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Abstract Total eastward and westward electrojet currents (EEJ and WEJ) and their central latitudes
derived from the International Monitor for Auroral Geomagnetic Effects (IMAGE) network magnetic
measurements are analyzed for the combined MLT (magnetic local time) and seasonal dependence during
the period 1995–2009. EEJ shows a strong MLT variation with significant dependence on season. During
summer months the maxima occur around 1600–1800 MLT, whereas during winter months the maxima
occur around 1800–2000 MLT. Moreover, the summer maxima are much larger than the winter maxima and
appear at higher latitudes. The summer maxima are mainly associated with the solar EUV conductivity effect,
while the winter maxima are mainly due to the contribution of northward convective electric field. EEJ
exhibits a dominant annual variation with maximum in summer and minimum in winter. WEJ also exhibits
a strong MLT variation with significant dependence on season. The maxima occur around 0200–0400 MLT
during summer months, around 0000–0200 MLT during winter months, and around 0000–0400 MLT during
equinoctial months. Moreover, the equinoctial maxima are much larger than the summer and winter
maxima and appear at relatively lower latitudes. The seasonal variations in WEJ are the combinations
of annual variations and semiannual variations. Both annual and semiannual variations show significant
dependence on MLT. These results increase our knowledge on what factors contribute to the auroral
electrojets as well as their magnetic signatures and hence help us better understand the limitations of
global auroral electrojet indices, such as the AE and SME indices.

1. Introduction

The auroral electrojets are mostly Hall currents flowing approximately in the auroral oval, being eastward
in the dusk sector and westward in the midnight and dawn sectors. Occasionally, the westward electrojet is
fed by the closure of the substorm current wedge [Gjerloev et al., 2004; Newell and Gjerloev, 2011] and shows
an extra enhancement in the midnight sector. The magnetic effects of the eastward and westward auroral
electrojets can be detected by the magnetometers located on both ground and low-Earth polar-orbiting
satellites. This fact leads to the introduction of auroral electrojet indices [e.g., Davis and Sugiura, 1966; Kallio
et al., 2000; Tanskanen, 2009; Newell and Gjerloev, 2011] and also forms the basis for the techniques and
methods developed to derive the latitude location and intensity of equivalent electrojet currents using
the magnetic field measurements [e.g., Amm and Viljanen, 1999; Pulkkinen et al., 2003; Juusola et al., 2009;
Vennerstrom and Moretto, 2013].

The standard auroral electrojet indices (AU, AL, and AE, hereafter called the AE indices) were first intro-
duced by Davis and Sugiura [1966]. The current AE network consists of 12 ground-based magnetometer
stations distributed roughly evenly in longitude along the auroral oval region. AU and AL are defined as the
upper and lower envelopes of the superposed H component variations observed at these stations, and AE
is the difference between the envelopes. Based on their simple definition, AU and AL are generally assumed
to express the strongest current densities of eastward and westward electrojets, respectively. In fact, the
strongest auroral electrojets are often undetected when they take place between the AE stations, which are
not distributed densely in longitude. Thus, in most cases, the AE indices are plagued by local time aliasing as
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the AE stations rotate with the Earth. Furthermore, the AE stations cannot properly monitor the auroral elec-
trojets during very active times when they expand equatorward beyond the stations and during quiet times
when they contract poleward of the stations [see Allen and Kroehl, 1975; Kamide and Akasofu, 1983;
Kauristie et al., 1996; Tomita et al., 2011; Liou et al., 2013]. In order to improve the AE indices, Newell and
Gjerloev [2011] made great efforts in deriving the auroral electrojet indices using the global network of
more than 100 ground magnetometer stations participating in the SuperMAG project [Gjerloev, 2009]. The
SuperMAG auroral electrojet indices are termed as SME indices (SMU, SML, and SME), avoiding confusion
with the standard AE indices. Despite the large number of stations used in constructing the SME indices,
significant gaps still exist, which make the SME indices also not free from local time biasing.

The auroral electrojets are controlled mainly by the north-south (N-S) component of convective electric field
and the Hall conductance over the region. Ahn et al. [1999] examined the magnetic local time (MLT) varia-
tion of the N-S convective electric field, and found that the northward and southward convective electric
fields maximize at about 1900–2000 MLT and 0400–0500 MLT, respectively, and they are nearly symmetric
about the 1100 and 2300 MLT meridians. The Hall conductance has two principal sources, namely, solar EUV
radiation and auroral particle precipitation. In general, the conductance associated with the solar EUV radi-
ation maximizes near local noon, and that associated with auroral particle precipitation maximizes around
local midnight [Ahn et al., 1999; Guo et al., 2012]. Clearly, both the N-S convective electric field and the Hall
conductance vary systematically with MLT. Thus, significant MLT variations in the auroral electrojets would
be expected. As mentioned above, the MLT effect is one of the major reasons why the AE and SME indices
are limited in use. Therefore, it is important to understand how the auroral electrojets vary with the MLT sec-
tor. However, this issue has received little attention in the past decades because of limited magnetic field
observations over the auroral oval region.

There are generally two ways to monitor the auroral electrojet currents in all local time sectors, but not
simultaneously. The first is utilizing the magnetic field measurements from a single meridional magne-
tometer chain, such as the International Monitor for Auroral Geomagnetic Effects (IMAGE) magnetometer
network [Viljanen and Häkkinen, 1997]. When the IMAGE network rotates into a local time sector (∼2 h), it
can monitor the auroral electrojet activity in its corresponding sector [Kauristie et al., 1996; Pulkkinen et al.,
2011; Guo et al., 2012]. After it finishes scanning all local time sectors, it can provide information of the MLT
variations of the auroral electrojets. The second way is using the magnetic field measurements from the
low-Earth polar-orbiting satellites, such as Oersted, Challenging Minisatellite Payload (CHAMP), and SAC-C
[see Moretto et al., 2002]. Recently, Juusola et al. [2009] and Vennerstrom and Moretto [2013] presented meth-
ods to estimate the electrojet currents from the CHAMP magnetic field data. The CHAMP orbit plane drifts
roughly 3 h in local time every month. So about 131 days are needed to provide information of the auroral
electrojets in all local time sectors. This is a much longer time period when compared to 1 day for the IMAGE
network. Therefore, to compare the behavior of the auroral electrojets in different local time sectors under
similar solar and geomagnetic conditions, the better choice is magnetic field measurements from the IMAGE
network, which is limited to the Northern Hemisphere.

The primary objective of the present study is to investigate the MLT variations in the auroral electrojets
using 15 years (1995–2009) of magnetic field measurements from the IMAGE network. This time span covers
nearly the whole of solar cycle 23. Considering that the auroral electrojets show significant seasonal vari-
ations [e.g., Ahn et al., 2000; Zhao and Zong, 2012; Singh et al., 2013; Guo et al., 2014], we will examine the
combined MLT and seasonal dependence in the Northern Hemisphere.

2. IMAGE Network Magnetic Measurements

The IMAGE network consists of 31 magnetometers ranging in latitude from 58◦ (Tartu, Estonia) to 79◦

(Ny-Ålesund, Svalbard) or from 54◦ to 75◦ in corrected geomagnetic coordinates [Tanskanen, 2009]. The
stations have longitudinal coverage over about 30◦ from western Norway to the Kola peninsula. Figure 1
shows the locations of the IMAGE magnetometer stations. The coordinates shown are geographic, which
will be used throughout the analysis in this paper. The MLT sectors corresponding to the IMAGE network are
approximately 2 h later from UT.

The IMAGE magnetometer stations record variations in the geomagnetic field at 10 s cadence. The data are
processed to derive equivalent currents by using the spherical elementary current system method [Amm
and Viljanen, 1999; Pulkkinen et al., 2003]. Then, the total currents of the eastward and westward electrojets
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Figure 1. Locations of the IMAGE magnetometer stations (red dots) in
geographic coordinates.

(EEJ and WEJ) and their central lat-
itudes (Lat-EEJ and Lat-WEJ) are
calculated to study the combined
MLT and seasonal dependence. As the
IMAGE network can effectively mon-
itor the auroral electrojet activity in
MLT sectors ∼1200–2200 for the east-
ward electrojet and ∼2200– 0600 for
the westward electrojet [Guo et al.,
2012], we concentrate on the east-
ward electrojet in the noon and dusk
sectors (1200–2200 MLT) and the
westward electrojet in the midnight
and dawn sectors (2200–0600 MLT)
in the present study. Note that when
the IMAGE network is outside these
optimal MLT sectors, the strongest
magnetic effects of the auroral elec-
trojets are undetected, and thus, the
derived electrojet parameters have
limited accuracy [see Kauristie et al.,
1996; Guo et al., 2012].

In addition, the geomagnetic field
data are processed in a way analo-
gous to the AU/AL indices to produce
the IU/IL indices [Kallio et al., 2000].
Generally, the IU/IL indices can be
used to measure the auroral electro-
jet intensity but only during limited
UT period when the IMAGE network
scans their corresponding optimal
MLT sectors (mentioned above). How-

ever, they are not used as auroral electrojet indices in the present study. They are essentially the peak values
of the positive and negative H component disturbances. They and their corresponding latitudes (Lat-IU and
Lat-IL, the latitudes of their contributing stations) are used to characterize the auroral zone geomagnetic
disturbances. In this scenario, they are valid in all local time sectors.

3. MLT and Seasonal Dependence of Auroral Electrojets

To investigate the combined MLT and seasonal variations in the auroral electrojets, we calculate the aver-
ages of the total currents (EEJ and WEJ) and their central latitudes (Lat-EEJ and Lat-WEJ) over 1 min intervals
of MLT in each month. Owing to the quiet time current effects (discussed later), our calculation is limited to
the periods when the amplitudes of H component disturbances are larger than 50 nT. The results are shown
in Figures 2a–2d for EEJ, Lat-EEJ, WEJ, and Lat-WEJ, respectively, where the standard deviations for the total
currents are less than 0.05 megaampere (MA). As we can see, EEJ shows a strong MLT variation with signif-
icant dependence on season. During summer months, the maxima with magnitudes about 0.23 MA occur
around 1600–1800 MLT. This is expected from the solar EUV conductivity effect [Ahn et al., 2000]. However,
during winter months, the maxima with magnitudes about 0.12 MA shift to a later local time sector around
1800–2000 MLT, and they are much smaller than those of summer months. As mentioned earlier, the north-
ward convective electric field maximizes around 1900–2000 MLT, which is consistent with the winter maxima
around 1800–2000 MLT. Therefore, it is reasonable to suggest that the northward convective electric field
dominates over the Hall conductance in contributing to the winter maxima. Moreover, it is interesting to
note that the summer maxima appear at higher latitudes (around 75◦N) than the winter maxima do (around
68◦N–70◦N). Also, as expected, EEJ exhibits a dominant annual variation with maximum in summer and
minimum in winter, and the amplitude of the annual variation significantly varies with MLT.
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Figure 2. MLT and seasonal variations of the total (a) eastward and (c) westward electrojet currents (EEJ and WEJ) and
(b and d) their central latitudes (Lat-EEJ and Lat-WEJ) for the period 1995–2009. Note that the eastward and westward
electrojet currents are positive and negative, respectively, and the westward electrojet is plotted in reversed scale such
that the magnitude of the current increases upward.

WEJ also exhibits a strong MLT variation with significant dependence on season. The maxima occur around
0200–0400 MLT during summer months, around 0000–0200 MLT during winter months, and in a wider local
time sector around 0000–0400 MLT during equinoctial months. Moreover, the equinoctial maxima with
magnitudes about 0.28 MA are much larger than the summer and winter maxima with magnitudes about
0.22 MA, and appear at relatively lower latitudes (around 70◦N). Certainly, the shift of the central latitude
is within 5◦. The seasonal variations in WEJ are distinctly visible. More recently, Guo et al. [2014] examined
the seasonal variations in WEJ and found that they are actually the combinations of annual variations and
semiannual variations.

In order to elucidate the annual and semiannual variations, two different band-pass filters, one centered
at 365 days with half-power points at 365 ± 20 days and the other centered at 182 days with half-power
points at 182 ± 20 days, are separately applied to each MLT bin of WEJ. Then the band-pass filtered values
are used to calculate the averages over 1 min intervals of MLT in each month. The results are illustrated in
Figures 3a and 3b for the annual and semiannual variations, respectively. Obviously, both annual and semi-
annual variations show significant dependence on MLT. The annual variations in the MLT sectors 2200–0100
and 0300–0600 are exceptionally strong, while those in the MLT sector 0100–0300 are quite weak. Moreover,
it is interesting to note that in the MLT sector 2200–0100 the maximum occurs in winter months and mini-
mum occurs in the summer months, and the opposite is true in the MLT sector 0300–0600. As suggested by
Guo et al. [2014], the annual variations in the MLT sector 2200–0100 with maxima in winter are caused by the
combined effects of the convective electric field and the conductivity associated with particle precipitation,
and those in the MLT sector 0300–0600 with maxima in summer are caused by solar EUV conductivity effect
and the equinoctial hypothesis (The equinoctial hypothesis is governed by the Ψ angle between Earth-Sun
line and the dipole axis of the Earth. When the angle Ψ is further from 90◦, the solar wind-magnetosphere
coupling is less efficient and the geomagnetic activity is lower [Svalgaard, 1977; Cliver et al., 2000; Finch et
al., 2008].). The weak annual variations in the MLT sector 0100–0300 could be attributed to the combined
effects of annual variations caused by all the previously mentioned effects.
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Figure 3. MLT dependence of (a) the annual variation and (b) the semiannual variation in the total westward electrojet
current (WEJ).

The semiannual variation in the westward electrojet has been widely studied using the AL index [e.g., Ahn et
al., 2000]. The most prevailing explanation is the Russell and McPherron (R-M) effect [Russell and McPherron,
1973]. The R-M effect is governed by the acute angle between the z axis of the GSM coordinate system and
the solar equatorial plane, measured in the y-z (GSM) plane. A related implication of the R-M effect is that
the IMF components in the solar equatorial plane have a peak southward component at the Earth in GSM
around March and September, depending on their polarity. However, in many cases the R-M effect has not
been able to explain the full seasonal and diurnal variations, which has led to suggestions of the equinoctial
hypothesis (mentioned above). One explanation proposed for this is the effect of solar EUV conductivity
changes on the nightside auroral electroject [Lyatsky et al., 2001; Newell et al., 2002], acting in addition to the
R-M effect.

It should be noted that here no attempt is made to remove the effects of the substorm electrojet. Since
the substorm occurrence rate is relatively low and its duration is very short (3 h on average)[Tanskanen et
al., 2011], the contribution of the substorm electrojet should have been largely suppressed by our statisti-
cal analysis. In order to confirm this, we reexamine the combined MLT and seasonal variations of EEJ and
WEJ for the periods when the amplitudes of H component disturbances are between 50 nT and 200 nT. As
expected, the results are quite similar to those shown in Figure 2, except for relatively lower amplitudes.
This implies that the impact of the substorm electrojet is relatively minor. Since the substorms occur mainly
in the premidnight region, roughly 2000–0000 MLT, with maxima during the winter and equinox months
and minima during the summer months [Guo et al., 2014], the relatively minor contribution of the sub-
storm electrojet might mainly occur in the premidnight region and during the winter and equinox months.
Thus, the MLT and seasonal variations presented in Figures 2 and 3 are mainly associated with convection
electrojets. We cannot further examine whether the WEJ reveals similar MLT and seasonal dependence dur-
ing substorms, because the IMAGE observations cannot monitor the electrojet currents in all local time
sectors simultaneously. During substorms, the geomagnetic perturbations recorded by the IMAGE mag-
netometers in different MLT sectors actually happened in different phases of substorms. Moreover, the
electrojet currents derived from the ground-based magnetic measurements have limited accuracy under
substorm conditions.

4. Discussion

It is important to remember that the electrojet currents analyzed above are derived from the ground-based
magnetic measurements, with an assumption that the auroral zone geomagnetic perturbations are caused
only by the auroral electrojets. However, in fact, the quiet time current systems, such as the low-latitude
and midlatitude Sq current system and the polar region Sp

q current system, can also contribute to the auroral
zone geomagnetic perturbations [see Allen and Kroehl, 1975; Tomita et al., 2011]. Therefore, it is necessary to
examine whether the quiet time current systems significantly influence the MLT and seasonal patterns of the
electrojet currents presented in Figure 2. Considering that the relative contribution of the auroral electrojets
and the quiet time current systems might be quite different during quiet and disturbed periods, we sep-
arately examine the geomagnetic perturbations for each period. Moreover, we examine the geomagnetic
perturbations in all local time sectors, which may help us identify their sources.
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Figure 4. MLT and seasonal variations of the (a) IU and (c) IL indices and (b and d) their corresponding latitudes (Lat-IU
and Lat-IL) for quiet periods having index values of less than 50 nT. Note that IU and IL are essentially the peak values
of the positive and negative H component disturbances. Here they are used to represent the auroral zone geomagnetic
disturbances. IL is plotted in reversed scale such that the magnitude of IL increases upward.

First, we examine the MLT and seasonal variations of the IU and IL indices (the peak values of the positive
and negative H component disturbances) and their corresponding latitudes (Lat-IU and Lat-IL) for quiet peri-
ods having index values of less than 50 nT. The 50 nT critical level is chosen arbitrarily, but it separates those
periods of moderate magnetospheric activity from the quieter periods [see Allen and Kroehl, 1975]. The rela-
tive weight of quiet periods is about 0.65 (65% of the total) for the IU index and 0.62 (62% of the total) for the
IL index. The results are shown in Figure 4, where the standard deviations for the H component disturbances
are no more than 5 nT. Significant seasonal variations can clearly be observed in some local time sectors.
For example, the IU index reveals annual variations with maxima in summer in MLT sectors 0400–0800 and
1400–0400 (due to different sources discussed below). The IL index exhibits annual variations with maxima
in summer in the MLT sector 0400–0800, and semiannual variations with maxima at equinoxes as well as
annual variations with maxima in summer in the MLT sector 1000–1400. Lat-IL exhibits similar seasonal vari-
ations as those observed in the IL index in the MLT sector 1000–1400 but with opposite phases. The opposite
phase means that Lat-IL shifts equatorward (poleward) as the IL index increases (decreases). It is interesting
to note that annual variations are observed in both IU and IL indices in the same MLT sector 0400–0800 but
at different latitudes. This indicates that they are caused by different current systems. Also, we note that the
values of the IL index are very small (less than 15 nT) at equinoxes in the MLT sector 0000–0400 MLT, which
suggests that the contributions of the electrojet currents (both eastward and westward electrojets) to the
auroral zone geomagnetic perturbations are very minor during quiet periods.

The Sq currents arise due to the ionospheric wind dynamo, and flow at approximately 100–170 km altitude
in the sunlit ionosphere [Pedatella et al., 2011]. The morphology of the equivalent Sq current system in the
Northern Hemisphere is characterized by a dayside counterclockwise vortex [Pedatella et al., 2011; Yamazaki
et al., 2011]. The current intensity was found to show a prominent annual variation with maximum in sum-
mer during solar minimum conditions and a semiannual variation with maxima at equinoxes during solar
maximum [see Campbell and Matsushita, 1982; Takeda, 2002]. Thus, the Sq current system might cause neg-
ative auroral zone H component disturbances in the noon sector with seasonal dependence, as illustrated in
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Figure 5. Sketch of expected MLT dependence of auroral zone H component disturbances caused by the Northern Hemi-
sphere Sq and Sp

q current systems for (a) summer, (b) equinoxes, and (c) winter. The positive and negative perturbations
caused by the combined effects are indicated by the orange and yellow shading, respectively.

the Figures 5a–5c (top). Note that the representative plots in Figure 5 show the average H disturbances over
a complete solar cycle, without considering the solar cycle dependence. A base line for geomagnetic dis-
turbances is generally determined by averaging all H values on the five internationally quiet days. Thus, the
base values for the Sq effects should be negative, which are indicated by horizontal dashed lines.

The Sp
q current system is an equivalent current system inferred to explain the quiet day magnetic variations

in the polar cap region. The morphology of the Sp
q current system in the Northern Hemisphere is character-

ized by a clockwise vortex in the dawnside and a counterclockwise in the duskside [Tomita et al., 2011]. The
current intensity was found to show an annual variation with maximum in summer [Xu, 1989]. Thus, the Sp

q

current system might cause negative auroral zone H disturbances in the dawn sector and positive H dis-
turbances in the dusk sector with seasonal dependence, as illustrated in Figures 5a–5c (middle). The base
values for the Sp

q effects should be close to zero.

The combined effects of the Sq and Sp
q current systems are illustrated in Figures 5a–5c (bottom), in which the

positive and negative H perturbations are indicated by the orange and yellow shading, respectively. Signif-
icant MLT and seasonal dependence can be seen in the combined effects. Moreover, as expected, they are
consistent with the predominant features presented in Figure 4, except for the relatively weak annual vari-
ations in the IU index in the MLT sector 0400–0800. This suggests that most of these predominant features
are mainly caused by the Sq and Sp

q current systems. The annual variations of the IU index in the MLT sector
0400–0800 might be associated with a dawn sector eastward current suggested by Baumjohann and Kamide
[1981]. This eastward current is flowing equatorward of the auroral oval in a conductivity channel created by
the precipitating electrons.

It is very clear that the quiet time current systems dominate over the electrojet currents in contributing to
the geomagnetic perturbations recorded by the IMAGE magnetometers during quiet periods. Therefore, the
IMAGE observations for quiet periods cannot be used to monitor the auroral electrojet activity. This is the
reason we do not include quiet periods in the analysis of the MLT and seasonal variations in the electrojet
currents in section 3.

Further, we examine the MLT and seasonal variations of the IU and IL indices and their latitudes (Lat-IU and
Lat-IL) for disturbed periods having index values of more than 50 nT. The results are shown in Figure 6, where
the standard deviations for the H component disturbances are less than 100 nT. Obviously, pronounced posi-
tive H perturbations in the MLT sector 1200–2200 and negative H perturbations in the MLT sector 2200–0600
are mainly associated with the auroral electrojets presented in Figure 2. The geomagnetic perturbations also
appear in earlier local time sectors than those shown in Figure 2. For example, the positive H perturbations
extend to the MLT sector ∼0800–1200 during summer months and the negative H perturbations extend to
the MLT sector ∼1800–2200 during winter months. This implies that the electrojet currents are actually flow-
ing in wider MLT sectors than those we concentrate on in this study. Although the magnetic signatures of
the quiet time current systems do not appear, we believe that the quiet time current systems still contribute
to the observed geomagnetic perturbations during disturbed periods, at least for the Sq currents, which
are mainly controlled by the neutral tidal winds and the conductivities in the dynamo region [Richmond et
al., 1976]. The possible explanation might be that the contributions of the quiet time current systems are
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Figure 6. Same as Figure 4 but for disturbed periods having index values of more than 50 nT.

negligible when compared to those of the electrojet currents. If this is the case, the quiet time current
systems would not significantly influence the results presented in Figure 2 for the disturbed periods.

5. Summary and Conclusions

The IMAGE network magnetic measurements offer the opportunity to delineate the MLT dependence
of the auroral electrojets. In the present paper, the total eastward and westward electrojet currents (EEJ
and WEJ) and their central latitudes (Lat-EEJ and Lat-WEJ) derived from the IMAGE network are ana-
lyzed to characterize the combined MLT and seasonal variations in the auroral electrojets for the period
1995–2009. Furthermore, the quiet time current effects, particularly the effects of the Sq and Sp

q current sys-
tems, are discussed in detail. It is found that the quiet time current systems dominate over the electrojet
currents in contributing to the geomagnetic perturbations recorded by the IMAGE magnetometers during
quiet periods.

We draw the following conclusions:

1. EEJ shows a strong MLT variation with significant dependence on season. During summer months the
maxima occur around 1600–1800 MLT, whereas during winter months the maxima occur at a later local
time sector around 1800–2000 MLT. Moreover, the summer maxima are much larger than the winter
maxima and appear at higher latitudes. The summer maxima are mainly associated with the solar EUV
conductivity effect, while the winter maxima are mainly due to the contribution of northward convective
electric field.

2. EEJ exhibits a dominant annual variation with maximum in summer and minimum in winter. The
amplitude of the annual variation significantly varies with MLT.

3. WEJ also exhibits a strong MLT variation with significant dependence on season. The maxima occur
around 0200–0400 MLT during summer months, around 0000–0200 MLT during winter months, and in
a wider local time sector around 0000–0400 MLT during equinoctial months. Moreover, the equinoctial
maxima are much larger than the summer and winter maxima, and appear at relatively lower latitudes.

4. The seasonal variations in WEJ are the combinations of annual variations and semiannual variations. Both
annual and semiannual variations show significant dependence on MLT.
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