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Abstract. The magnetospheric response during the substorm events to solar wind driving, as determined by the
level and sign of the interplanetary magnetic field (IMF) Bz , is analysed. Using the superposed epoch analysis, solar
wind and geomagnetic conditions under three levels of Bz are characterised, i.e. northward or BZN (Bz > 0 nT, 75
events), very weak or BZ0 (Bz ∼ 0 nT, 78 events) and southward or BZS (Bz < 0 nT, 80 events). No northward
turning is observed during BZS, while northward turning occurs 20 and 50 min prior to onset, during the BZN
and BZ0 classes, respectively. IMF has a strong duskward component and the solar wind speed is also the fastest
during BZN onsets. Auroral activity, as measured by the AL index, takes a longer time to decay to preonset values
during BZ0 and BZS onsets compared to the BZN onsets. The level of IMF Bz does not seem to influence the
oval thickness in the noon sector. The oval is the thinnest during BZ0 events in all the sectors. The rate of auroral
widening in the dawn sector is found to be evidently slower than in the dusk sector during the BZS group.
Keywords. Substorm onsets; interplanetary magnetic field Bz characterisation; superposed epoch analysis; auroral
boundaries.
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1. Introduction
Substorms are periods during which a substantial
amount of energy from the solar wind is transferred
to the night-side magnetosphere and dissipated in the
auroral ionosphere and magnetosphere [1]. They are
usually short-lived transients with a span of 2–4 h [2]
and are generally characterised by three phases [3]. The
growth phase is initiated after the southward turning
of interplanetary magnetic field (IMF) Bz , increase in
reconnection rate [4] and eventual storage of magnetic
energy in the stretched field lines in the night-side magnetosphere. This energy is released during the expansion
phase in which the magnetotail instabilities lead to
the disruption of cross-tail current and relaxation of
stretched field lines accompanied by an increase in the
auroral activity. The magnetosphere returns to a quiet
state with the reduction in auroral activity during the
recovery phase. During substorms, several processes
are triggered and plasma populations from thermal and
non-thermal distributions [5] have been observed in the
auroral ionosphere.
The interest in substorm triggering due to variations in
the solar wind has been widely debated since the time

they were recognised as a separate class of magnetospheric response. The northward turning of IMF Bz was
reported as a trigger mechanism of substorm onsets by
Caan et al [6]. McPherron et al [3] reported that around
44% of all the onsets were correlated with a northward
turning, 2% with pressure pulses, 12% during steady
northward IMF, 29% under steady southward IMF and
the remaining 13% appeared to be triggered by fluctuations inherent in the IMF. Troshichev et al [7] indicated
that a substorm could be triggered by azimuthal (IMF
B y ) component and that both Bz and B y play a role in
substorm triggering.
Petrinec and Russell [8] observed the substorm expansion by magnetospheric compressions caused due to a
sudden change in the solar wind dynamic pressure. Shue
et al [9] indicated that even though the solar wind IMF
was stable, the IMF Bz determined the amount of energy
deposited in the auroral regions during jumps in the
solar wind density. Many studies have also indicated
that a substorm can be triggered by some other mechanism during periods of stable solar wind. Henderson et
al [10] reported substorms triggered during periods of
no apparent changes in either of the IMF components or
the flow pressure. McPherron et al [3] observed that the
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onset of the expansion phase was triggered by processes
internal to the magnetosphere with northward turning or
pressure pulses acting as influencing factors.
Chua et al [11] classified 300 substorms according
to IMF Bz (northward or southward) orientation and
seasons (summer, winter or equinox) and found that the
peak hemispherical power was around 30% more during
the periods of southward IMF. Apart from all the observations being in the northern hemisphere, majority of
the events were biased towards the southward IMF (263
events vs. 86 during the northward IMF). Using multiple periodic substorm events, Huang et al [12] indicated
that small fluctuations in IMF Bz could result in periodic substorms with the same period of around 3 h, as
found in periodic substorms during the stable southward
IMF [13].
As indicated above, a substantial number of substorm
onsets can be associated with changes in the components
of IMF, with Bz playing a major role in the dynamics. Using measurements from various satellites of solar
wind and auroral oval with the subsequent ground-based
observations of geomagnetic activity, onsets observed
during various levels of the IMF Bz (in the geocentric solar magnetospheric (GSM) coordinates) are
characterised. Superposed epoch analysis is used to
determine the average behaviour of solar wind, geomagnetic response and oval dynamics. The paper is
structured as follows: data sources and methods are elaborated in §2. The onsets were timed based on the Frey
et al [14] database and categorised by thresholding with
the epsilon parameter. The results from the superposed
epoch analysis are presented in §3. This is followed by
a comparison of the results obtained from the superposed epoch analysis with previous studies and a brief
summary of the main findings is presented in §4.
2. Data and procedure
Merged solar wind data from multiple satellites and
various ground measurements of geomagnetic activity
at 1 min resolution was obtained from http://cdaweb.
gsfc.nasa.gov [15], during the years 2000–2002. The
primary solar wind parameters included the IMF components (Bx , B y and Bz in nT, in GSM coordinates),
bulk solar wind flow speed (Vx in km/s in the GSM
coordinates) and plasma ion density (Np , in cm−3 ). Secondary parameters suchas flow pressure, P (in nPa) and
IMF magnitude, B = Bx2 + B y2 + Bz2 (nT), were calculated from the primary parameters. The AL (nT), AE
(nT), PCN (mV/m), SYM-H and ASYM-H indices (nT)
were used as proxies for the geomagnetic response.
The poleward and equatorward auroral boundary
locations were obtained from the British Antarctic
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Survey. Boundaries derived from the images obtained
by the SI12 instrument of the far ultraviolet instrument, onboard the Imager for Magnetopause-to-Aurora
Global Exploration satellite, were used. The procedure
to determine the auroral boundaries is described in [16].
The oval auroral response, in terms of boundary movement and change in thickness, was analysed in four
separate sectors. The boundary locations were averaged
into four sectors based on magnetic local time (MLT)
bins in the noon, dusk, midnight and dawn sectors. In
this study, the noon sector was chosen to be between
1000 and 1500 MLTs, dusk sector between 1600 and
2100 MLTs, midnight sector between 2000 and 0300
MLTs, and dawn sector between 0400 and 0900 MLTs,
respectively. Onset timings and locations were derived
from the Frey et al [14] database.
Magnetometer data from GOES-8 and GOES-10
(which were active during the years 2000–2002) satellites (Hp component in the local spacecraft frame) were
used to determine the level of magnetotail stretching
and relaxation [17] when they were within the MLTs in
the midnight sector. The solar wind parameters, activity
indices, GOES data and auroral boundary locations were
classified based on the level of the IMF Bz in a window of
240 min around the onset, into three classes. These were
denoted by northward Bz or BZN (Bz > 0), around zero
Bz or BZ0 (Bz ∼ 0) and southward Bz or BZS (Bz < 0).
The events were selected based on a threshold of 2 nT
or above for the BZN class, below −1 nT for the BZS
class, and between –0.5 and 0.5 nT for the BZ0 class.
From this procedure, a total of 146 events for BZN, 139
events for BZ0 and 151 events for BZS were found.
As the periods of BZ0 and BZN could also have
included weak disturbances, probably pseudobreakups
(PBUs) or poleward boundary intensifications (PBIs)
[18] and BZS events could also include storm time
initiations, which may differ from typical isolated substorms [19], a finer classification was done based on
the level of epsilon parameter. Reported to correlate
well with the energy input into the magnetosphere during substorms [20], it was used to select only those
onsets during which the energy exceeded the substorm
threshold of 100 GW but was below the storm loading
threshold of 1 TW [21]. Using this procedure, around
75–80 substorm onsets (75 for BZN, 78 for BZ0 and 80
for BZS events) were found in three categories, which
were analysed using the superposed epoch analysis.

3. Results
The substorm onset locations during the three classes
of IMF Bz driving are plotted in figure 1. It can
be noted that a similar number of BZS and BZN
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onsets are located at latitudes below 63◦ (16 and 13%,
respectively) compared to only 6% of BZ0 onsets.
In the following sections, the results of superposed
epoch analysis on the solar wind parameters, geomagnetic indices, auroral oval boundaries and magnetic field variations at geosynchronous orbit are
presented.

Figure 1. Onset locations associated with the three IMF
Bz categories. Blue filled circles indicate the onsets associated with BZN, red with onsets observed during BZ0,
while the green circles indicate the onsets falling in the BZS
category. Midnight (00 h), dawn (06 h), noon (12 h) and
dusk (18 h) MLTs are indicated along with the magnetic
latitude.
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3.1 Solar wind IMF and plasma parameters
The mean IMF components are plotted in the first column of figure 2, with the three classes plotted in blue
(BZN), red (BZ0) and green (BZS) lines, respectively.
During BZN onsets, Bx tends to oscillate between positive and negative values (0.5 and –1 nT) while B y is
strongly duskward with mean values ranging between 3
and 4 nT. During the BZ0 onsets, Bx remains positive
around 1 nT while B y tends to very weak and steady
dawnward values. Bx points weakly towards the Sun
(weakly negative) and dawnward during BZS onsets.
Mean Bz with 95% confidence interval during the
three classes is plotted in figure 3. A northward turning 20 min before the onset can be seen during the BZN
events, while during the BZ0 class, the mean Bz attains
a very weak negative value (∼–0.3 nT), 50 min before
the onset, as seen in the inset of figure 3. During the
periods of BZS, Bz gradually reaches a southward peak
value of around –1.5 nT, 40 min prior to the substorm
onset. Mean Bz is becoming more negative before onsets
observed during BZS translates to the total magnetic
field peaking at around 2 nT and remains at that level
for 80 min after the onset. Northward turning during
BZN events is apparent in the total field as well which
is also the strongest among the three event groups due
to a large dawn–dusk IMF component. The mean level
drops from around 7 to 4.5 nT 20 min before the onset
and increases after that as a result of the northward turning in the mean Bz accompanied by B y attaining stronger
duskward values. The mean magnetic field magnitude

Figure 2. Solar wind IMF components (Bx, B y , Bz and B plotted in the first column) and plasma parameters (Np , P, Vx and
epsilon parameter in the second column) along with the geomagnetic response indices (AL, AE, PCN, ASYM-H and SYM-H
in the third column), during substorm onsets as determined by the level of epsilon parameter. The substorm threshold of 100
GW is indicated by a horizontal dashed line in the epsilon parameter plotted in the bottom panel of the second column. Zero
epoch corresponds to the onset time and is indicated by a dashed black line. The levels during BZS are indicated in green,
during BZN in blue and during BZ0 in red, respectively.
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is observed to be very weak, at around 1 nT, during the
periods of BZ0.
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GW before the onset. However, during BZS events, the
parameter remains well above the substorm threshold
but below the storm threshold of 1 TW.

3.2 Plasma parameters
3.3 Magnetic indices
The middle column of figure 2 contains plots of the
superposed means of various solar wind plasma parameters, Np , P, Vx and the epsilon parameter. As can be
noted, the mean solar wind density is elevated during
BZN events (around 9 cm−3 ), while it remains steady at
around 5 cm−3 during both the BZS and BZ0 classes.
Vx is the fastest during BZN events and slowest during
the BZS class. The solar wind speed increases during
BZN events (−472 to −490 km/s) but decreases during
both the BZ0 class from around −410 before the onset
to around −400 km/s after the onset and from around
−400 to −396 km/s during BZS class. Faster solar wind
and relatively elevated solar wind density during the
periods of BZN translate to a relatively elevated flow
pressure of around 4 nPa, compared to steady and moderate values of around 1.5–1.6 nPa, during the BZS and
BZ0 events. It is observed that during both BZN and BZ0
events, the mean level of epsilon parameter increases
above the substorm threshold of 100 GW (indicated by
a dashed horizontal line in the last panel of the second
column), 50 min before the onset. Around the onset, as a
result of northward turning during the BZN events, the
level falls below the threshold, but subsequently rises
beyond it. A weak negative value of mean Bz during
the BZ0 events (see the inset in figure 3) results in the
mean epsilon parameter reaching levels of around 180

The mean AL, AE, PCN, ASYM-H and SYM-H indices
during the onsets are plotted in the last column of
figure 2. AL magnitude during BZN and BZ0 events
reaches similar levels with peak values reaching around
−140 and −150 nT, respectively. The response is much
stronger during BZS events with the index reaching a
minimum value of around −250 nT, 40 min after the
onset. Given that during the BZS class, Bz remains negative throughout the epoch window, it takes around 260
min (4.33 h) for the index to reach preonset values, compared to around 150 min (2.5 h) during BZ0, and it
takes almost 120 min (2 h) during periods of BZN. The
AE index reaches values of around 400 nT during the
periods of BZS. The index remains relatively weaker
during BZN and BZ0 events, with smaller enhancements around the substorm onset. PCN index remains
steady with values around 1 mV/m during both BZN and
BZ0 events, while it is comparatively stronger during
BZS events, reaching close to 2 mV/m after the onset.
SYM-H remains steady below –20 nT during periods of
BZS, while during periods of BZN and BZ0, it remains
between –10 and –20 nT. Similar levels are observed in
the ASYM-H index during BZS and BZN events, while
during periods of BZ0, the mean value fluctuates around
20 nT.

Figure 3. The mean levels of Bz as a result of superposed epoch analysis, with blue, red and green colours indicating BZN,
BZ0 and BZS, respectively. The 95% confidence intervals are indicated by a shaded region for the three classes while the inset
indicates the level of Bz during the BZ0 events.

Pramana – J. Phys. (2019) 92:51

3.4 Auroral oval and geosynchronous field
The mean auroral boundaries during the three event
types, in the four sectors, are plotted in the first and
second columns of figure 4a, respectively. Both the
equatorward and poleward auroral boundary experiences equatorward advancement before the substorm
onset, in all sectors, during BZS onsets. The latitudinal
location of the auroral boundaries during BZS events is
also the lowest among the three event groups. Relatively
weaker equatorward descent in both the auroral boundary locations is seen during the BZ0 and BZN groups and
is most prominent in the midnight sector. Post-onset, the
mean poleward boundary retreats poleward during the
BZS events in the dusk, midnight and to a lesser extent in
the dawn sector, while the mean equatorward boundary
still gradually proceeds equatorwards. A similar rate of
poleward retreat of the poleward auroral boundary can
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be seen in all the three event groups in the midnight
sector.
Different rates of movement of the auroral boundary
locations in the various sectors lead to different rates of
expansion in the mean oval thickness (last column of
figure 4a). The oval is found to be the thinnest during
BZ0 onsets in all the sectors, as seen in the last column
of figure 4a. The rapid poleward retreat of the poleward
boundary accompanied by an equatorward expansion of
the equatorward boundary leads to a rapid increase in
thickness of the midnight sector for all the three classes.
The oval thickens by around 2◦ during BZS onsets and
it widens by around 1–1.5◦ latitude during the other two
classes. The dawn and dusk sectors do not experience
any drastic change in thickness during both BZN and
BZ0 classes. During BZS onsets, a clear widening can
be seen after the onset in the dusk sector compared to a
very marginal increase in thickness in the dawn

Figure 4. Mean equatorward and poleward auroral boundary locations in the midnight (top panel), dawn (second panel),
noon (third panel) and dusk (bottom panel) sectors, with the respective oval thickness in ◦ latitude, during the three classes (a).
Mean Hp component of the geosynchronous magnetic field in the midnight sector as measured by GOES-8 and GOES-10 (b).
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sector. Similar thickness is observed in the noon sector
during the three event categories (thickness is not drastically different and remains between 7◦ and 8◦ during
the epoch window). It can also be seen that the oval is
marginally thinner in the dawn sector compared to the
dusk sector during any of the three event groups.
The mean Hp variations measured by GOES-8 and
GOES-10 satellites are plotted in figure 4b when the
satellites were located in the midnight sector (2000–
0300 MLT). The field strength at both the satellite
locations indicates a relaxed magnetic field configuration during the BZ0 event class, with a very weak
stretching seen around the onset. The mean Hp at GOES8 location gradually reduces from around 81 to 76 nT
around the onset and then increases steadily after the
onset. Similar behaviour is noted at GOES-10 location
with a clear weak relaxation signature observed during which the field strengthens from around 71 to 76
nT. The magnetic field is observed to be stretched to a
greater degree during BZN events, with the mean field
weakening from 75 to about 72 nT at GOES-8 and from
68 to 66 nT at GOES-10 around the substorm onset.
Relaxation to much stronger values after the onset can
be seen at both GOES-8 and GOES-10, compared to the
levels during BZ0 onsets. Stronger stretching is evident
during BZS events with Hp starting to weaken from
78 to around 74 nT around the onset at GOES-8 and
from 68 to 58 nT at GOES-10. Relaxation at the onset
leads to a rapid increase in field magnitude after the
onset.

4. Discussion and conclusions
Using the superposed epoch analysis, the levels of solar
wind IMF and plasma parameters, geomagnetic indices,
geostationary magnetic field and auroral oval were analysed for onsets classified according to three levels of
IMF Bz . At least 130 onsets were found in each category. The number of onsets was further reduced based
on the level of the epsilon parameter as smaller initiations might have included PBUs and PBIs (during
BZN and BZ0 onsets) [18] and onsets during BZS could
also have contained storm time substorms. The categorisation was based on the mean value of the epsilon
parameter reaching above the substorm threshold of 100
GW but staying below the storm loading threshold of
1 TW [21]. Through this procedure, around 80 events
were found in each category of Bz , with around a similar
number of BZN and BZS onsets located at low latitudes.
Wild et al [22] indicated that a very small number
of substorm onsets studied during 2001–2005 could be
triggered by northward turnings and that such triggers
were biased to occur during the southward IMF. During
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this analysis, no northward turning was seen during very
strong southward Bz (BZS event group). On the other
hand, a northward turning in the mean Bz during BZN
events was observed 20 min before the onset (figure 3),
while during BZ0 events, the northward turn was much
earlier (50–60 min before the onset). Furthermore, BZS
(as well as the isolated events) indicated to being nontriggered [23], as they occurred during steady southward
Bz without any perceptible northward turning. A substantial dawn–dusk IMF was a major source of substorm
energy input during BZN onsets through a B y initiated
dayside reconnection [24].
It was also observed that the IMF magnitude was
not the strongest during BZS events but during BZN
onsets due to a strong duskward and northward IMF
component during BZN events. As seen in figure 2,
the mean IMF strength being the strongest during BZN
events, led to a majority of the onsets being triggered at
lower latitudes (figure 1). This is in agreement with a
result found by Gérard et al [25], who reported a negative correlation between the onset latitude and the IMF
magnitude. This observation was also made during the
substorm onsets, but for the onsets associated with BZN
group (strongest IMF magnitude). During BZS onsets, a
decrease of 1 nPa in the flow pressure 40 min before the
onset was observed, which was absent in all the other
event categories. This observation was also made by
Peng et al [26], but during northward IMF conditions.
A relatively elevated pressure during the BZN onsets
could have played a role in the energy storage, also apart
from the large B y component. However, no perceivable
changes in pressure were observed around the onset as
noted by Peng et al [26], as an important factor in energy
accumulation during the northward IMF.
It was observed that the mean AE, AL and PCN
indices during the periods of BZS increased significantly
compared to the BZN and BZ0 classes. Given that many
onsets during BZS were located at latitudes below 63◦ , a
strong AL signature accompanied by an enhancement in
both the SYM-H and ASYM-H indices is in agreement
with Milan et al [18]. It was observed that the AL index
took almost the same time (around 140 min or 2.33 h) to
reach the preonset values during the periods of BZS and
BZ0 while the decay was much faster during the periods of BZN. A similar observation was made for the
subset of isolated events with AE, AL and PC indices
being elevated the most during the periods of BZS. The
level of epsilon parameter was below the storm level of
1 TW and this was also reflected in moderate values of
SYM-H index. The AL index took around 260 min or
4.33 h to reach the preonset values during the periods of
BZS compared to 150 min or 2.5 h during BZ0 with the
decay being relatively faster during the periods of BZN
(120 min or 2 h).
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The dynamics in the auroral boundaries was relatively
moderate during the BZN and BZ0 classes with the most
prominent movement occurring in the midnight sector.
Both the auroral boundaries were at their most equatorward location during the BZS onsets, in all the sectors.
Consistent with the growth phase of a substorm, both the
mean equatorward and poleward boundaries proceeded
equatorwards, indicative of field line stretching (as measured by GOES-8 and GOES-10) in the midnight sector
(for all the classes of Bz ) and to a lesser extent in the
dawn and dusk sectors (for the BZS class only). From the
statistical analysis, the relative change in the oval thickness to geosynchronous field strength variation can also
be deduced around the substorm onset, as the strength
and sign of the IMF Bz component changes in the midnight sector. A decrease in IMF Bz level from around
+4 nT during BZN onsets to around −1.5 nT during
BZS onsets led to the magnetic field being stretched
and the boundaries shifting equatorward to a greater
extent.
The oval was found to be the thinnest during periods of BZ0 and the oval thickness remained unchanged
during the epoch window in the noon, dusk and dawn
sectors, for periods pertaining to BZ0 and BZN. The
mean solar wind density was found to be the highest
during BZS onsets, which meant that the auroral oval
was the thickest in the dawn, dusk and midnight sectors [9]. However, the mean thickness in the noon sector
was almost similar among the three event groups as a
result of both the boundaries moving at the same rate.
During BZS onsets, the rate of change in mean oval
thickness around the onset in the dawn (slower) and
dusk (faster) sectors was different. The oval was also
marginally thicker in the dusk sector compared to the
dawn sector for any given onset class. Similar observations were made for the subsets of isolated events with
the auroral boundaries moving moderately during the
BZN and BZ0 event classes and being most dynamic in
the midnight sector.
The IMF Bz , therefore, seems to have a controlling
influence on the thickness of the oval in the dawn, dusk
and midnight sectors, but not in the noon sector as indicated by similar thickness in the noon sector during
the three levels of Bz . The geosynchronous magnetic
field as measured by GOES-8 and GOES-10, in the
midnight sector, also indicated a large stretching and
relaxation during the periods of BZS around the onset.
The amount of stretching was a function of the IMF
Bz , with the mean Hp remaining the weakest during
the periods of BZS. Gradual stretching and relaxation at
GOES-8 and GOES-10 was observed during the periods
of BZN and BZ0 and the field lines remained relaxed
after the onset. However, 40 min after the onset, the field
again became weak, indicating a stretching of the field
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lines as a result of prolonged strong negative IMF Bz ,
during BZS events.
The results from a superposed epoch analysis, conducted for a similar number of events (75, 78 and 80
for BZN, BZ0 and BZS events, respectively), are summarised below:
• A majority of onsets were observed at low latitudes
for the onsets in the BZS class, and a similar number
of onsets were observed during BZN as well.
• A distinct northward turn occurred before the onset
during BZ0 and BZN events. For the onsets during BZN, this is in contrast to Wild et al [22], who
reported that a substorm triggered by northward turning is biased to occur during the periods of southward
IMF. IMF was strongly duskward during BZN onsets
which could have played a part in the energy transfer
from the solar wind to the magnetosphere.
• Solar wind speed was not ordered according to the
Bz class and was found to be the fastest during BZN
events.
• Steady southward IMF during the periods of BZS
translated to large values of epsilon parameter just
below the storm loading threshold. Relatively strong
duskward and northward IMF during BZN events led
to the epsilon parameter reaching above the substorm
threshold of 100 GW for a period of 50 min around
the onset. During BZ0 events, the epsilon parameter
was also found to be above the threshold due to a
weak southward IMF.
• High-latitude indices experienced a significant
increase during BZS onsets while moderate responses were seen during the periods of BZN and BZ0.
• Auroral boundaries were at their most equatorward
location during BZS onsets, in all the sectors, with
the rate of oval widening in the dusk sector being
faster than in the dusk sector. The boundary locations were shifted 1–2◦ poleward during BZS onsets
pertaining to the isolated substorm subset. The oval
was thinner in the dawn sector compared to the dusk
sector during any given IMF level. Oval was thinnest
in all the sectors, during the periods of BZ0. Oval
thickness in the noon sector did not seem to have a
preference for the level of IMF Bz .
• Stretching and relaxation signature at geosynchronous orbit was most pronounced for the BZS
class with the other two classes only experiencing moderate-to-weak changes in the magnetic
field.
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