km s and 0.41 A/km s), (d)−450 km/s ≤ Vx < −400 km/s (0.52 A/km s and 0.46 A/km s),
(e) −500 km/s ≤ Vx < −450 km/s (0.68 A/km s and 0.55 A/km s), (f ) −550 km/s ≤ Vx < −500 km/s
(0.82 A/km s and 0.73 A/km s), (g)−600 km/s ≤ Vx < −550 km/s (1.1 A/km s and 0.88 A/km s), (h)−650 km/s ≤
Vx < −600 km/s (1.3 A/km s and 1.0 A/km s), (i) −700 km/s ≤ Vx < −650 km/s (1.6 A/km s and 1.1 A/km s),
and (j) Vx < −700 km/s (2.1 A/km s and 1.5 A/km s). The last panel shows the number of 1 min OMNI Vx data
points in each bin. For higher solar wind speed, the equivalent current density increases, shifting the equator-
ward boundary of the equivalent current oval equatorward. Both the prenoon and premidnight< |dJeq∕dt|>
peaks intensify, but the effect is stronger in the prenoon region, such that for speeds higher than 400 km/s,
the prenoon < |dJeq∕dt|> peak is more intense than the premidnight peak.
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Figure 5. Dependence on IMF direction, strength, and solar wind speed. Mean time derivative of the equivalent current density (< |dJeq∕dt|>, color) and mean
equivalent current density (< Jeq >, arrows) as a function of AACGM latitude and MLT. If the maximum < |dJeq∕dt|> is located between 3 and 7 MLT (dawn
sector), its location is shown with a blue diamond. If the maximum is not between 3 and 7 MLT, the location of the maximum between 7 and 18 MLT (dayside) is
indicated with an upside down blue triangle and the location of the maximum between 18 and 3 MLT (nightside) is indicated with a blue triangle. The blue curve
is the 50 A/km contour of the mean equivalent current density (< |Jeq|>). The data are binned according to IMF direction (Bx∕B, By∕B, Bz∕B), as graphically keyed
by sets of dots at the top left and explained in the text, with the IMF amplitude B ≤ 5 nT and x component of the solar wind velocity Vx ≥ −400 km/s.
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Figure 6. The same as Figure 5 except that B> 5 nT and Vx ≥ −400 km/s.
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Figure 7. The same as Figure 5 except that B ≤ 5 nT and Vx < −400 km/s.
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Figure 8. The same as Figure 5 except that B> 5 nT and Vx < −400 km/s.
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In Figure 4, the color shows the number of 1 min OMNI data points in each Vx and IMF B bin. The white dots
show the mean IMF B (smallest value 4.2 nT and largest value 8.3 nT) in each Vx bin and the black dots the
mean Vx (smallest value−560 km/s and largest value−420 km/s) in each IMF B bin. When the solar wind speed
increases, the IMF strength also tends to increase. Thus, the features in Figures 2 and 3 are due to combined
contributions of IMF B and Vx whose properties are mutually coupled. The typical IMF orientation is also likely
to change.

Figures 5–8 show< |dJeq∕dt|> (color) and< Jeq > (arrows) as a function of AACGM latitude and MLT. The data
are binned according to IMF direction (Bx∕B, By∕B, Bz∕B) in each figure but calculated for different values of B
and Vx . In Figure 5, the IMF strength has been constrained to B ≤ 5 nT and solar wind speed to Vx ≥ −400 km/s,
in Figure 6 to B> 5 nT and to Vx ≥ −400 km/s, in Figure 7 to B ≤ 5 nT and to Vx < −400 km/s, and in Figure 8
to B> 5 nT and to Vx < −400 km/s. IMF B ≈ 5 nT and Vx ≈ −400 km/s are the median values for the 20 year
interval 1994–2013. The dayside and nightside or dawn maximum values of < |dJeq∕dt|>, the locations of
which are indicated by the blue triangles and diamonds in Figures 5–8, are listed in Table 1.

The IMF directions in the plots are illustrated by the graph in the top left corner of each figure: the black dots
show the purely northward and southward IMF directions; the red dots have Bz > 0; the green dots have Bz ≈ 0;
and the blue dots have Bz < 0. The top right shows the northward IMF case (middle) and the IMF orientations
corresponding to the four red dots in the top left graph (surrounding panels), organized according to Bx and
By as indicated by the graph in the top right corner. Similarly, the bottom right shows the southward IMF case
(the panel with the scales included) and the IMF orientations corresponding to the four blue dots in the top
left graph. The middle left shows the IMF orientation corresponding to the green dots in the top left graph,
organized according to the graph in the middle. Each plot includes those data where the IMF vector is within
±22.5∘ around the nominal IMF direction indicated in the graph.

IMF direction, solar wind speed, and IMF strength all affect the intensity of the prenoon < |dJeq∕dt|> peak.
For all Figures 5–8, the most intense prenoon peak occurs for radial IMF orientation (By ≈ 0 and Bz ≈ 0). The
second most favorable IMF orientation appears to be the spiral (Bx ⋅ By < 0 and Bz ≈ 0), at least when IMF
B ≤ 5 nT (Figures 5 and 7 and Table 1), whereas the intensity of the prenoon peak is clearly weaker for the
orthospiral (Bx ⋅ By > 0 and Bz ≈ 0), dawn-dusk (Bx ≈ 0 and Bz ≈ 0), or Bz ≠ 0 orientations.

For a given IMF direction, the prenoon peak is somewhat more intense for stronger IMF (Figure 6) than weaker
IMF (Figure 5) and clearly more intense for faster solar wind speed (Figure 7) than for slower solar wind speed
(Figure 5). Therefore, the most intense prenoon peak then occurs for a strong IMF, fast solar wind speed
(Figure 8), and radial IMF orientation (Table 1).

Although the area of the prenoon peak becomes somewhat larger for faster solar wind speed, stronger IMF,
and radial IMF direction, the location of its maximum does not show any significant dependence on the solar
wind speed, IMF strength, or direction but remains typically between about 70∘–75∘ latitude and 8–10 MLT.
Neither does the location change with respect to the < Jeq > pattern, but the peak remains near the dayside
end of the westward electrojet.

IMF direction, strength, and solar wind speed all affect the nightside< |dJeq∕dt|> activity as well, except that
the most intense values (Table 1) and wide-spread activity occur for southward IMF orientation. Association
of a southward IMF component with ground disturbances and a northward IMF component with quiet con-
ditions is well known [e.g., Fairfield and Cahill, 1966], and Tanskanen et al. [2011], for example, have reported
on the effect of solar wind high-speed streams on the intensity of geomagnetic activity. The IMF strength
(Figure 6) has a pronounced effect over a wider MLT range than the solar wind speed (Figure 7). Especially,
extension of intense < |dJeq∕dt|> to the dawn sector around 6 MLT and to the dusk sector around 18 MLT
requires a strong, southward oriented IMF. In some such cases, the maximum of the nightside peak (blue trian-
gles in Figures 5–8) even moves from the premidnight sector to the dawn sector (blue diamonds in Figures 6
and 8). For increased solar wind speed but weak IMF, the < |dJeq∕dt|> activity intensifies but tends to remain
confined to the premidnight sector and around midnight.

IMF orientation seems to be the most important factor for determining the relative intensities of the prenoon
and nightside < |dJeq∕dt|> peaks. Whenever IMF Bz < 0, the nightside peak intensifies so that it becomes
stronger than the dayside peak (Table 1). Mostly, when IMF Bz > 0, the nightside peak weakens so that it
becomes weaker than the dayside peak. For radial and spiral IMF orientations (IMF Bz ≈ 0), the prenoon peak
is in all considered cases stronger than the premidnight peak.
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Table 1. Maximum < |dJeq∕dt|> in Figures 5–8a

B ≤ 5 nT B> 5 nT B ≤ 5 nT B> 5 nT

Vx ≥ −400 km/s Vx ≥ −400 km/s Vx < −400 km/s Vx < −400 km/s

(A/km s) (A/km s) (A/km s) (A/km s)

North (Bz > 0) 0.28 0.21 0.34 0.21 0.48 0.35 0.62 0.32

Dawn (Bz > 0) 0.21 0.21 0.30 0.27 0.44 0.35 0.59 0.43

Radial (Bz > 0) 0.33 0.23 0.39 0.25 0.65 0.37 0.72 0.37

Dusk (Bz > 0) 0.25 0.22 0.36 0.26 0.51 0.34 0.62 0.46

Radial (Bz > 0) 0.32 0.21 0.39 0.27 0.60 0.40 0.73 0.45

Orthospiral (Bz ≈ 0) 0.31 0.38 0.49 0.47 0.59 0.52 0.89 0.77

Dawn (Bz ≈ 0) 0.29 0.37 0.46 0.42 0.59 0.63 0.81 0.63

Spiral (Bz ≈ 0) 0.39 0.35 0.51 0.42 0.71 0.52 0.92 0.62

Radial (Bz ≈ 0) 0.50 0.38 0.68 0.49 0.78 0.55 1.1 0.73

Orthospiral (Bz ≈ 0) 0.37 0.42 0.59 0.46 0.61 0.63 0.93 0.77

Dusk (Bz ≈ 0) 0.33 0.37 0.54 0.46 0.63 0.54 0.83 0.77

Spiral (Bz ≈ 0) 0.43 0.36 0.54 0.43 0.76 0.56 0.94 0.69

Radial (Bz ≈ 0) 0.47 0.39 0.63 0.55 0.82 0.62 1.1 0.76

Dawn (Bz < 0) 0.36 0.56 0.76 0.70 0.87 1.3

Radial (Bz < 0) 0.41 0.59 0.63 0.87 0.72 0.86 1.3

Dusk (Bz < 0) 0.40 0.59 0.90 0.69 0.86 1.4

Radial (Bz < 0) 0.42 0.53 0.55 0.84 0.76 0.92 1.3

South (Bz < 0) 0.36 0.66 1.7 0.64 0.97 2.2
aEither nightside maximum (blue triangles in Figures 5–8) and dayside maximum (upside down blue triangles in

Figures 5–8) or dawn maximum (blue diamonds in Figures 6 and 8) are given. In case of nightside and dayside maxima,
the larger value is highlighted in bold.

The equatorward boundary of the equivalent current oval (blue curve) is also located at the most equator-
ward latitudes for southward IMF. However, for all IMF orientations, increasing either solar wind speed or IMF
strength will move the boundary southward. The effect of IMF strength is more significant, as the ovals are
larger (especially wider in latitude) in Figure 6 than in Figure 7. This is in agreement with Finch et al. [2008] and
Lockwood et al. [2013a, 2013b, 2014a, 2014b]. IMF By affects most clearly the dayside configuration of < Jeq >,
as expected [e.g., Weimer, 1995, 1996].

According to Weigel et al. [2003], around 10 MLT, the most important solar wind driver for |dBx∕dt| is solar wind
speed, while IMF Bz has very little effect. In agreement, we observed that the prenoon < |dJeq∕dt|> peak is
more intense during higher solar wind speed. Weigel et al. [2003] did not examine the effect of IMF Bx , but we
found the radial IMF orientation to produce the most intense prenoon < |dJeq∕dt|> peak. Our observations
that on the nightside a higher solar wind speed mainly produces more intense activity in the premidnight
sector while a southward IMF orientation and larger IMF B together produce more intense activity also in the
postmidnight sector are also in agreement with Weigel et al. [2003].

3.3. Substorm Development
We have compared the development of the statistical equivalent current density and its time derivative to
that of substorm auroras by Gjerloev et al. [2007]. Gjerloev et al. [2007] used global auroral images at ultravio-
let wavelengths during 116 substorms to obtain a statistical description of the bulge-type auroral substorm
[Akasofu, 1964].

Gjerloev et al. [2007] described the substorm aurora as two distinct entities: the bulge aurora and the oval
aurora. They give average locations for the west end of the bulge (P1), the east end of the bulge (P2), the west
end of the oval aurora (P3), the east end of the oval aurora (P4), the poleward boundary of the bulge at the MLT
of onset (P5), and the equatorward boundary of the auroral oval at the MLT of onset (P6) for the normalized
substorm epochs T = 0.0 (onset), T = 0.5 (expansion phase), T = 1.0 (peak), T = 1.5 (recovery phase), and
T = 2.0 (recovery phase). Normalized substorm time, where the time from onset to maximum expansion is
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Figure 9. Substorm development. Mean time derivative of the equivalent current density (< |dJeq∕dt|>, color) and
mean equivalent current density (< Jeq >, arrows) as a function of AACGM latitude and MLT. The location of the dayside
maximum < |dJeq∕dt|> is marked with a blue upside down triangle and the location of the nightside maximum
< |dJeq∕dt|> with a blue triangle. The blue curve is the 50 A/km contour of the mean equivalent current density
(< |Jeq|>). The data are binned according to normalized substorm time T [Gjerloev et al., 2007]. (a) T = −0.5, growth
phase. (b) T = 0.0, onset. (c) T = 0.5, expansion phase. (d) T = 1.0, peak. (e) T = 1.5, recovery phase. (f ) T = 2.0, recovery
phase. The white square labeled O indicates the average substorm onset location (occurrence at T = 0.0 but indicated in
all panels for reference), and the white curves and squares labeled P indicate the development of an average substorm
bulge (0.0 < T ≤ 2.0; P1–P2 and P5–P6) and oval aurora (P3–P4) as determined from global auroral images at
ultraviolet wavelengths [Gjerloev et al., 2007]. The magenta curves show averaged auroral emission patterns for the
substorm time steps according to Gjerloev et al. [2008].
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normalized to one, was used by Gjerloev et al. [2007] so that the expansion phase data would not be mixed
with recovery phase data.

Gjerloev et al. [2007] determined the onset and peak purely from images but showed that, on average, the
AL index also minimizes at T = 1. Prior to T = 0, the AL or AU indices did not show any signs of a growth
phase. Gjerloev et al. [2007] also showed that the average substorm had an AL minimum of −420 nT. After the
minimum, there was a linear recovery such that by T = 2, AL had recovered to 40% of the minimum value.
After that, Gjerloev et al. [2007] observed a slower recovery that lasted at least until T = 6.

We have used the AL index to identify substorm expansion phases. Because of the large amount of data,
the identification was carried out using an automated algorithm [Juusola et al., 2011; Partamies et al., 2013].
The algorithm found altogether 74,080 expansion phases during 1994–2013. In this analysis, we have only
included expansion phases not immediately preceded by a recovery phase (isolated substorm or the first cycle
from a chain of multiple substorms). The number of such expansion phases was 29,526. Deleting expansion
phases for which any part of the interval −0.50 − 0.25 ≤ T ≤ 2.00 + 0.25 overlapped with another expansion
phase reduced the number further to 28,315.

Figure 9 shows < |dJeq∕dt|> (color) and < Jeq > (arrows) as a function of AACGM latitude and MLT for the
phases of a substorm. The data are binned according to the normalized substorm time T as follows: (a) T =
−0.5 ± 0.25, before onset (growth phase); (b) T = 0.0 ± 0.25, onset; (c) T = 0.5 ± 0.25, expansion phase; (d)
T = 1.0±0.25, peak; (e) T = 1.5±0.25, after expansion (recovery phase); and (f ) T = 2.0±0.25, after expansion
(recovery phase). The white square labeled “O” indicates the average substorm onset location (occurrence at
T = 0.0 but indicated in all panels for reference), and the white curves and white squares labeled “P” indicate
the development of an average substorm bulge (0.0 < T ≤ 2.0; P1–P2 and P5–P6) and oval aurora (P3-P4)
according to Gjerloev et al. [2007]. The white lines connecting P1, P5, P2, and P6 roughly indicate the outlines
of the bulge, and the white curve connecting P3 and P4 indicates the oval aurora. Averaged auroral emission
patterns for the substorm time steps derived by Gjerloev et al. [2008] are indicated with the magenta curves.
Gjerloev et al. [2008] utilized the same data set of global auroral images during the 116 winter substorms as
Gjerloev et al. [2007]. Our data set, on the other hand, includes substorms from all seasons.

Figure 9 shows that the prenoon < |dJeq∕dt|> maximum (Figure 9a: 0.70 A/km s, Figure 9b: 0.78 A/km s,
Figure 9c: 0.76 A/km s, Figure 9d: 0.72 A/km s, Figure 9e: 0.73 A/km s, and Figure 9f: 0.75 A/km s) remained
more or less unchanged throughout the substorm, confirming that it was not a significantly substorm-related
phenomenon. The premidnight < |dJeq∕dt|> peak (Figure 9a: 0.39 A/km s, Figure 9b: 0.68 A/km s, Figure 9c:
0.98 A/km s, Figure 9d: 1.23 A/km s, Figure 9e: 0.84 A/km s, and Figure 9f: 0.70 A/km s), on the other hand,
clearly was associated with substorm expansion. In general, there appears to be a good agreement between
the development of the substorm aurora and intense nightside < |dJeq∕dt|> in the figure.

During the growth phase (Figure 9a), the premidnight < |dJeq∕dt|> peak was very weak. The onset took
place at the equatorward edge of the westward electrojet, at its westward end. At onset (Figure 9b), the west-
ward equivalent current poleward and westward of the onset location increased. The west end of the bulge
(P1), the west end of the oval aurora (P3), and the equatorward boundary of the auroral oval (P6) appear to be
associated with the western edge of the westward electrojet: the west end of the bulge (P1) expanded pole-
ward and westward along the boundary between the eastward and westward equivalent current, the west
end of the oval aurora (P3) expanded westward at the onset latitude together with the westward electrojet
at this latitude, and the equatorward boundary of the auroral oval (P6) expanded equatorward at the onset
MLT with the westward electrojet at this MLT. The east end of the oval aurora (P4) expanded eastward along
the westward electrojet associated with an enhancement of< |dJeq∕dt|>. At the end of the expansion phase
(Figure 9d) and at the beginning of the recovery phase (Figure 9e), the most intense nightside < |dJeq∕dt|>
(blue triangle) occurred near the poleward boundary of the bulge (P5). Throughout expansion and recovery
(Figures 9c–9f ), the east end of the bulge (P2) was located at the poleward boundary of the westward elec-
trojet, at the western boundary between the purely westward equivalent current and equivalent current with
a strong poleward component.

The equatorward boundary of the equivalent current oval (blue curve in Figure 9) shifted equatorward from
substorm onset (Figure 9b) to substorm peak (Figure 9d), after which it started to shift poleward again. In the
growth phase, at onset, and in the expansion phase, the most equatorward location of the boundary occurred
around midnight. At substorm peak, the most equatorward location occurred in the premidnight sector and
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in the substorm recovery phase in the postmidnight sector. According to Figure 1, postmidnight sector is
where the most equatorward location of the boundary typically was located.

During the substorm growth phase (Figure 9a) and onset (Figure 9b), there was a good agreement between
the equatorward boundary of the equivalent current oval (blue curve) the equatorward boundary of the
average auroral emission pattern (equatorward magenta curve) around midnight and on the dawnside. The
westward electrojet flowed along the auroral oval (region between the two magenta curves). Around mid-
night, poleward of the auroral oval the equivalent current was directed poleward. During the substorm
expansion and recovery phases (Figures 9c–9f ), the majority of the westward electrojet was still concentrated
on the auroral oval. On the duskside, the auroral oval coincided with the boundary between the eastward
electrojet and westward equivalent current in the polar cap.

To summarize, there appears to be a good correspondence between the average substorm auroras, as deter-
mined by Gjerloev et al. [2007], and intensified nightside < |dJeq∕dt|>. The bulge aurora covered the western
end of the westward electrojet where the equivalent current had a significant poleward component. The oval
aurora, on the other hand, extended eastward along the purely westward electrojet.

4. Discussion

We observed that the prenoon < |dJeq∕dt|> peak was most intense for fast solar wind speed, strong IMF,
and radial IMF orientation. It was more intense for spiral IMF orientation than for dawn-dusk, orthospiral or
Bz ≠ 0 IMF orientations. These results suggest that the source of the < |dJeq∕dt|> disturbances might be
associated with the foreshock and quasi-parallel region of the bow shock [e.g., Anderson, 1994]. However, it
is not clear why the < |dJeq∕dt|> peak then remained persistently in the prenoon sector. Because both the
foreshock and the quasi-parallel bow shock are located upstream of the prenoon bow shock during spiral IMF
orientation, and upstream of the postnoon bow shock during the rarer periods of orthospiral IMF orientation,
a preference for prenoon ionospheric disturbances would be expected during spiral IMF orientation and a
preference for postnoon ionospheric disturbances during orthospiral IMF orientation. During radial IMF, both
the foreshock and quasi-parallel shock are located directly in front of the subsolar bow shock, and ionospheric
disturbances would be expected around noon. Andréeová et al. [2014] showed that when the IMF is radial, ULF
wave activity, caused by the foreshock, can be observed along most of the dayside geostationary orbit. During
dawn-dusk or north-south IMF orientations, no foreshock or quasi-parallel bow shock would be expected, only
a quasi-perpendicular bow shock, which is generally not considered to be a significant source of fluctuations.

Weigel et al. [2003] attributed the asymmetry of the dayside ground dBx∕dt peak about noon to typical IMF
configurations which make the Kelvin-Helmholtz instability more likely to occur on field lines that map to the
prenoon sector. Our observation that the MLT location of the prenoon < |dJeq∕dt|> peak is not affected by
the IMF orientation does not agree with this interpretation.

The location of the dayside < |dJeq∕dt|> peak in the prenoon sector might simply be related to dynamics at
the boundary between the westward and eastward equivalent currents. This region may be sensitive to distur-
bances occurring under certain driving conditions (fast solar wind speed and radial IMF configuration). Small
rotations of the equivalent current pattern would cause first one electrojet and then the other to dominate.
This interpretation is supported by the study of Viljanen and Tanskanen [2011], who showed that between
7 and 13 MLT, intense dH∕dt is mainly southward or northward directed, which would correspond to west-
ward and eastward dJeq∕dt. The clockwise rotation of the average ionospheric two-cell convection pattern
by approximately 16∘ about the magnetic pole is due to the auroral band of enhanced Hall conductance [e.g.,
Lotko et al., 2014, and references therein]. Both the E × B drift and < Jeq > in our Figure 1 show this rotation,
as does < Jeq > for different IMF directions in Figures 5–8. What is not clear is why the prenoon < |dJeq∕dt|>
peak is not located at the point where < Jeq > changes direction but is shifted toward the westward < Jeq >.
Figure 9 may show a possible explanation: two main regions where equivalent current leaves and enters the
auroral oval coincide with the premidnight and prenoon < |dJeq∕dt|> peaks, respectively.

The prenoon location of the< |dJeq∕dt|> peak also agrees with the reported occurrence of traveling convec-
tion vortices (TCVs) [Lanzerotti et al., 1991]. TCVs that move antisunward from noon at high latitudes (∼75∘)
cause magnetic disturbances of about 100 nT peak amplitude. According to Lanzerotti et al. [1991], when the
IMF orientation is not considered, the majority of TCVs is concentrated between about 5 and 15 local time
(LT), with a clear occurrence peak at 8–10 LT and minimum at 11 LT. Korotova et al. [2004], however, observed
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dawnward moving disturbances in ground and geosynchronous magnetometer observations prior to noon
during spiral IMF orientation and duskward moving disturbances after noon during orthospiral IMF orienta-
tion. Causes suggested for TCVs originating at the magnetopause or in the low-latitude boundary layer include
step-like changes in the dynamic pressure [Kivelson and Southwood, 1991], changes in the magnetopause
reconnection rate [Ridley et al., 1998], and Kelvin-Helmholtz instability [McHenry et al., 1990]. The results of
Yahnin and Moretto [1996], on the other hand, indicate that at least some TCVs may originate in the plasma
sheet rather than at the magnetopause or in the low-latitude boundary layer.

Juusola et al. [2015] have examined how the extreme values of |dJeq∕dt| depend on season. In the present
study, we have not accounted for different seasons. Nevertheless, ionospheric field-aligned current density
and full horizontal as well as equivalent current density all depend on season [e.g., Stauning, 2002; Juusola
et al., 2014b]. Not taking the seasonal effect into account can lead to increased scatter in the results. Examining
how < |dJeq∕dt|> depends on season remains a topic for a future study.

5. Conclusions

In this study, we have analyzed the behavior of the average time derivative of the ionospheric equivalent
current vector (< |dJeq∕dt|>) in the AACGM latitude range 54∘–76∘, derived from ground magnetic field
data from the North European IMAGE magnetometer network for the 20 year period 1994–2013. Our main
conclusions are the following:

1. In accordance with earlier studies [Weigel et al., 2003], we found that < |dJeq∕dt|> as a function of latitude
and MLT has two peaks: one in the premidnight sector and one in the prenoon sector. We found that the
peaks are located at the nightside and dayside ends of the average westward electrojet, respectively.

2. The prenoon < |dJeq∕dt|> peak is most intense during fast solar wind speed and radial IMF orientation.
Substorm activity does not significantly affect the prenoon peak.

3. The location of the prenoon < |dJeq∕dt|> peak is not significantly affected by the IMF orientation but
persists at 8–10 MLT and 70∘–75∘ latitude, near the boundary between the westward and eastward elec-
trojets. Sensitivity of this boundary to disturbances is suggested as a possible explanation for the persistent
prenoon location of the < |dJeq∕dt|> peak.

4. In accordance with earlier studies [e.g., Fairfield and Cahill, 1966], the premidnight < |dJeq∕dt|> peak is
most intense during southward IMF orientation. We found that while faster solar wind speed mainly results
in more intense activity in the premidnight sector, stronger IMF causes the intensified activity to spread to
the postmidnight, dawn, and dusk sectors.

5. A good correspondence was found between development of the premidnight< |dJeq∕dt|> peak and aver-
age substorm bulge aurora and oval aurora as determined by Gjerloev et al. [2007]. The bulge aurora covers
the western end of the westward electrojet where the equivalent current also has a significant poleward
component. The oval aurora extends eastward along the purely westward electrojet.

6. The prenoon < |dJeq∕dt|> peak (maximum 0.58 A/km s) is on average more intense than the premidnight
peak (maximum 0.50 A/km s), but according to Juusola et al. [2015], the most intense values of< |dJeq∕dt|>
tend to occur in the premidnight and dawn sectors. These results indicate that as opposed to the premid-
night peak, the prenoon peak results from relatively frequently occurring low-amplitude disturbances. IMF
orientation affects the relative intensities of the two peaks: for IMF Bz < 0, the premidnight peak is stronger,
and for radial IMF, the dayside peak.

Studies by Schrijver and Mitchell [2013] and Schrijver et al. [2014] show that there is a statistically significant
increase in the number of insurance claims for the United States industrial electrical and electronic equipment
during geomagnetically active days as characterized with enhanced dB∕dt activity. These studies suggest that
problems are not only associated with extreme events but persistent moderate forcing can cause an extra
load for power grid infrastructure as well. Substorm activity in the midnight sector, driven by solar wind with
IMF Bz < 0, is known to cause both extreme and moderate activities. Our study shows that power grids at
high latitudes could be exposed to stress also in the prenoon sector, especially when solar wind speed is high
and IMF is radial. The postnoon sector around ∼16 MLT, on the other hand, should be quiet.
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