
Disturbances during a geomagnetic storm:
A case study on 7 October 2015

Hasan Şafak Erdaǧ∗, Zehra Can†
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In this study, the geomagnetic storm that occurred October 6-10, 2015 was examined in detail. During the
main phase of this storm, two large decreases in the disturbance storm time (Dst) index were observed, and this
storm was classified as a two-step storm according to literature. In addition, the strong thermal emission velocity
enhancement (STEVE) event that occurred in the main phase of the storm was documented with photographs
taken by citizen scientists. The storm of October 7, 2015, which exhibits high-intensity, long-duration, continuous
AE activity (HILDCAA), is one of the strongest storms of the 24th solar cycle. During this geomagnetic storm,
changes in Dst index, interplanetary magnetic field (IMF) Bz, flow velocity, proton density, solar wind pressure,
epsilon parameters were examined and the physical mechanism in the storm process was discussed. It was also
analyzed in comparison with the 8 March 2008 and 25 July 2016 and 8 September 2017 geomagnetic storms. This
research will contribute to a better understanding of the phenomena caused by solar wind.
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introduction
Solar wind is categorised by different types of

plasma resulting from different morphological fea-
tures on the Solar surface [6]. Geomagnetic storms
are caused by the interaction of the solar wind
plasma with the Earth’s magnetic field; they can be
weak, moderate, intense, and severe. Investigation of
geomagnetic storms caused by solar events has been
studied extensively in the literature. Magnetospheric
processes in the case of two-step development of in-
tense geomagnetic storms have also been the subject
of many studies [14, 22]. The double-peaked geo-
magnetic storm will be detailed later.

The dynamics of auroras that occur in the north
and south magnetic polar regions of the Earth be-
cause of the interaction of charged particles carried
by the solar wind with atoms and molecules in the
upper atmosphere of the Earth have not yet been
fully understood. Besides the visual feast they of-
fer, auroras contribute to the understanding of solar
wind dynamics. Also, particles originating from the
Earth’s ionosphere can contribute to the aurora. Au-
rora is formed within the oval of the auroral due to
the magnetic field topology. Auroras are generally
seen in 65◦-80◦ geomagnetic latitudes, even if they
move due to a certain mechanism, they are scat-
tered and in an irregular structure [16]. Exploring

the structure and features of aurora in the 1960s, re-
cent works showed that the substorm onset of the
lower storm will be characterized by the brighten-
ing of the most equatorial auroral arc [1, 8]; ob-
served the aurora simultaneously on the Earth and
in the magnetosphere. The STEVE structure was
studied through sky imagers (ASI), which allowed
the study of local and large-scale auroral morphol-
ogy [17]. STEVE resembles aurora in appearance.
However, there are differences between STEVE and
the aurora. STEVE can be seen further south of
the regions where the aurora is seen. There are also
differences between aurora and STEVE in terms of
appearance.

The STEVE event, which occurred on March 28,
2008, was analyzed using POES-17 satellite data [9].
In other studies, investigated whether STEVE orig-
inated from particle precipitation or an ionospheric
phenomenon [10]. By examining the particle data
detected by POES-17 satellites, they determined
that STEVE was not associated with particle pre-
cipitation. As a result, they suggested that STEVE,
unlike the classical aurora species, can be produced
by local ionospheric phenomena. With these fea-
tures, STEVE is becoming a new and intriguing phe-
nomenon. Scientists have researched the STEVE
phenomenon with simultaneous observations using
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images taken by citizen scientists, ground optical
observations, and on-site satellite observations [16].
This research enabled scientists to focus more care-
fully on the development of the magnetosphere-
ionosphere coupling concept. In the first statistical
study on STEVE, it was reported that STEVE has
a narrow optical structure and a strong connection
with sub-storms [9]. The spectral properties of the
STEVE and Picket Fence phenomenon were first de-
scribed in [11]. They observed these spectral fea-
tures using the TREx spectrograph. They concluded
that the characteristic mauve color of STEVE oc-
curred due to continuity, which includes visible wave-
lengths (400-700 nm). They also concluded that the
picket fence spectrum was caused by particle pre-
cipitation, similar to the spectrum produced in the
auroral structure. Using Swarm satellite data, it has
been reported that STEVE is associated with intense
subauroral ion drifts (SAIDs) [5]. In the Swarm ob-
servations associated with the STEVE events, they
detect very fast ion flow, high electron temperature,
and low plasma densities.

We focused on a geomagnetic storm caused by
a coronal hole, one of the strongest geomagnetic
storms of the 24th solar cycle. HILDCAA events
were also observed during the October 7, 2015, ge-
omagnetic storm that occurred when the solar wind
flowing through the coronal hole hit the Earth’s mag-
netic field. During this storm process, the Dst index
has a double peak value (−93 nT, −124 nT). During
this geomagnetic storm, sky watchers around the po-
lar circle observed bright auroras. In addition, the
STEVE event was observed. In this study, we in-
vestigated and interpreted the effects of the intense
geomagnetic storm dated October 7, 2015, during
which various random events occurred between Oc-
tober 6–10, 2015. Furthermore, features such as the
type of solar wind plasma and the phase of the so-
lar cycle cause each geomagnetic storm to be differ-
ent [6]. Therefore, we analysed in comparison with
the 8 March 2008 and 25 July 2016, and 8 September
2017 geomagnetic storms.

data and methodology
The data presented in this article are minute-

by-minute solar wind and IMF data of Spacecraft
WIND, which can be accessed online. The data has
been analyzed with Space Physics Environment Data
Analysis Software (SPEDAS). Data access and pro-
cessing were done using SPEDAS V3.1, see [4]. This
IDL based software is accessible at the following link:
http://themis.igpp.ucla.edu/software.shtml. For 7
October 2015 geomagnetic storm, magnetic fields,
flow speed, proton density, solar wind dynamic pres-
sure, were observed by one-minute interplanetary
OMNI data. The aforementioned software SPEDAS

processes the data as graphics with the AE and Dst
indexes which derive from World Data Center for
Geomagnetism Kyoto. The variation of Epsilon pa-
rameter and graphics are taken from SuperMag [12].

intense geomagnetic storm dated
October 6-10, 2015

A solar wind stream of approximately 750-
850 km/h hit the Earth’s magnetic field, created au-
roras that can be seen from many places around
the Earth. On October 6-8, sky watchers around
the Arctic Circle observed bright auroras that could
be seen next to dazzling city lights. These aurora
observations were not limited to the Arctic Circle.
Aurora observation spread to Virginia in the south
of the United States. Spectacular aurora observa-
tions were also made in the Dakotas, Maine, Michi-
gan, Wisconsin, Wyoming, and Minnesota1. Figure 1
panel (a), and panel (b) show the energy flux (at
Magnetic Coordinates/Geographic Coordinates) de-
termined by the Ovation Prime model2. The auroral
events in this process we are examining occurred due
to the co-rotating interaction zone (CIR). The tran-
sition zones between fast and slow-moving solar wind
currents are called CIR. The solar wind plasma that
moves away from the sun accumulates within these
regions. With these CIRs hitting the Earth’s mag-
netic field, the Kp index increased to 7. In addition
to these magnificent auroras, a STEVE event has
also been observed. Panel (c) in Figure 1 shows a
STEVE photograph taken by Debbie Center in Min-
nesota Nevis on October 7, 2015, at ∼06:00 (UTC).
The observed STEVE, as indicated in the literature,
is a narrow structure with mauve emission. It is
narrow in the north-south direction and long in the
west-east direction.

ae index and hildcaa
The Auroral Electrojet Index (AE) is the devia-

tion from the value in the horizontal magnetic field
around the auroral oval on quiet days [7]. HILD-
CAA refers to a magnetospheric/ionospheric process,
that shows prolonged and strong magnetic field devi-
ations around the auroral oval, caused by the high-
speed solar wind3. A HILDCAA level storm must
meet certain requirements. Those requirements can
be listed as follows: 1. During the HILDCAA, the
AE index should reach at least 1000 nT once. 2. The
storm should last at least two days and not fall be-
low 200 nT for more than two hours. 3. The storm
must be outside the main phase [13, 20, 22]. In Fig-
ure 2, the z-component of the interplanetary mag-
netic field, Dst index, and AE geomagnetic index
change and the change of epsilon parameter accord-

1spaceweather.com
2https://iswa.gsfc.nasa.gov/
3https://www.ngdc.noaa.gov/
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ing to the time of day are given. Panel (a) in Figure 2
shows the variation of the interplanetary magnetic
field (UTC). The Bz component shows oscillating
behavior around zero on October 7, 2015, around
22:30. At the same time, the AE index also has high
and continuous activity (see panel (b) in Figure 2).
In the literature, this situation a HILDCAA level
storm is in coherence with the fluctuation in the Bz
component of the magnetic field simultaneously with
the continuous high AE activity during the recovery
phase of a storm [21]. AE increases are due to inter-
planetary Alfven wave’s the solar component and the
intermittent reconnection of magnetopause magnetic
fields [23].

dst index and the energy input
parameter epsilon on the intense
geomagnetic storm

Dst index is a geomagnetic index that determines
the magnetic storm level, which used as an indirect
measure of the ring current. The negative value of
the DST index transmits the status of the geomag-
netic storm. Depending on the values of the Dst
index, geomagnetic storms are classified as follows:
−50 nT < Weak < −25 nT, −100 nT < Moderate
< −50 nT, −250 nT < Intense < −100 nT [22, 23].
Panel (c) in Figure 2 shows the change in the Dst
index. Significant changes in the Dst index occur
when solar particles, carried by the solar wind, in-
teract with the Earth’s magnetic field. On 7 Octo-
ber, the Dst index is −93 nT at 10.00 (UTC) and
−124 nT at 23.00 (UTC). These results show that
the process is an intense storm. Also, the Dst index
has two peak values. It is stated in the literature
that a two-stage geomagnetic storm must fulfill two
conditions for its development [14]. The first of these
conditions is that the ratio of the magnitude of the
Dst index in the recovery phase which occurred after
the first decrease and the magnitude of the Dst in-
dex in the first decrease is less than 0.9. In the storm
of 7 October 2015, this ratio is 0.591 (see panel (c)
in Figure 2). The second condition is that the time
elapsed between the time the Dst index reaches the
first minimum and the time it reaches the second
minimum is more than three hours (see panel (c) in
Figure 2). In light of these, the 7 October 2015 geo-
magnetic storm is a two-step storm.

The paper which investigates the development of
two-steps geomagnetic storms, determined that the
ring current has two main sources of particles [14].
The first is the solar wind and, the second is the iono-
sphere. The ionospheric ring current source is said to
dominate the inner magnetosphere during the main
phase of large geomagnetic storms, especially when
the sun is close to its maximum value. The examined

storm time is also in coherence with this statement
and corresponds to the descent trend of the maxi-
mum phase of the 24th solar cycle. The Epsilon pa-
rameter is an important parameter used in the inter-
pretation of geomagnetic storm effects, showing the
energy transferred from the solar wind to the Earth’s
magnetosphere (see panel (d) in Fig. 2) [2, 3, 15, 19].
Even more, it becomes an intense storm. These val-
ues are consistent with a HILDCAA level storm. The
Earth’s indication of this storm is the expansion of
aurora not only around the pole but to the low lat-
itudes. According to Spaceweather’s data, it deter-
mined that aurora occurs in the countries on the bor-
der of Kp 7, and there is a geomagnetic storm at the
G2 level4. The Kp index is an indicator of the magni-
tude of geomagnetic storms and disturbances in the
Earth’s magnetic field. The Kp index classifies geo-
magnetic activity starting from the number 0 which
is representing low /minor geomagnetic activity to
the number 9 which indicates extreme geomagnetic
activity. At Kp = 4 auroral activity begins to be
seen and the intensity of this activity increases with
respect to the Kp index, Kp = 5 is G1 level geomag-
netic storm while Kp = 9 is G5 level geomagnetic
storm5.

results and discussion
In this paper, an analysis of the storm on 7 Oc-

tober 2015 has been conducted and three different
events were detected within the geomagnetic storm
day and days that followed this storm. These events
are changes in the two-step Dst index, HILDCAA,
and STEVE events. Change in the two-step DST
index forms in the main phase of the geomagnetic
storm. On October 7, 2015, a high-speed stream
from coronal holes on the sun High-Speed Stream
(HSS) Figure 3 panel (b) and CIR’s impact on the
Earth’s magnetic field caused high negative values
in the DST index. This showed that the ring cur-
rent strengthened, and the magnetic field caused
by the ring current (in the opposite direction of
Earth’s magnetic field) weakened the Earth’s mag-
netic field. (Figure 3(e)) In addition, on October 7,
2015, the fact that the interplanetary magnetic field
(IMF Figure 3 panel (a)) originating from the sun
was in the opposite direction to the Earth’s mag-
netic field (towards the South), led to ruptures in
the Earth’s weakened magnetic field lines and caused
these ruptured magnetic field lines to connect to IMF
lines. Therefore, particles from solar winds trans-
ferred matter and energy to the magnetosphere and
the atmosphere. On panel (d) in Figure 2, it was
determined that this energy transfer increased up to
5000 GW (second pick) in the end of the main phase
of the storm, and during this transfer, proton density
and pressure decreased (see panels (c) and (d) in Fig-

4spaceweather.com
5www.spaceweatherlive.com
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ure 3). In the Epsilon parameter classification, it has
been determined that this energy transfer coincides
with the intense/strong geomagnetic storm.

It has been determined that there are large devia-
tions in the AE index as a result of these effects (see
panel (b) in Figure 2). For a better understanding
of this, a comparison with St. Patrick Storm (one
of the most intense storms of the 24th solar cycle
in the literature) on March 17, 2015, (St. Patrick’s
Day) might be a good option. It was determined
that the AE index increased up to 2000nT during
the day in both storms (see Table 1). For both
of the storms, these increases caused a growth in
Auroral Oval, an increase in auroral activity, and a
large increase in Kp index. St. Patrick Storm has
been measured in Kp = 8/G4 (Severe Storm) level
(Kp= 8 corresponds to 50.1◦ in magnetic latitude).
In this study, the geomagnetic storm dated Octo-
ber 7, 2015, rose up to Kp= 7/G3 and determined
that auroras can be observed up to 52.2◦magnetic
latitudes (exp. North America, Europe: London
(United Kingdom), Hamburg (Germany)). It was
understood that this magnetic latitude is lower than
the latitudes (65◦–80◦) where auroras are observed
under normal conditions. Furthermore, changes due
to: the determination of Kp= 5/G1 on October 5,
Kp=4–5/G1 on October 6, Kp = 7 / G3 on October
7, and Kp = 6 / G2 on October 8, high-velocity solar
winds (velocity increased up to 800 km/h during the
recovery phase of the geomagnetic storm Figure 3
panel (b)), large deviations in AE index (formation
of HILDCAA process) and the entry of high energy
and particles to the atmosphere have shown in the
given graphs. It can be seen that the geomagnetic
storm of 7 October 2015 was one of the strongest
storms of the 24th solar cycle. Unlike St. Patrick
Storm reasons that make this storm special are the
HILDCAA process that follows a two-step geomag-
netic storm and observation of STEVE phenomenon
(considered as ionospheric in the literature) in the
main phase in the storm [18]. On the other hand,
no evidence has been found that these processes are
necessary to observe STEVE. This can be seen in the
examples of the STEVE phenomenon of 28 March
2008 [9] and 25 July 2016 [16] previously examined.
At the time of the two events, a two-step process
did not occur in the DST index and the values were
found to vary between 0 and –50 nT (Quite Day).
Yet, in all three STEVE phenomena, large devia-
tions were detected in the AE index both during the
event hour and during the day. On 28 March 2008
at STEVE time (02:20 UT), the AE index reached
approximately 500 nT, on 25 July 2016 (06:45 UT)
the AE index reached approximately 600 nT, and on
7 October 2015 (06:00 UT) the AE index reached ap-
proximately to 1000-1500 nT (see Table 1). Although

these data are not definitive evidence that large de-
teriorations in the AE index are required for the for-
mation of a STEVE structure in the ionosphere, it is
determined that STEVE can be seen during the AE
deterioration process in STEVE events shown as ex-
amples from the literature. In addition, STEVE was
found to be around 59◦ magnetic latitudes in Nevis,
Minnesota, and in close magnetic latitudes with the
exemplified STEVEs (about 59◦-60◦). In the recov-
ery phase of the geomagnetic storm, long-term con-
tinuation of large deviations in AE index initiates the
HILDCAA process, it is seen that the biggest reasons
for that are high-velocity solar winds and, the energy
transferred into the atmosphere and magnetosphere.
However, it has been found that high-velocity cur-
rents (HSS) and coronal holes alone do not play a
role in the initiation of the HILDCAA process (al-
though they often produce long-term deviations in
the AE index, they do not create large enough devi-
ations). As in the HILDCAA processes found in the
literature, (especially between May – August 1983–
1985, January – May 1993–1995, April – October
2002–2003) this HILDCAA process was found to be
in the decreasing phase of the 24th solar cycle too
(Max point of 24th Solar Cycles 2014 April, end of
the solar cycle is December 2019). It was determined
that the STEVE phenomenon did not occur during
the HILDCAA process, but STEVE was in the main
phase that initiated the HILDCAA process.

The geomagnetic storm has different effects de-
pending on the type of solar wind plasma and the
phase of the solar cycle. Since each geomagnetic
storm has its own characteristics, the effects of the
solar wind on the magnetosphere and ionosphere will
become more understandable with each storm stud-
ied. Thus, such investigations will lead to a better
understanding of the physical mechanisms that cause
phenomena such as STEVE and HILDCAA.
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Fig. 1: The OVATION Prime Real-Time Energy Flux:
Electrons+Ions. Top: Magnetic Coordinates. Center:
Geographic Coordinates. Bottom: STEVE photograph.
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Fig. 2: The intense geomagnetic storm data (a-d) Fig. 3: Data obtained from SPEDAS WIND via CDA
web from October 6 to 10, 2015

Table 1: Kp, Dst and AE index values in various storms

Date Type Kp-Index DST-Index AE-Index
March 17, 2015 Storm Kp:8/ G:4 −150/−222 nT 2000 nT
October 5, 2015 Storm Kp:5 / G:1 0/−50 nT 500 nT
October 6, 2015 Storm Kp:4/5 / G:0/1 0/−50 nT 500 nT
October 8, 2015 Storm Kp:6 / G:2 −50/−100 nT 1000–2000 nT
October 7, 2015 Storm+Steve Kp:7 / G:3 −93/−124 nT 1000–1500 nT
March 8, 2008 (02:20UT) Steve Kp:4 / G:0 0/−50 nT 500 nT
July 25, 2016 (06:45UT) Steve Kp:4 / G:0 0/−50 nT 600 nT
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