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Abstract
This paper study variability of three ionospheric parameters foF2, h'F and hmF2 to investigate
the middle latitude ionospheric effect at Boulder, Colorado, USA (40°N, 1105.0° W) during
super substorms (SSSs) of 24 August 2005, and 7 September 2017 and 8 September 2017
respectively. Continuous wavelet transform (cwt) implemented to identify the low and high
frequency and longer and shorter duration present in the signal. The result shows decrease in
foF2 during SSSs of 24 August 2005 and 8 September 2017 and increase in foF2 during 7
September 2017. The highest fluctuation in h'F is noticed during SSS of 24 August 2005. The
cwt shows that the coupling between solar wind and magnetosphere occurs between ~ 16 to 32
minutes for SSS of 24 August 2005 and between 27.9 to 64 minutes during super substorm of 7
and 8 September 2017 for all the ionospheric parameters respectively. This study leads to
understand the impact of SSSs on communication signals due to energy injected in ionosphere
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during the coupling mechanism between magnetosphere-ionosphere.

Keywords: Magnetosphere, lonosphere, continuous wavelet transform, Super sub-storm.

1. INTRODUCTION

lonosphere is highly vulnerable region affected by a)
solar ionizing radiation (solar rotation variation, solar
cycle variation and formation and decay of active
region); b) neutral atmosphere (acoustic and gravity
wave, planetary waves, surface phenomena like
earthquakes  and  volcanic  eruption); C)
electrodynamics (dynamo effects of low latitude
phenomena, penetration of magnetospheric electric
field, electric field from lightening and sprites); d)
solar wind geomagnetic (magnetic storm, substorms,
IMF/solar wind sector structure, energetic particle
precipitation and Joule heating). The present study
emphasizes on ionospheric variability during very
intense substorm called Super Substorm (SML < -
2500 nT) [1], it is crucial for the researchers to
understand the physical interaction processes in solar
wind-Earth’s  magnetosphere-ionosphere  system
during this event. The huge injected energy
accompanied with super substorm will result in
thermospheric  and  ionospheric  storms.  The
ionosphere during this super substorm will change in
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complex ways resulting change in its critical
frequency (foF2), maximum electron density height
(hmF2) and virtual height (h'F). Many past
researchers reported that the storm-time ionosphere
changes in rather complicated ways. Due to its
complexicity its underlying physical processes are far
from being fully understood. In 1997, Lakshmi [2]
studied the response of the great storm of 13 March
1989 using ionosonde data over the equatorial and F-
region in India. In 2002, Pincheira [3] studied the
responses of magnetic storm on ionosphere and
thermosphere over the South American sector using
foF2, hmF2 and neutral winds extracted from
measured hmF2, using interhemispheric plasma
model. In Brazilian sector de Abreu et al, 2014a, b, ¢
found that the occurrence of ESFs are closely related
to daily variations of the h'F near equator. The
relationship between spread-Fs and other ionospheric
parameters, foF2 and h'F variations with the spreads-
Fs have been studied by Rungraengwajiake [7], Smith
[8], Liu and Shen [9]. The seasonal, solar and
magnetic activity variabilities on h'F threshold have
been investigated by Manju [10] and Narayanan [11,



12]. In 2020, Li studied the contribution of
geomagnetic activity to ionospheric foF2 at different
phases of solar cycle by spectral whitening method.

Many studies on storm, substorm has conducted for
ionospheric  parameters in different latitudes
however no result for the SSSs on ionospheric
parameters have been reported up to now. The list
of researchers carried research on other area of
SSSs are Tsurutani [1]; Hajra [13]; Adhikari [14-
16]; Despirak [17, 18]; Tsurutani [19]. In this
paper, we report for the first time the ionospheric
responses during the 24 August 2005 and 7 and 8
September 2017 super substorm using ionosonde
data measured at Boulder, Colorado, USA (40.0° N,
105.0° W). A brief description of data selection for
these events is described in section 2. The results
and discussion are presented in the section 3 and
the conclusions of this work are summarized in
section 4.

2. ABRIEF DESCRIPTION OF THE
DATASET AND METHODOLOGY

2.1 Datasets

The three SSSs occurred on 24 August 2005, 7
September 2017 and 8 September 2017 were
analyzed for the present study. Their corresponding
interplanetary, solar wind and geomagnetic data is
downloaded  from  http://nssdc.gsfc.nasa.gov/
omniweb database. To study the impact of SSSs on
mid latitude the F-region parameters: critical
frequency (foF2), virtual height (h'F) and height of
peak electron density over Boulder, Colorado, USA
(40.0° N, 105.0° W) is analyzed in relation to
quiet-day values of these parameters closest to the
respective storm times. The table 1 gives the list of
the days including a reference quiet day for three
SSSs. The ionosonde data for these parameters
were downloaded from Global lonospheric Radio
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Observatory (GIRO) website https://ulcar.uml.edu/
DIDBase/.

2.2 Methodology

The continuous wavelet transform technique (cwt) is
used to identify the singularity and transient structure
present in the time series data. The signal energy in
wavelet space is represented in scalogram using a
log2 function. It allows the decomposition of data,
functions or operators into different frequency or scale
component [20] and each component present can be
studied with its resolution which matches with its
scale. The high and low frequency wavelet is very
narrow and broad. Hence, it is a good technigue to
zoom in the short lived high frequency present as
singularities and transient structures. The frequencies
associated with wavelet transform detect the
respective frequencies of the super substorms. The
amplitudes of the wavelet coefficients are small [21]
for smooth signals but for the singularities and
transient structures it has larger amplitude. In the
signal processing scalogram is used to visualize the
square of the amplitude of the coefficient which
illustrates as the distribution of signal energy in time t
and scale a [14-16]. In this work, we identify
quiescent and non-quiescent periods related to SSSs.
If a and b represent the dilation and translation
parameters that vary continuously, then the
continuous wavelet transform becomes

W(a, b) = [ F(®)p (=) dt (1)

where ¢ * represents complex conjugate of ¢ and
the function W (a, b) represents the wavelets
coefficients. For a > 0, variation of scale parameter
gives dilation effect and for a < 0, it gives
contraction effect of the mother wavelet function.
Hence, it is convenient to identify the low and high
frequency and longer and shorter duration present
in the signal.

Table 1: Geographic and Geomagnetic Coordinates of ionosonde station.

Station  Geographic Geographic Geomagnetic Geomagnetic
Latitude Longitude Latitude longitude
Boulder  40.00° N 105.00° W 4754° N 37.47° W

Table 2 : The list of study days including reference quiet days for each of the three storms.

Event SSS day Reference quiet day

1 24 August 2005 20 August 2005

2 7 September 2017 28 September 2017
3 8 September 2017 28 September 2017
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3. RESULT AND DISCUSSION

In this section, we discuss and present the
interplanetary, solar wind and geomagnetic data
and the disturbance variations on the parameters
foF2, h'Fand hmF2 during each SSS.

3.1 SSS of 24 August 2005

Figure 1 shows the time profile of solar wind
parameters and geomagnetic indices of SSS 24
August 2005. The top three panels represent the
variation of Vsw, T and Psw/Nsw (combined in
panel three) while the bottom five panels show
the variation in B/Bz, Ey, AE, SYM-H and
AU/AL respectively. The sharp decrease in AL at
10:20 UT indicates the position of SSS. At the

peaks the value of AL is -3954 nT. The value of
SYM-H at the onset time of first SSS is +95 nT
where its value goes to -170 nT during its peak
value of AL. During the onset of the IMF Bz has
turned towards southward direction. The value of
Vsw, Tsw, Nsw, Ey and AE during the onset of
event was ~ 600 Km/s, ~5X10°K,~5cm?, ~ 35
mV/m and ~ 3800nT respectively. It is seen from
the plot that magnetosphere is much more
sensitive to the solar wind dynamic pressure
variations when the IMF is strongly southward
than when it is weakly southward which trigger
the release of the stored energy during southward
field [1].

Solar wind parameter and magnetic indices 20050821-20050827
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Fig. 1. From top to bottom shows the variations of solar wind speed (Vx in Km/s), temperature (T in K), pressure (Psw in nPa), plasma density (Nsw in em™),
total magnetic field (B, nT) interplanetary magnetic field IMF (Bz in nT), interplanetary electric field (Ey in mV/m), auroral index (AE in nT), SYM-H (in nT),
aurora up (AU in nT) and aurora low ( AL in nT) characterizing super substorm 21-27 August 2005 respectively.

3.2 SSS of 7 and 8 September 2017

In early September 2017, it was found a rapid
development of group of sunspots and solar flare of
class X9.3 and eruption of series of coronal mass
ejection (CME) from the Sun. The solar flares M9.3
(4 September), X2.2 and X9.3 (6 September), M7.3
and X1.3 ( 7 September), M8.1 (8 September) and
X8.2 (10 September) were identified respectively.
First CME was detected in the morning of
September 7 and a second CME was identified in
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afternoon of September 8. Figure 2 shows the time
profile of solar wind parameters and geomagnetic
indices on 7-8 September 2017. The top three
panels represent the variation of solar wind velocity
(Vsw in Km/s), temperature (T in K) and pressure (
Psw in nPa)/ density (Nsw in m®) (combined in
panel three) while the fifth panels show the
variation in total magnetic field and interplanetary
magnetic field B (in nT) /Bz (in nT), electric field (
Ey in mV/m), AE , SYM-H and AU/AL in nT



respectively. The two sharp decrease in AL noticed
on September 7 at ~23:45 UT and on 8 at ~13:00
UT with AL < -2500 nT indicate the position of
two SSSs. The value of SYM-H at the onset time
of first SSS is -145 nT during its peak value of AL
and during second SSS the value of SYM-H
noticed is -100nT. During the onset of September 7
SSS was intense because IMF Bz has turned
intensively towards southward direction than on
SSS of September 8. The value of Vsw, Tsw, Nsw,
Ey and AE during the onset first and second event
was ~ 575 Km/s, ~10°K,~ 6 cm®, ~ 25 mV/m and
~2500nT ; ~ 750Km/s, ~ 5X105 K,~ 7 cm® ~
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10mV/m and ~ 2700nT respectively. The two
events are isolated and large [1], duration of the
first and the second event is <15 minutes and ~25
minutes respectively. The interplanetary sheath is
the causative of SSS events of September 7 and
magnetic cloud of the September 8 [17]. Multiple
magnetic fluctuations are the signature of sheath
region. Similar to the figure 1, the figure 2 shows
that magnetosphere is much more sensitive to the
solar wind dynamic pressure variations when the
IMF is strongly southward than when it is weakly
southward which trigger the release of the stored
energy during southward field [1].

Solar wind parameter and magnetic indices 20170904-20170910
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Fig. 2. From top to bottom shows the variations of solar wind speed (Vx in Km/s). temperature (T in K), pressure (Psw in nPa), plasma density (Nsw in
em?), total magnetic field (B, nT) interplanetary magnetic field IMF (Bz in nT), interplanetary electric field (Ey in mV/m), auroral index (AE in nT),
SYM-H (in nT). aurora up (AU in nT) and aurora low ( AL in nT) characterizing super substorm 4-10 September 2017 respectively.

3.3 lonospheric responses

The ionospheric observations to the SSSs of 24
August 2005, 7 September 2017 and 8 September
2017 are shown in figure 3, 4 and 5 respectively.
The dotted line in each figure represents the quiet
day wvariation and the solid line represents
ionospheric variability during SSSs. From the
figure 3, it is observed the decrease in the foF2 but
enhancement in h’ F and hmF2 during SSS of 24
August 2005 in compared with the quiet day. The
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observed value of foF2, h" F and hmF2 during SSS
of 7 September 2017 is found higher than quiet day
in figure 4. And in figure 5, the value of foF2 and
hmF2 measured during SSS of 8 September 2017
higher than quiet day value but h’ F is observed
lower than the quiet day. In 2015, Tsurutani [1]
assumed that energy stored in
magnetosphere/magnetotail ~ during  southward
turning of IMF Bz released by plasma parcel during
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SSSs result strongest ionospheric current during analyzed by Hajra [13] and found that SSSs can
this events, potentially causing power outage on the  occurs in any phase of the solar cycle but it highest
Earth. Long term data 1981-2012 on SSSs was rate is 3.8 year™ in the descending phase.
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Fig. 3. Variation in SYMH (nT), critical frequency (foF2 in MHz), virtual height(h’F in Km) and height of peak electron density (hmF2 in
Km). The dotted line represents the quiet day variation and the solid line represents the variations on the SSS day of 24 August 2005.
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Fig. 4. Variation in SYMH (nT), critical frequency (foF2 in MHz), virtual height(h’ F in Km) and height of peak electron density (hmF2 in
Km). The dotted line represents the quiet day variation and the solid line represents the variations on the SSS day of 7 September 2017,
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Fig. 5. Variation in SYMH (nT), critical frequency (foF2 in MHz), virtual height(h’ F in Km) and height of peak electron
density (hmF2 in Km). The dotted line represents the quiet day variation and the solid line represents the variations on the

SSS day of 8 September 2017.

Their study shows the intensity of SSSs
occurrence is independent to the intensity of
magnetic storm and also found that the SSSs
which occur during main phase of geomagnetic
storm causes strong ionospheric current even at
low latitude maycause of power outage on the
Earth. A strong ionospheric current induces large

Y I - .
fluctuation in 5; N power transmission line

induces GIC causes power outage during intense
magnetic storm [1]. The study of polar cap
potential and polar cap index during SSSs by
Adhikari [15] found that polar cap potential and
merging electric field are excitingly high and it is
20 time higher than the potential developed
during HILDCAA. Their study further concluded
that heavily increase in field aligned current
during SSSs produces intense aurora which may
disrupt and jammed the communication signals
and large potential drop during these events may
cause serious and rapid change in space weather
condition. In total 131 SSSs event between 1998-
2016 were studied by Despirak [18] and observed
SSSs during interplanetary manifestation of
coronal mass ejection ie sheeth (45.2%),
magnetic cloud (42%) and ejecta (8.3%) none of
the SSS event was identified during high speed
streamer from coronal hole (CIR). The two SSSs
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of 7 and 8 September 2017 was studied by
Despirak [17] using SuperMAG electric field and
found that the ionospheric current observed in
global scale around the Earth during the event. In
2019, Poudel [22] studied the average energy
deposited inside the magnetosphere during
substorm (5.5199 x 10" W), intense storm
(5.3365 x 10" W), HILDCAA (3.4618 x 10"
W), super substorm (1.0367 x 10** W) and quiet
day (5.8772 x 10" W) found that the highest
amount of energy deposited during super sub
storm which may causes intense ionospheric
storm to produced change in ionospheric
parameters. The contribution of geomagnetic
activity to ionospheric foF2 trends at different
phases of the solar cycle was studied by Li [23]
and found that the impact to the ionosphere is
maximum  during maximum  geomagnetic
activity, which usually happens in the declining
phase of the solar cycle. The SSSs of 2005 and
2017 lay in the declining phase of the solar cycle
23 and 24.

The phenomena of positive and negative
ionospheric strom causes increase and decrease in
foF2 [24]. The positive and negative ionospheric
storms effects are local time local time dependent
[25, 26]. The change in neutral composition [27,
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28] during geomagnetic storm influences negative
ionospheric storm [29, 30, 31]. In 1993, Prolss [32]
postulated that the positive ionospheric storm is
caused by meridional wind negative ionospheric
storm is caused by change in neutral composition.
The energy deposited at polar latitude during
geomagnetic  storm  produces a travelling
ionospheric disturbance which superimpose with
gravity waves and travel with high speed towards
the equator causing day time positive ionospheric
storm lifting daytime F2 layer to higher altitude.
The energy deposited at polar latitude during solar
wind may introduce compositional change which
expands equator wards and produces F2 layer
disturbance at middle latitude.

3.4 Continuous wavelet transform

Figure 6a, b and c represent scalogram for the
critical frequency (foF2 in MHz), virtual height (h’
F in Km) and height of peak electron density

foF2 (MHz), 24 August 2005
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hmF2 (Km), 24 August 2005

Period (Minutes)

Period (Minutes)

(hmF2 in Km) during SSSs of 24 August 2005, 7
September 2017 and 8 September 2017. In the
figures, the horizontal axis represents the time in
hour and the vertical axis represents the
periodicity in minutes. The amplitude represented
in the plot whose color are demonstrated on the
right side have units in their square for F2 layer
critical frequency (foF2), virtual height (h' F) peak
density height (hmF2). The figure 6a show the
power areas of the highest intensity more
continuously at time scales approximately between
16-32 minutes during the SSS ~ 10:20 UT of 24
August 2005. In this region the background
intensity is found to increased from 0.5 to 1.5
(nT)? foF2. Similarly, figures 6b and 6¢ the
background intensity increased from 0.5 to 2 (nT)?
in h' F and 0.5 to 1.5 (nT)?in hmF2 respectively.
This scalogram revels the change in foF2, h' F and
hmF2 during the SSS as result of energy deposited

h'F (Km), 24 August 2005
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Fig. 6(a). (b) and (c) The scalogram of critical frequency (foF2 in MHz), virtual height(h' F in Km) and height of peak electron density (hmF2 in Km)

on the SSS day of 24 August 2005.
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in  magnetosphere-ionosphere by  coupling
mechanism between geomagnetic field and
southward component of IMF Bz. The injected
energy and charge particle causes sudden increase
in inospheric current produces ionospheric storm
along with variation in communication signal and
power blackout in the Earth’s surface. Figures 7a,
b and ¢ and the 8a, b and c are same as in figures
6a,b and c but it refers to the SSS events on 7
September 2017 and 8 September 2017. In figures
7a, b and c the power area of highest intensity is
observed ~ 23:45 UT during SSS events with
periods 27.9 to 64 minutes. The background
intensity increased from 0.5 to 2 (nT)?for foF2, h'
F and hmF2 respectively. Similarly, the power

foF2 (MHz), 7 September 2017

Period (Minutes)

0 2 4 6 8 1012 14 16 18 20 22

Hour
(a)

Period (Minutes)

Period (Minutes)

hmF2 (Km), 7 September 2017
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area of highest intensity is observed ~13:00 UT
during SSS with periods 27.9 to 64 minutes. The
background intensity for foF2 increased from 1 to
3 (nT)% for h' F increased from 1 to 4 (nT)?> and
for hmF2 increases from 05 to 2 (nT)?
respectively. This quiescent and non-quiescent
periods identified in foF2, h' F and hmF2 during
southwards turning of IMF Bzis indicator of
energy and particle injected during coupling
mechanism between IMF Bz and geomagnetic
field. In 2019, Bozhidar [32] analyzed large
amount of heterogeneous data of geomagnetic
indices, ionospheric parameters and IMF Bz using
continuous wavelet transform and found the
persistence of short-term period in it.

h'F (Km), 7 September 2017

0246810121416182022

Hour
(b)

0246810121416182022

Hour
(c)

Fig. 7(a), (b) and (c ) The scalogram of critical frequency (foF2 in MHz), virtual height (h' F in Km) and height of peak electron

density (hmF2 in Km) on the SSS day of 7 September 2017.
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foF2 (MHz), 8 September 2017
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Fig. 8 (a), (b ) and (c) The scalogram of critical frequency (foF2 in MHz), virtual height(h' F in Km) and height of peak electron density (hmF2 in

Km) on the SSS day of 8 September 2017.

4. CONCLUSION

The mid latitude ionospheric responses on F2 layer
critical frequency (foF2), virtual height (h’ F) and
peak height of electron density(hmF2) are analyzed
using ionosonde data over Boulder, Colorado, USA
(40°N, 1105.0° W) during super substorms of 24
August 2005, 7 September 2017 and 8 September
2017. The phenomena of decrease in foF2 during 24
August 2005 and 8 September 2017 SSSs caused by
positive ionospheric storm and the increase in foF2
during SSS of 7 September 2017 caused by negative
ionospheric storm was identified. The results of
continuous wavelet transform (cwt) shows that the
coupling between solar wind and magnetosphere
occurs between ~16 to 32 minutes for SSS of 24
August 2005 and between 27.9 to 64 minutes during
super substorm of 7 and 8 September 2017 for all the
ionospheric parameters respectively. The highest
fluctuation in h'F is noticed during SSS of 24 August
2005. This study provide concept of physical
mechanism responsible for SSSs event which is still
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lacking and are in progress in scientific community.
The global picture of SSSs can be obtained only
after taking into account the ionospheric data from
global stations.
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