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

Hasan Şafak Erdaǧ∗, Zehra Can†
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In this study, we present the detailed study of the geomagnetic storm that occurred 6-10 October 2015. In
literature this storm was classified as a two-step storm due to the observation of two large decreases of the dis-
turbance storm time (Dst) index during the main storm phase. In addition, the strong thermal emission velocity
enhancement (STEVE) event occurred during the same storm phase was photographically documented by citizen
scientists at Minnesota Nevis (USA). The storm of 7 October 2015, which exhibits high-intensity, long-duration,
continuous AE activity (HILDCAA), is one of the strongest storms of the recent 24th solar cycle. We examined
changes in Dst index, interplanetary magnetic field (IMF) Bz, flow velocity, proton density, solar wind pressure, ep-
silon parameters and presented the discussion of the physical mechanism happened during this geomagnetic storm.
The results obtained for the storm on 7 October 2015 were also compared with geomagnetic storms occurred on 8
March 2008, 25 July 2016 and 8 September 2017.
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introduction
The solar wind is characterised by different types

of plasma released by different morphological fea-
tures on the Solar surface [6]. The interaction of
the solar wind plasma with the magnetic field of the
Earth produces geomagnetic storms, which can be
classified according to their intensity as weak, mod-
erate, intense, and severe. Investigation of geomag-
netic storms caused by solar events has been studied
extensively in the literature. For instance, magne-
tospheric processes in the case of two-step develop-
ment of intense geomagnetic storms have also been
the subject of many studies [14, 22]. The double-
peaked geomagnetic storm will be detailed later.

In addition, the interaction of charged particles
carried by the solar wind with atoms and molecules
in the upper atmosphere of the Earth also produces
auroral phenomena in the north and south magnetic
polar regions, which dynamics still remain poorly un-
derstood. The investigation of auroras also help with
understanding of solar wind dynamics and Earth’s
ionosphere, which particles can contribute to the au-
rora. Aurora is forming in the so-called auroral oval
regions due to the magnetic field topology and are
generally seen in 65◦-80◦ geomagnetic latitudes as
structures with scattered and irregular shape [16].
The study of the structure and features of aurora

began in the 1960s, and currently accepted works
have showed that the substorm onset of the lower
storm can be characterised by the brightening of the
most equatorial auroral arc [1, 8], observed the au-
rora simultaneously on the Earth and in the mag-
netosphere. The study of the strong thermal emis-
sion velocity enhancement (STEVE) structure was
done using All-Sky Imager (ASI), which allowed to
investigate the local and large-scale auroral morphol-
ogy [17]. STEVE structures visually resembles au-
rora, but STEVE can be observed further south in
regions where the aurora is no longer visible. There
are also differences between aurora and STEVE in
terms of appearance.

Several studies suggest that STEVE originates
from a particle precipitation or an ionospheric phe-
nomenon [10]. However, the analysis of the STEVE
event occurred on 28 March 2008 based on POES-
17 satellite data [9] showed that the current STEVE
was not associated with the particle precipitation.
As a result, it has been suggested that STEVE, in
contract to the classical aurora, can be generated
by local ionospheric phenomena. This led to the
growing relevance of research into this STEVE phe-
nomenon with the involvement of various observa-
tional techniques including images taken by citizen
scientists, ground optical observations, and on-site
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satellite observations [16]. This research enabled sci-
entists to focus more carefully on the development
of the magnetosphere-ionosphere coupling concept.
For instance, the first statistical study on STEVE
showed that STEVE has a narrow optical structure
and a strong connection with sub-storms [9]. At the
same time, the first analysis of the spectral proper-
ties of the STEVE and Picket Fence phenomenon
using the TREx spectrograph [11] concluded that
the characteristic mauve color of STEVE occurred
due to its continuum emission, which spans visible
wavelengths (400-700 nm). It has be also concluded
that the picket fence spectrum is produced by parti-
cle precipitation in the similar way to the spectrum
of the auroral structure. Using Swarm satellite data,
it has been also reported that STEVE is associated
with intense subauroral ion drifts (SAIDs) [5], which
is also accompanied by detection of very fast ion flow,
high electron temperature, and low plasma densities.

We focused on one of the strongest geomag-
netic storms of the 24th solar cycle, when the so-
lar wind flowing through the coronal hole interacts
with the Earth’s magnetic field. The high-intensity,
long-duration, continuous AE activity (HILDCAA)
events were also observed on 7 October 2015. Dur-
ing this storm the Dst index showed a double peak
value (−93 nT, −124 nT). At the same time, sky
watchers around the polar circle observed bright au-
roras together with the STEVE event. In this work,
we investigate and interpret the intense geomagnetic
storm dated 7 October 2015 and its connection with
various random events occurred between 6-10 Octo-
ber 2015. Since features like the type of solar wind
plasma and the phase of the solar cycle causing each
geomagnetic storm could be different for different
storms [6] we compared the obtained results with
geomagnetic storms happened on 8 March 2008, 25
July 2016 and 8 September 2017.

data and methodology
In this article we use publicly available data of

minute-by-minute solar wind parameters and IMF
data obtained by the spacecraft WIND. The data
were accessed and processed using the IDL based
Space Physics Environment Data Analysis Software1

(SPEDAS V3.1, see [4]). The magnetic fields, flow
speed, proton density, solar wind dynamic pressure
for geomagnetic storm happened in 7 October 2015
were obtained as one-minute interplanetary OMNI
data. The SPEDAS software processes these data as
graphics with the AE and Dst indexes derived from
World Data Center for Geomagnetism located in Ky-
oto, Japan2. The variation of Epsilon parameter and
graphics presented in Fig. 2 are taken from a world-

wide collaboration SuperMag, which provides access
to more than 300 ground-based magnetometers [12].

intense geomagnetic storm on
6-10 October 2015

A solar wind stream with velocity of about 750-
850 km/h hit the Earth’s magnetic field creating au-
roras visible from many places around the Earth. On
6-8 October, sky watchers around the Arctic Circle
observed bright auroras which high intensity allows
to observe them next to dazzling city lights. More-
over, detection of these auroras was not limited to
the Arctic Circle region, they also spread to Vir-
ginia in the southern United States. In addition,
spectacular images of aurora were made in Dakotas,
Maine, Michigan, Wisconsin, Wyoming, and Min-
nesota3. The top and centre panels of Figure 1 show
the energy flux at magnetic and geographic coordi-
nates, respectively, which were determined from the
Ovation Prime model4. Examining auroral events
during this storm we found that they occurred due
to the co-rotating interaction zone (CIR), the transi-
tion zones between fast and slow-moving solar wind
currents. The solar wind plasma that moves away
from the sun accumulates within these regions. With
these CIRs hitting the Earth’s magnetic field, the Kp
index increased to 7. In addition to observed auro-
ras, a STEVE event has been observed. The bot-
tom panel of Figure 1 shows a STEVE photograph
taken by Debbie Center in Minnesota Nevis on 7 Oc-
tober 2015 (06:00 UTC). The observed STEVE, as
indicated in the literature [16], is a structure with
mauve emission, which 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 de-

viation from the value in the horizontal magnetic
field around the auroral oval on quiet days [7].
While HILDCAA value refers to a magneto-
spheric/ionospheric process showing prolonged and
strong magnetic field deviations around the auroral
oval caused by the high-speed solar wind5. A HILD-
CAA level storm must satisfy the following condi-
tions: (i) during HILDCA the AE index should reach
at least 1000 nT once; (ii) the duration of storm
should exceed two days without fall below 200 nT for
more than two hours and (iii) the storm must be out-
side the main phase [13, 20, 22]. The z-component of
the interplanetary magnetic field (IMF), Dst index,
and AE geomagnetic index change and the change of
epsilon parameter according to the time of day are
presented in Figure 2 (on panels (a-d), respectively).

1http://themis.igpp.ucla.edu/software.shtml
2https://wdc.kugi.kyoto-u.ac.jp/wdc/Sec1.html
3spaceweather.com
4https://iswa.gsfc.nasa.gov/
5https://www.ngdc.noaa.gov/
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The variation of Bz component of the interplanetary
magnetic field on panel (a) of Figure 2 shows its os-
cillating behaviour around zero on 7 October 2015
around 22:30 UTC. At the same time, the AE in-
dex has also high and continuous activity (see panel
(b) in Figure 2). In [21] mentioned that a HILD-
CAA level storm is in coherence with the fluctuation
in the Bz component of IMF and continuous high
AE activity during its recovery phase. AE activity
increases due to interplanetary Alfven wave and the
intermittent reconnection of magnetopause magnetic
fields [23].

The analysis of the geomagnetic
storm intensity

Dst is a geomagnetic index that characterises the
magnetic level of a storm and is used as an indirect
measure of ring current. The negative value of the
Dst index transmits the status of the geomagnetic
storm. Based on the value of the Dst index geomag-
netic storms are classified as follows: intense storm
with −250 nT < Dst < −100 nT, moderate with
−100 nT < Dst < −50 nT and weak with −50 nT
< Dst < −25 nT, [22, 23]. The change of the Dst
index for the studied with time is storm shown in
the panel (c) of Figure 2. The significant change in
the Dst index occurs during the interaction of solar
particles carried by the solar wind with the Earth’s
magnetic field. On 7 October 2015 the value of Dst
index was −93 nT at 10:00 UTC and −124 nT at
23:00 UTC classifying the ongoing process as an in-
tense storm. Also, the Dst index distribution with
time showed two peaks. According to [14] the gen-
eration of a two-stage geomagnetic storm is possible
under two conditions. Firstly, the ratio of the mag-
nitude of the Dst index in the recovery phase, which
occurs after the first decrease in the Dst index, and
the magnitude of the Dst index immediately during
the first decrease should be less than 0.9. In the case
of the storm of 7 October 2015 this ratio is 0.591
(see panel (c) in Figure 2). The second condition is
that the time between the first and second minimum
of the Dst index is more than three hours, which
is also satisfied for the studied storm on 7 October
2015 (see panel (c) in Figure 2) Therefore, the geo-
magnetic storm on 7 October 2015 is identified as a
two-step storm.

The investigation of the development of two-steps
geomagnetic storms in the literature determines that
the ring current around the Earth has two main
sources of particles: the solar wind and the iono-
sphere (see e.g. [14]). It is suggested that the iono-
spheric source of the ring current dominates the inner
magnetosphere during the main phase of large geo-
magnetic storms, especially when the sun activity is
close to its maximum value. The examined storm
time is also in agreement with this statement, and

also corresponds to the declining trend of the maxi-
mum phase of the 24th solar cycle.

An important parameter used to study the inten-
sity of the geomagnetic storm is the Epsilon parame-
ter [2, 3, 15, 19], which shows the energy transferred
from the solar wind to the Earth’s magnetosphere
(see panel (d) in Fig. 2). These values are consistent
with the definition of a HILDCAA level storm. The
indicator of this storm on the Earth is the expansion
of aurora not only around the pole, but towards lower
latitudes. According to data on the Space weather
resource6 the aurora occurred in countries on the
border of Kp 7, and the geomagnetic storm was at
the G2 level. The Kp index is an indicator of the
magnitude of geomagnetic storms and disturbances
in the Earth’s magnetic field. The Kp index classi-
fies geomagnetic activity starting from the number
0 (low or minor geomagnetic activity) to the num-
ber 9 (extreme geomagnetic activity). At Kp = 4
auroral activity begins to be visible and its intensity
increases as Kp index increases. The Kp = 5 is G1
level geomagnetic storm, while Kp = 9 is G5 level.

results and discussion
In this paper, we conducted an analysis of the

storm on 7 October 2015 and detected three different
events during the day of the geomagnetic storm and
in the days following it. These events were charac-
terised by two-step changes in the Dst index, HILD-
CAA, and the presence of STEVE events. The two-
step change in the Dst index has been observed in
the main phase of the geomagnetic storm. The ob-
served negative values of the Dst index on 7 October
2015 indicating an ongoing geomagnetic storm were
caused by a high-speed stream (HSS) from coronal
holes on the sun (see panel (b) of Figure 3) and
CIR’s impact on the Earth’s magnetic field. This
resulted in a strengthening of the ring current whose
the magnetic field weakened the Earth’s magnetic
field due to their orientation in the opposite direction
(see Figure 3e) In addition, on 7 October 2015, the
fact that the interplanetary magnetic field (IMF, Fig-
ure 3a) originating from the sun was in the opposite
direction to the Earth’s magnetic field (towards the
South), led to ruptures in the Earth’s weakened mag-
netic field lines and caused them 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 de-
termined 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 the proton den-
sity and pressure decreased (see panels (c) and (d) in
Figure 3). According to the Epsilon parameter clas-
sification it has been determined that this energy
transfer coincides with the intense/strong geomag-

6spaceweather.com
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netic 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 event, we decided to conduct a comparison of
the storm studied in this paper with the one of the
most intense storms of the 24th solar cycle available
in the literature, St. Patrick Storm, which occurred
on 17 March 2015 might be a good option. It was de-
termined that the AE index increased up to 2000 nT
during the day in both storms (see Table 1), which
caused a growth of auroral oval, an increase in au-
roral activity, and a large increase in Kp index for
both storms. St. Patrick Storm has been measured
in Kp = 8/G4 level (i.e. severe storm, Kp = 8 corre-
sponds to 50.1◦ in magnetic latitude). In this study,
the geomagnetic storm on 7 October 2015 rose up to
Kp= 7/G3 and auroras events have been observed
up to 52.2◦ magnetic latitudes (e.g. North Amer-
ica, Europe: London, UK; Hamburg, Germany). It
is obvious that such magnetic latitude is lower than
the latitudes that are characteristic of typical auro-
ras (i.e. 65◦–80◦). Furthermore, in Figure 3 we
showed the changes in Kp index (Kp = 5/G1 on 5
October, Kp = 4–5/G1 on 6 October, Kp = 7/G3
on 7 October, and Kp = 6 / G2 on 8 October), the
increase of high-velocity solar winds up to 800 km/h
during the recovery phase of the geomagnetic storm,
the large deviations in AE index (i.e. formation of
HILDCAA process) and the entry of high energy and
particles to the atmosphere. It can be seen that the
geomagnetic storm of 7 October 2015 was one of the
strongest storms of the 24th solar cycle. In contrast
to St. Patrick storm, this storm was characterised
by the presence of the HILDCAA process follow-
ing a two-step geomagnetic 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 phe-
nomenon of 28 March 2008 [9] and 25 July 2016 [16].
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 (so-called quite day).
However, in all three STEVE phenomena, large de-
viations in the AE index were found both during
the hour of the event and during the day. Thus,
on 28 March 2008 at STEVE time (02:20 UTC)
the AE index reached approximately 500 nT, on 25
July 2016 (06:45 UTC) it grew to 600 nT, and on
7 October 2015 (06:00 UTC) it increased to 1000-
1500 nT (see Table 1). Although these data are
not definitive evidence that large deterioration in
the AE index are required for the formation of a
STEVE structure in the ionosphere, it is determined

that STEVE can be seen during the AE deteriora-
tion process in STEVE events shown as examples
from the literature. In addition, STEVE was found
to be around 59◦ magnetic latitudes in Nevis (Min-
nesota), and in close magnetic latitudes with the ex-
emplified STEVEs (about 59◦-60◦). In the recov-
ery phase of the geomagnetic storm, the long-term
continuation of large deviations in AE index initi-
ated the HILDCAA process due to the high-velocity
solar winds and the energy transferred into the at-
mosphere and magnetosphere. However, it has been
found that high speed currents (HSS) and coronal
holes alone do not play a key role in the initiation of
the HILDCAA process (although they often produce
long-term deviations in the AE index, they do not
create deviations large enough for HILDCAA pro-
cesses). Similarly to HILDCAA processes found in
the literature (especially between May–August 1983–
1985, January–May 1993–1995 and April-October
2002–2003), the HILDCAA process studied in this
paper was found to be in the decreasing phase of the
24th solar cycle too (note that the maximum point
of 24th solar cycles is 2014 April, while the end of
the cycle is December 2019). It was also determined
that the STEVE phenomenon did not occur during
the HILDCAA process, but STEVE occured during
the main phase that initiated the HILDCAA process.

The geomagnetic storm shows different phenom-
ena depending 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 accurate study of
each individual storm. Thus, such investigations will
lead to a better understanding of the physical mech-
anisms that cause such phenomena as STEVE and
HILDCAA.

acknowledgments

We thank to the NASA CDA Web for OMNI
Database and Kyoto World Data Center for provid-
ing AE index and Dst index7. Many thanks to the
National Geophysical Data Center for the data AE
and Dst index used in this study. We gratefully ac-
knowledge the SuperMAG collaborators8. We grate-
fully acknowledge the OMNI initiative9. We thank
the citizen scientists who have made this discovery
possible, in particularly Debbie Center for her pho-
tograph on 7 October 2015.

7http://themis.igpp.ucla.edu/software.shtml
8http://supermag.jhuapl.edu/info/?page=acknowledgement
9https://omniweb.sci.gsfc.nasa.gov/html/citing.html

28



Advances in Astronomy and Space Physics Hasan Şafak Erdaǧ, Zehra Can

Fig. 1: The change of the auroral oval energy flux ob-
tained with the OVATION Prime model (electrons and
ions) in magnetic (top) and geographic (centre) coordi-
nates. Bottom: The STEVE photograph obtained by
Debbie Center in Minnesota Nevis on 7 October 2015
(06:00 UTC).
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Fig. 2: The distribution of (a) the z component of IMF,
(b) AE and (c) Dst indices, and (d) ε parameter for the
studied geomagnetic storm within the period of 6-10 Oc-
tober 2015.

Fig. 3: The data obtained from SPEDAS WIND (Space
Physics Environment Data Analysis Software) via Coor-
dinated Data Analysis (CDA) between 6 and 10 October
2015.

Table 1: The comparison of the Kp, Dst and AE indices for different geomagnetic storms.

Date Type Kp index Dst index AE index
March 17, 2015 Storm Kp 8; G4 −150/−222 nT 2000 nT
October 5, 2015 Storm Kp5; G1 0/−50 nT 500 nT
October 6, 2015 Storm Kp 4/5; G0/1 0/−50 nT 500 nT
October 8, 2015 Storm Kp6; G2 −50/−100 nT 1000–2000 nT
October 7, 2015 Storm+Steve Kp 7; G3 −93/−124 nT 1000–1500 nT
March 28, 2008 (02:20 UTC) Steve Kp 4; G0 0/−50 nT 500 nT
July 25, 2016 (06:45 UTC) Steve Kp 4; G0 0/−50 nT 600 nT
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