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Wavelet coherence analysis of foF2 over Boulder
station during different geomagnetic activity

Research Article

Ashutosh Giril, Binod Adhikari!'?*, Bikas Shrestha!, Shramik Rimal!

1 Department of Physics, St. Xavier’s College, Tribhuvan University, Kathmandu, Nepal.

2 Department of Physics, Patan Multiple College, Tribhuvan University, Nepal.

Abstract: A geomagnetic storm is a major disturbance of Earth’s magnetosphere that occurs when there is a very efficient
exchange of energy from the solar wind into the space environment surrounding Earth. During solar and
geomagnetic activities, critical frequency of F2 layer (foF2) varies in a great extent. The focus of the current
study is on variations in foF2, the critical frequency of the F2 layer, during the intense geomagnetic storm of
solar cycle 24 and quiet storm of solar cycle 25. The foF2 data of mid latitude station BC840 (Boulder) in
the American region have been used to study geomagnetic and solar wind properties linked with foF2. Time
series analysis and Wavelet Coherence analysis have been used to establish the relationship between those
parameters. We have found considerable effect of solar and geomagnetic storm disturbances on foF2 during
the geomagnetic storm time. The foF2 is enhanced prior to the storm and depletes during recovery phase
with no significant changes observed during weak storm. The enhancement or depletion in foF2 may be used
as precursor of geomagnetic storms. With long trend analysis and larger database we can make a catalog
which can be used to predict the geomagnetic storm and deepen our understanding in impacts of storms on
communication signals due to energy injected in ionosphere.

Keywords: Geomagnetic storm e Coronal mass ejection (CME) e Ionosphere e Critical frequency of F2 layer
(foF2) e Wavelength coherence (WTC)

I. Introduction

The daily and yearly changes in the ionospheric F2 area follow typical patterns. These patterns vary signif-
icantly from day to day. Still, when energy from the solar wind is injected into the polar ionosphere during geo-
magnetic storms, remarkable shifts (positive or negative anomalies) take place [1]. Changes in the thermosphere’s
composition, temperature, and circulation impact the F2 region’s electron concentration and the movement of hot
gas from polar to lower latitudes. Further, Ionospheric currents, currents carried by magnetospheric boundaries
such as the magnetopause or ionopause, magnetotail currents, and currents flowing inside magnetospheres such
as ring currents, plasma sheet currents, and currents aligned to magnetic field lines (or field-aligned currents) are
among the many types of current systems produced by planets’ interactions with the solar wind [2]. One of the

most important and unresolved problems in ionospheric physics is how the ionosphere’s Total Electron Content
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(TEC) and F region react to geomagnetic storms [3-9]. Different numerical models of the ionosphere have been
used in theoretical studies [10-14], as well as more intricate models of the Earth’s upper atmosphere [15-19].
These investigations deepen our understanding of ionospheric reactions to geomagnetic storms. The mechanisms
underlying the positive ionospheric storm development in the ionospheric F zone remain poorly understood, de-
spite clear advances in this avenue of research. The strengthening of the high-latitude ionospheric electric fields,
currents, and auroral particle precipitation causes the thermosphere to heat up during geomagnetic storms. This
heating causes the more neutral wind to blow toward the equator [3]. According to several studies [4, 20], the
equatorward neutral wind transports plasma upward along the inclined geomagnetic field lines at low and mid-
latitudes into the regions with lower chemical loss rates in ion-molecular reactions. This causes an increase in F

region electron density.

Fast Coronal Mass Ejections’ (CMEs’) are the main interplanetary phenomena during solar maximum that
trigger powerful magnetic storms. The sheath region immediately follows the forward shock, and the CME ejects
itself in two interplanetary structures crucial for generating storms featuring strong southbound Interplanetary
Magnetic Fields (IMFs). The major phase of a storm is generated by southerly IMFs, as opposed to the initial
phase, which is brought on by an increase in plasma pressure brought on by an increase in density and speed
at and behind the shock followed by a Sudden Impulse (SI) at Earth. Two-step main phase storms with larger
storm intensities may develop if the fields are southerly in both the sheath and solar ejecta. With delays of 1-2
hours, the storm recovery phase starts when the IMF moves less southward. It normally lasts 10 hours before
it decays. The strength of the core magnetic field and the amplitude of the cloud speed appear to be correlated
for CMEs involving clouds, with a tendency that faster-moving clouds tend to have stronger core magnetic field
strengths, both of which contribute to the development of intense storms because those two parameters are crucial

in producing the solar wind-magnetosphere coupling through the reconnection process [21].

Dessler & Parker [22] and Sckopke [23] showed that the ring current and Disturbance storm time (Dst) index
reduced the equatorial magnetic field power that is proportional to the total energy of the ring current particles.
It’s a reliable indicator of the energetics of the magnetic storm. The strength of the ring current is measured in
terms of the Dst index, with contributions from the magnetopause current. Dst index helps to create a database
for solar ejecta and provides information on the growth of the solar electrojet and the frequency of solar flares.
It assists in identifying both the frequency and potential causes of solar and planetary events [24]. Gonzalez [25]
measured the energy emitted during the geomagnetic superstorm’s primary phase. They found that during the
primary phase of geomagnetic storms, 1 to 4 per cent of the energy present in the solar wind gets transported to
the magnetosphere. The majority of transmitted energy roughly 25 to 40 per cent is pushed into the ring current,

with the remaining 16 to 24 per cent dissipating into the auroral ionosphere.
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II. Dataset and Methodology

In this research, the ionosonde data for foF2 layer critical frequency were provided by Global Ionospheric
Radio Observatory (GIRO) that is hosting the Digital Ionogram Database(DIDB), available via https://giro.
uml.edu/didbase/scaled.php (accessed on 31 March, 2022). The resampling interval of ionosonde stations is
of 5 minutes for 5 days. The selected station is BC840 (Boulder 40.0150° N, 105.2705° W).The space weather
data measured during 2 geomagnetic storms of the solar cycle 24 and 25 is provided by the Omni web data
source which is maintained by the Space Physics Data Facility of NASA /Goddard Space Flight Centre (https://
omniweb.gsfc.nasa.gov/form/omni_min.html). These events were selected based on the Dst index derived from
a network of near-equatorial geomagnetic observatories. From the OMNI system, we selected data observation
for velocity along the z direction (Vz), Flow speed (Vsw), Temperature (Tsw), Symmetric Horizontal Component
of the geomagnetic field (SYM-H), Flow pressure (nPa), Electric field (Ey), Proton Density (Nsw), Component
of an interplanetary magnetic field along the z-axis (IMF-Bz), and Asymmetric Horizontal Component of the
geomagnetic field (ASY-H).

This work analyses our data using discrete time series analysis and Wavelet Coherence (WTC). Time series
analysis is frequently applied to real-world atmosphere obtained from routine observations performed in two
domains, i.e., frequency domain and time domain. This study’s main motivating factors for time series analysis
are pattern recognition, interruption detection, and forecasting of foF2 and other solar parameters.

Further, for concrete relation between foF2 and solar parameters, the Wavelet technique (WT) is imposed.
WT is a collection of analytical tools that resolves time series into frequency, resembling two-time series in terms
of frequency [26]. In time-frequency space, wavelet analysis is a strong tool for analyzing nonstationary signals
and the localized oscillatory characteristic [27, 28]. Continuous Wavelet Transform (CWT) and Discrete Wavelet
Transform (DWT) are the two types of WT. Because of its appropriate time and frequency localization, the
Morlet wavelet (dimensionless frequency, w, = 6) is an ideal option for extracting features [28]. The wavelet
transform has been expanded to include the Cross Wavelet (XWT) and Wavelet Coherence (WTC), which are
nonlinear algorithms for examining the phase connection between two-time series in the time-frequency domain
[27, 28]. The WTC spectrum quantifies the degree to which two-time series co-vary as a function of time and
frequency. The XWT spectrum exposes large shared power areas and relative phases between two-time series in

time frequency space [29, 30]. The XWT of two-time series X(t) and Y(t) is defined as:
WY (s) = Wi (s)W: " (s) (1)

The CWT coefficients of sequences X (t) and Y (t) at frequency scale s are denoted by Wi¥ (s), and W, *( s)
respectively and * denotes the complex conjugate. W;X Y(s) produces a complicated result. Therefore, the mod-
ulus WX Y(s) denotes regions of high specific power in time-frequency space. Because the wavelet powers are not

normalized in XWT, Maraun, and Kurths [31] found that the XWT might give major misleading findings, i.e., the
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spectrum of one of the time series shows large peaks although the two-time series have no link. To overcome this
issue, wavelet coherence (WTC), a normalized measure for the connection between X (t) and Y (t), was developed,

in which the XWT power is normalized by the spectrum of the two-time series

W (5)
R = 2
N (ZIOLZA0) )

One can notice that the nominator and denominator of R, (t), the formulation can be equal if the spectrum is
not calculated independently. As a result, some smoothing on the estimation of single and cross wavelet spectrums

should be done in advance to estimate wavelet coherence [27], as follows:

|S [sflwtxy(s)] |2
S[s=W¥(s)] [s71 W (s)]

Ri(s) =
Here, S is the smoothing operator and is given by [28];
S(W) = Sscale (Stime (WtXY (5)))

Where, Sscale and Stime denote the smoothing along the wavelet scale axis and smoothing in time, respectively
[27, 28, 31]. WTC values around 1 indicate a higher degree of resemblance across time series, whilst coherence
values near 0 indicate no correlation.

In general, XWT can better expose common high-power time-frequency areas. At the same time, WTC is a
powerful statistical tool for scrutinizing two-time series nonlinear behavior and determining significant coherence
despite low common powers [31]. This work uses WTC analysis to determine the local correlation between two-

time series in time-frequency space.
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II1. Results and Discussion

During geomagnetic storms, the earth’s magnetic field is disrupted. The sun and the magnetosphere are
linked, resulting in several changes that occurs both in interplanetary space and terrestrial environment on the
ground [32]. Further, changes in magnetospheres causes change in ionosphere and its layers. This section presents
the time series analysis of critical frequency of F2 layer, solar parameters, and geomagnetic indices during solar

storms of 15-19" March, 2015 and quiet day of 25-29'" January, 2022.

Event 1: 15-19 March, 2015

Parameters for 201%/March/15%-19
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Figure 1. Critical frequency of F2 layer and geomagnetic indices during the storm of 17*® March 2015. From top
panel to bottom panel, top panel-Critical frequency of F2 layer (foF2, MHz), second panel- SYMH and
ASYH (nT), third panel - IMF-Bz (nT), fourth panel-Electric field (Ey) (mV/m), fifth panel-Density
(n/cc), sixth panel-Temperature (K), seventh panel-solar wind velocity (km/sec), eighth panel-velocity
along z-direction (km/s) and ninth panel-flow pressure (nPa)
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The first panel of Fig. 1 represents the value of foF2 for event 1, which shows a decrease in the frequency
value at the start of the main event day of March 17, St. Patrick’s Day. This negative geomagnetic storm response
could be due to downward ExB drift (i.e. hmF2 depletion) and O/N2 depletion across the observatory region.
Soon after the storm ends, we can see that the value of foF2 follows its normal trend, which validates the result
of Klimenko et al. [19]. In the second and third panels, the storm began in the early hours of March 17 when
the value of IMF-Bz turned southwards in the early hours. The value of SYM/H started to show decreasing
effect. It reached the negative value of -200 nT. The value of IMF again turned northwards and again southwards
during 10:00 LT, after which ASY/H started to increase, reaching the maximum value of 250 nT. The fourth
panel shows the variation in Electric field strength. The value of the electric field strength can be seen reaching
the minimum value of ~14 mVm™! during the start of the event day and reaching the maximum value at 15:00
LT of the event day. On the other hand, the density on the fifth panel shows reaching a maximum of 50 n/cc
a few hours before the storm’s initiation and drops to the lowest value of ~4 n/cc during the recovery phase.
The temperature shows an abrupt increase in value, reaching a maximum of 14 x 10°K during the storm time
of March 17, following previous research works. In the seventh and eighth panels, we can see the value of solar
wind velocity increasing abruptly during the early hours of March 17 as the storm turns southward and increases,
suggesting Corotating Interaction Region (CIR) driven storm. And the vertical component of solar wind velocity
can increase at first and then decrease as the storm continues. In the last panel, we can observe that the pressure

increased significantly when the storm started.

Similarly, Fig. III describes the disparity of parameters for the weak storm of 2022, January 25-29. The
first panel shows the vacillation of foF2, which shows a periodic variation of foF2 compared to event one, where
there was a negative effect on foF2, suggesting foF2 might be used as a precursor of geomagnetic storms induced
by CMEs. In the second and third panels, we studied the variation of ASY/H and SYM/H, which showed clear
results for weak storm days. The value of SYM/H reached ~5 nT for January 26-28 from a high value of 80 nT
on January 25. The value of ASY/H was also around -35 nT for the whole event day. This shows that the values
are opposing the values of the event one day. We can also see that the value of Bz has no significant changes in
the event of two days. The values lie in the range of (-10,10) nT for the quiet days. In the fourth panel, we can
see that the electric field strength value also shows no significant variation remaining in the range of (-30, 5.0)
mVm ™ compared to the storm day (-15, 15) mVm™" is very low. In the fifth panel, we studied the variation of
density, which shows a very low variation (0-10) n/cc compared to the storm days (0-50) n/cc. Also, in the next
four panels, we can see no significant changes in the value of temperature, the velocity of the solar wind, and

pressure in the quiet days compared to the storm days.
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Event 2: 25-29 January, 2022
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Figure 2. Critical frequency of F2 layer and geomagnetic indices during the storm of 27 ! January 2022. From
top panel to bottom panel, top panel - Critical frequency of F2 layer (foF2, MHz), second panel-SYMH
and ASYH (nT), third panel - IMF-Bz (nT), fourth panel - Electric field (Ey) (mV/m), fifth panel -
Density (n/cc), sixth panel - Temperature (K), seventh panel - solar wind velocity (km/sec), eighth
panel - Velocity along z-direction (km/s) and ninth panel - Flow pressure (nPa).

Wavelet Coherence (WTC) analysis

As discussed in the earlier section, the Fig. 3 clearly shows that all 8 parameters are correlated with foF2

at a periodicity of 64 minutes with very less COI. Still, Vz leads with a phase angle of nearly 90°, early on March

17th, our main event day. Again, there is a correlation between foF2 and Bz around the end of March 17" |
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but here, foF2 and Vz are in the same phase. This is due to daytime and night-time behaviour. Similarly, foF2
and Vsw are strongly correlated in periodicity 64-128 minutes from March 17 to the end of March 18, with Vsw

leading foF'2 with some angle. No considerable COI can be seen in the case of other parameters.

aj 2015 WTC: foF T4uF-Bz 015 WTC: foF2-ASTH o} 2015 WTC: foF2-S5YMH

it

Mar 15 W 98 Mar 1T M 18 Nee, 19 B 15 Mar 18 Mar 17 Mar 98 Mas T Mar. 15 Bas 18 M 1T Mar T8 Mar 19

1S WTC: fal-Vaw

Mar 15 e 0 Mas 1T Mad 18 Blae, 18 Blar, 15 Mas 18 Wi 1T Mar, T Mas T Mar. 15 Mar 18 W 1T Mar 08 Mar 19

gl 2015 WTC: faF2-Naw 2018 WTC: laF2-E [} DO1S WTC: feF2-aPa

Miar 15 Waw 98 Mae OT Mar 8 e, T8 Mar, 15 Mar 18 W AT Mar 18 Mar 10

Figure 3. Wavelet scalogram of foF2 with Vz, Vsw and Temperature in first panel, SYM/H, nPa and Ev in second
panel and Nsw, IMF-Bz and ASYH in bottom panel for geomagnetic storms of 2015 March 15-19

Similarly, from Fig. 4, we can clearly see that COI between foF2 and Vz, Vsw, and temperature aren’t
considerable in this event. However, a relation between SYM/H and foF2 can be seen before the event day.
SYM/H is leading foF2 because of southward wind validating the results of Atulkar et al. [33]. Regarding flow
pressure and proton density, we can observe COI at a periodicity of 70 minutes with the same phase for event day.
In the case of ASY/H, which should be opposite to SYM/H. Here, no such relation can be seen if we consider foF2
as connecting link between SYM/H and ASY/H. This verifies the results that foF2 is affected by the southward

wind, which validates the results of Pandit et al. [34].
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Figure 4. Wavelet scalogram of foF2 with Vz, Vsw and Temperature in first panel, SYM/H, nPa and Ev in second
panel and Nsw, IMF-Bz and ASYH in bottom panel for geomagnetic storms of 2022 January 25-29

IV. Conclusions

The ionosphere’s reaction to various levels of magnetic disturbances can be understood by analyzing foF2 at
various geomagnetic activity levels. The ionosphere can become disturbed during geomagnetic activity, changing
the electron density profiles and affecting radio wave transmission. The above work presents the deviation of the
critical ionospheric frequency (foF2) variations for each storm event: 2015, March 17" and 2022, and January

27" at BC840 (Boulder 40.0150°N, 105.2705°W). The following conclusions can be drawn from our work:

e The foF2 depletion was observed for the station, validating the results of previous research, foF2 value can
be seen as having a negative impact during the storm period and is seen to be having the same periodic

variation as before the storm in the recovery period.

e During the quiet January 2022, no effect on the periodic value of foF2 was observed. The negative geo-
magnetic storm response could be due to downward ExB drift (i.e. hmF2 depletion) and O/N3 depletion

across the observatory region.
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e The dependence of the storm time variation on the local time and the penetration of high latitude stations

in the auroral region may be a better mechanism explaining the foF2 variations.

e WTC results show a strong dependence of dynamics of the foF2 layer on solar wind velocity with the same

phase. During the recovery phase of both storms, there is depletion in the foF2 layer.

So we can conclude that the foF2 is enhanced before the storm and depletes during the recovery phase
with no significant changes observed during the weak storm. WTC results show that the dynamics of the foF2
layer have a strong dependence on solar wind velocity with the same phase. As the storm days and ionospheric
station utilized for this assertion are fairly restricted, it needs to be investigated further using a bigger database,
implying that the critical frequency, and therefore the electron density, cannot be very localized. These findings
may have significant implications for ionosphere-dependent communication and navigation systems, such as HF
radio communications and GNSS positioning. We can foresee and lessen the impact of space weather on these

systems by understanding how the ionosphere reacts to various amounts of geomagnetic activity.
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