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Abstract. We performed a diagnostic study of geomagnetic storm-induced disturbances that are coupled to the lower iono-
sphere in mid-latitude D-region using propagation characteristics of VLF radio signals. We characterised the diurnal VLF
amplitude (from two propagation paths) into five metrics, namely the mean amplitude before sunrise (MBSR), midday ampli-
tude peak (MDP), mean amplitude after sunset (MASS), sunrise terminator (SRT) and sunset terminator (SST). We analysed
and monitored the trend in variations of signal metrics for up to 20 storms, to understand deviations in the signal that are at-
tributable to the storms; five storms (and their effects on the signals) were studied in detail, followed by statistical analysis that
included 15 other events. When the pre-storm day signal level where compared with the storm day values, we found that the
MDP exhibited characteristic dipping in about 67% and 80% in GQD-A118 and DHO-A118 propagation paths, respectively.
The MBSR showed respective dipping of about 77% and 60%, while the MASS dipped by 58% and 67%. Conversely, the
SRT and SST showed respective dipping of 25% and 33%, and 42% and 47%. The percentage dip of the MBSR and MASS
increased significantly when the 2-day mean signals before the events (as against the 1-day mean value) were cosidered. Of
the two propagation paths used in this study, the dipping of the amplitude of DHO-A118 propagation path signal is larger (as
also observed in previous study). To understand the state of the ionosphere over the signal propagation paths and how it affects
the VLF responses, we further analysed virtual heights (h'E, h’'F1 and h’F2) and critical frequencies ( foE, foF1, and foF2) of
the E and F regions (from ionosonde stations near the transmitters). The results of this analysis showed a significant increase
and/or fluctuations of the foF2, foF1, h’F2, h’F, h’Es and h’E near both transmitters during the geomagnetic storms. The largest
increase in heights of the regions (h’F2, h’F, h’Es and h’E) occured over Juluisruh station (around the DHO transmitter) in
Germany, suggesting a strong storm responses over the region leading to the large dipping of the DHO-A118 propagation path

signal.
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1 Introduction

The size, shape and behaviour of the magnetosphere (formed by the interaction between the solar wind and the Earth’s mag-
netic field) are controlled by the varying properties of the solar wind plasma and the embedded magnetic fields (McPherron
et al., 2008). Solar-induced geomagnetic footprints in the magnetosphere are coupled to the ionosphere through the linkage
of the Earth’s magnetic field despite their large distance apart, thus making the regions physically connected into a single
global system (Nwankwo et al., 2016). Geomagnetic storms (and associated substorms) are the leading driver of large-scale
coupled magnetosphere-ionosphere perturbations in the geospace, and are mainly product of strong variations in solar wind
conditions via energy transfer. Sustained periods of high speed solar wind (HSS), and a southward directed solar wind mag-
netic field at the dayside of the magnetosphere largely favours the initiation of geomagnetic storms (Lastovicka, 1989, 1996;
Tsurutani et al., 1995, 2006, 2011; Baker D. N., 2000; Borovsky and Denton, 2006; Kozyra, 2006; McPherron et al., 2008).
The momentary eruption of large-scale, high-mass plasma (in solar wind) known as coronal mass ejections (CMEs), and the
corotating interactive regions (CIRs) formed when HSS interacts with preceding low-speed solar winds, can interact with the
magnetosphere, potentially initiating geomagnetic disturbances and/or storm condition (Gosling and Pizzo, 1999; Borovsky
and Denton, 2006; Tsurutani et al., 2011). CME-induced geomagnetic storms are often large, more geo-effective and frequent
during solar maxima, while HSS/CIR-induced storms are usually less intense and dominates the declining phase of the solar
cycle. However, more energy is transferred (or, deposited) to the magnetosphere during HSS/CIR induced storms, which last
for longer duration (a week or more) than the CME-induced storm scenario (Tsurutani et al., 2011; Verkhoglyadova et al.,
2013). The perturbations produced by storms in the magnetosphere are coupled to the ionosphere where they produce a large

variety of space weather disturbances.

In the ionosphere, effects of geomagnetic storms manifest mainly through joule heating, and precipitation of energetic parti-
cles especially below the dynamo region, 95-100 km (Lastovicka, 1996), causing significant enhancement of electron density
(Chenette et al., 1993; Stoker P. H., 1993; Lastovicka, 1996), and modulation of galactic cosmic ray flux, global electric cir-
cuit, and atmospheric electricity (Danilov and Lastovicka, 2001). The ionosphere also responds to prompt changes due to
solar flares associated bursts in EUV, X-ray and relativistic particles (Mitra, 1974; Buonsanto, 1999; Alfonsi et al., 2008).
These manifestations can modify atmospheric parameters (Nwankwo et al., 2016), leading to irregularities that can affect the
operational capabilities of space-based systems and alteration of the reflection conditions for radio waves propagating in the
Earth-ionosphere waveguide (EIWG). Substantial progress has been made in understanding global dynamics and large-scale
coupling of the upper ionosphere using both ground-based observational capabilities (e.g., Global Navigation Satellite Sys-
tem (GNSS) receivers, vertical and oblique high frequency (HF) sounding, atmospheric radar (coherent and incoherent scatter
radars)) and space-based satellite systems (e.g., Advance Composition Explorer (ACE), Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC), Defense Meteorological Satellite Program (DMSP), Geostationary Oper-
ational Environmental Satellite (GOES) etc.) (Nwankwo et al., 2020d). However, the physics of lower ionospheric coupling

in terms of solar wind driving remains a major scientific gap because of the limited observational capabilities in the lower
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ionosphere, especially satellite systems. Putting satellites in orbits lower than 200 km is both challenging and expensive.

VLF radiowaves is one of the tool deployed for monitoring and studying changes in the lower atmosphere/ionosphere (up
to 95 km), because their amplitude and phase are sensitive to changes in electrical conductivity of the ionosphere (Alfonsi et
al., 2008). The study of trends in variation of diurnal VLF narrowband is proving to be useful to understand space weather
effects in the lower ionosphere (e.g. Araki T. (1974); Kikuchi and Evans (1983); Kleimenov et al. (2004); Peter et al. (2006);
Cliverd et al. (2010); Kumar and Kumar (2014); Tatsuta et al. (2015); Nwankwo et al. (2016)), as well as ionospheric changes
from other atmospheric and lithospheric sources. Solar flare/X-ray flux-induced ionospheric disturbances in the D-region are
normally detected as a sudden change in VLF amplitude and phase. The VLF detection mechanism of flare-induced sudden
ionospheric disturbances (SID) in D region are described in Nwankwo et al. (2016). The signal can also be significantly affected
by geomagnetic disturbances and/or storm-induced ionosphere perturbations (Kikuchi and Evans, 1983). While the daytime
signal amplitude and phase are well correlated with X-ray flux induced SID and well studied, geomagnetic storm-induced
disturbances appear not to be visibly detectable on the signal’s signature. However, their responses to geomagnetic storms has
been shown to manifest through amplitude (and/or phase) depression (or dipping) and fluctuation. Kikuchi and Evans (1983)
reported the occurrence of VLF phase anomaly associated with sub-storm of 13 November 1979 in trans-auroral propagation
path. Peter et al. (2006) reported the depression of VLF signal amplitude of up to 5 dB in magnitude in mid-latitude during
storms of 7 April 2000 and 31 October 2003, and later observed in lower latitudes. Kumar and Kumar (2014) later reported a
depression in VLF signal strength in low latitude during severe storm condition of 15 December 2006. Nwankwo et al. (2016)
also reported significant dipping of VLF mid-day signal amplitude (MDP), mean signal amplitude before sunrise (MBSR) and
mean signal amplitude before sunset (MASS) in majority of 16 storm cases studied in mid-latitude during February 2011 to

June 2012.

Although there are similarities in the work of these authors (shedding light on VLF response to storms), Nwankwo et al.
(2016) have, in addition, characterised the amplitude of the diurnal VLF amplitude variation into distinct metrics (e.g., MBSR,
MDP, MASS, SRT and SST) and included several cases of storms with the aim of bringing statistical significance into the
analysis. They also observed some incidences of MDP signal rise (or, increase) during some storms despite significant dipping
in majority of the signal. Nwankwo et al. (2020d) noted that some signal propagation paths may not exhibit the storm-induced
dipping and/or may do so for some storms due to factors such as mode interference, propagation path and anti-correlated re-
sponses of VLF signal to a combination of storm induced and/or enhanced ionospheric phenomena (e.g., prompt penetration
electric fields (PPEFs) and disturbance dynamo electric field (DDEF)), and strong solar flares occuring simultaneously. How-
ever, to understand their propagation characteristics it is important to monitor the state of the ionosphere over the propagation
paths of VLF radio waves when probing ionospheric irregularities using the signal (Nwankwo et al., 2020d). This will require
simultaneous combination of observed VLF amplitude/phase variations in the lower ionosphere with parameter that defines the

state of the ionospheric (e.g., total electron content (TEC), ionosode etc.) over the signal propagation paths.
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There is a unique relationship exist between the sounding frequency of high-frequency (HF) radio pulses and ionospheric
ionisation densities (especially in the E and F region) that can reflect it. Values of the virtual heights of E and F layers (denoted
by K'E, 'F1 and h'F2), and their critical frequencies (denoted by foE, foF1, and foF2) are scaled from ionograms produced
by an ionosonde (National Geographic Data Centre, 1996). Similarly, the electron density (/V,,,F2) of F2 ionospheric region
can also be measured (e.g., (Sica and Schunk, 1990; Buresova and Lastovicka, 2007; Chuo et al., 2013)). These parameters
can be used to monitor the state of the ionosphere in the E and F regions. The F region is the most sensitive area of the
ionosphere, and reflects important dynamics of the ionosphere. Hence, majority of ionospheric studies are related to the region
(Chuo et al., 2013). In previous studies, measured IV,,,F2 have been used to estimate the height of the F2 peak, h,,F2 (Sica
and Schunk, 1990), and strong pre-storm enhancements of the parameter (/V,,,F2) have been reported in high- to mid-latitudes
(Buresova and Lastovicka, 2007). It has also been shown that nearly all ionospheric parameters (e.g. foF2, foF1, foE, foEs,
h'F2, h'E, h'Es) exhibit 11-year solar cycle evolution (Ouattara et al., 2009). This characteristic demonstrates their sensitivity
to solar activity (Nwankwo et al., 2020d), and therefore, a strong indication that space weather effects on the ionosphere can
be monitored using these parameters. In this work, we combine the observed diurnal VLF amplitude variation in the D-region
with HF radio pulses in the E and F regions (ionosonde) to perform a diagnostic investigation of coupled geomagnetic storm
effects, in order to understand the observed storm-induced variations in VLF narrowband based on the state and responses of

ionosphere. Similar analysis (or study) has also been done using TEC/VTEC indices (Nwankwo et al., 2020d).

2 Data and Method

We obtained the VLF amplitude (diurnal) data for DHO-A118 and GQD-A118 propagation paths received at A118 SID moni-
toring station in Southern France (Muret). The location of the transmitters (GQD (22.1 kHz GQD, lat N54.73° long W002.88°)
and DHO (23.4 kHz, lat N53.08° long W007.61°)) and the receiver (A118) are depicted in Figure 1. The the DHO and GQD
transmitters and the A118 receiver are 1169.18 km and 1315.66 km, respectively. Other data include GOES solar X-ray flux,
solar wind speed (V,,) and particle density (PD) (ftp://sohoftp.nascom.nasa.gov/sdb/goes/ace/), planetary geomagnetic A,
(from NOAA) and the disturbance storm time (Dst) index (from World Data Centre for Geomagnetism (WDCG)). These data

were described in detail in Nwankwo et al. (2016) and references therein.

The analysed intervals are 16th-31st September and 22 October-5 November 2011. The geomagnetic storms of interest
within the intervals include the events on 17, 26-27 September, 25 October and 1 November 2011. We monitor variation 2-4
hour mean VLF signal amplitude before local sunrise and after sunset (hereafter respectively denoted as MBSR and MASS),
and the mid-day signal amplitude peak (MDP). We note that the acronym DTMA (daytime mean amplitude) was used in
Nwankwo et al. (2020d) instead of the MDP. The difference between the two metrics is that DTMA represent 1-hour mean value
of daytime amplitude, while MDP is a single value of the signal amplitude around midday. We also identified typical values
of the signal at sunrise and sunset, also recognised as sunrise and sunset terminators (hereafter, denoted as SRT and SST). The

diurnal VLF amplitude indicating portion of the characterised metrics (MBSR, MDP, MASS, SRT and SST) are shown in Fig.
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Figure 1. VLF signal propagation paths (DHO-A118 and GQD-A118) used in the study

2a. The signals were analysed in conjunction with geomagnetic indices, to describe storm-induced magnetosphere-ionosphere
coupling in mid-latitude D region. We thus study the trend in variations of these key metrics under varying geomagnetic storm
conditions using the signal propagation characteristics, to understand behaviours attributable to geomagnetic storm-induced
variations in the lower ionosphere (besides the visible response of the signal’s amplitude and/or phase associated with solar

flare/X-ray flux).

3 Results and Discussion
3.1 Analysis of VLF amplitude variations during intervals of geomagnetic storms

Figure 3 shows the diurnal VLF amplitude for (a) DHO-A118 and (b) GQD-A118 propagation paths, daily variation in (c)
X-ray flux output (d) solar wind speed (V) (e) solar particle density (P D) (f) Disturbance storm time (Dst) (g) planetary
geomagnetic A, and (h) Auroral Electrojet (AE) indices during 16-30 September 201 1. Four storm conditions were recorded
during the period - moderate storm on 17th (Dst=-60) and consecutive storms on 26th (Dst=-101), 27th (Dst=-88) and 28th
(Dst=-62), presumably driven by the significant increase in Vj,, and PD on 17th and 26th (Fig. 3a-f). However, the main refer-
ence storms are those of 17th and 26th. The variation of the AFE (especially between 26th and 29th) appear to be consistent with
high-intensity, long-duration continuous AFE activity events (HILDCAAs). Hence, ‘fresh energy was injected’ into the mag-
netosphere in the process (Tsurutani et al., 2011). We observed a notable drop in DHO-A118 VLF signal level on 26th around
midday following the relatively intense storm condition with Dst up to -101 (Fig. 3a). This scenario (signal strength decrease)
have been associated with storm-induced variations in energetic electron precipitation flux (Kikuchi and Evans, 1983; Peter et
al., 2006). During a geomagnetic storm, the current system in the ionosphere, and the energetic particles that precipitate into

the ionosphere deposit energy in the form of heat that can influence the density and distribution of density in the atmosphere
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Figure 2. Diurnal VLF signal amplitude signatures showing analysed signal metrics

(NOAAA4, 2016). The characterised metrics (e.g., MBSR, MDP, MASS, SST and SRT) of the VLF signal amplitude makes
it easier to study the behaviour of the signal during the storms by monitoring their trends of variation. We therefore monitor
trends of the signals variation for possible detection of storm induced signatures in the lower ionosphere where the signals are

reflected and/or propagated.

Figure 4 shows daily mean fluctuation of Dst and AE, and variations in the VLF midday signal amplitude peak (MDP),
mean signal amplitude before local sunrise (MBSR), mean signal amplitude after sunset (MASS), sunrise terminator (SRT)
and sunset terminator (SST) for (a) DHO-A118 and (b) GQD-A118 propagation paths during 16-30 September 2011. In GQD-
A118 propagation path (Fig. 4a), we observed a dipping of the MDP on 17th (extending to 20th), as well as dipping of the
MASS on 17 Sept., but an increase of the MBSR, SRT and SST. Following the recurrent storms between 26 and 28 Sept., we
observed dipping of the MDP on 26 Sept (extending to 29th). The slight increase of the signal (MDP) on 28th appear to be due
to the significant flare activity (3 C-class and 1 M-class), suggesting increase in both the instantaneous and background X-ray
flux output that usually results to spike in signal amplitude (depicted in figure 2b). High flare activity often overshadows the
signal’s response to geomagnetic storms when significant flare and storm events occur simultaneously (Nwankwo et al., 2016).
There is also a significant dipping of all the signal metrics (MDP, MBSR, MASS, SRT and SST) on 27 Sept. We note dipping
of the MBSR on the days following the main (reference) storms on 18 and 27 Sept. Since the events occurred after dawn
(around midday), the post-storm ionospheric effects are expected well into the day following the storm. This trend (post-storm

day signal dip), suggest that the signals dipped in response to continuous driving of the ionospheric on the days following the
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Figure 3. (a) Diurnal VLF amplitude for DHO-A118 and (b) GQD-A118 propagation paths (c) daily variation in X-ray flux output (d) solar
wind speed (Vs.) (e) solar particle density (P D) (f) Disturbance storm time (Dst) (g) planetary A, and (h) Auroral Electrojet (AF) indices
during 16-30 September 2011

events. However, such response also depend on the characteristics of the signals propagation path. In DHO-A118 propagation
path, dipping of the MDP, MBSR, SRT and SST occurred on 17 Sept., and only the MDP, MASS and SST decreased on 26
Sept. The MASS and SRT maintained the pre-storm day values of 16 and 25 Sept., respectively. While the MBSR increased

slightly on 26th (main storm day), there is a significant dipping of the signal following recurrent storm of 27 Sept.

Figure 5 shows diurnal VLF amplitude for (a) DHO-A118 and (b) GQD-A118 propagation paths, daily variation in (c)
X-ray flux output (d) Vs, (e) PD (f) Dst (g) A, and (h) AE indices during 22 October - 5 November 2011. This period
is associated with three storms - a severe storm with main phase on 25th October (Dst=-132) and consecutive storms on 1
November (Dst=-71) and 2nd November (Dst=-57), presumably induced by the highly variable V;,, and PD (Fig. 5d-e). It
has been shown that the capability of a given value of the solar wind electric field (SWEF) to create a Dst disturbance or
geo-efficiency is enhanced by high solar wind density (Weigel, 2010; Tsurutani et al., 2011). Variation of the AE between 30
Oct. and 3rd Nov. also appear to be consistent with HILDCAAs (Fig. 5h). The DHO-A118 VLF signal level on 25 Oct. around

midday also showed a visible reduction following the intense storm condition with Dst up to -132 (Fig. 5a). VLF signal data
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Figure 4. Daily deviations of (a) Dst (b) AFE (c) variations in the peak value of midday signal amplitude (MDP) (d) mean signal ampli-
tude before local sunrise (MBSR) (e) mean signal amplitude after sunset (MASS) (f) variation in sunrise terminator (SRT) and (g) sunset

terminator (SST) for GQD-A118 (left panel) and DHO-A118 (right panel) propagation paths during 16-30 September 2011.

for GQD-A118 propagation path are not available during 12:00 noon, 25 Oct. to 06:00 pm on 26th October (Fig. 5b).

Figure 6 shows daily deviations of Dst and AF, and variations in the MDP, MBSR, MASS, SRT and SST for (a) DHO-A118
and (b) GQD-A118 propagation paths during 22 October - 5 November 2011. Although data for GQD-A118 propagation path
during 25 and 26 October is inadequate for the present analysis, we did observe a dipping of the MBSR on the main storm
day (25 Oct.). Dipping of the MDP, MASS and SST occurred on 1 Nov., and those of MBSR, MASS, and SRT on 2 Nov.,
following the consecutive storms. In DHO-A118 propagation path, we observed dipping of the MDP, MBSR, MASS, and SRT
on 25 Oct., dipping of the MDP, MBSR, MASS, and SST on 1st Nov., and dipping of the MBSR and SRT on 2 Nov. Similar
to the first case (Figs. 4 and 5), we note the high flare events on 2nd Nov (up to 7 C-class and 1 M-class), that may have
caused a spike in the MDP on the day in both GQD-A118 and DHO-A118 propagation paths. Although dipping of the MDP
signal (following storm events) has shown a considerable consistency across the cases presented so far, the MBSR and MASS
(in particular) appear to be influenced by storms occurrence time and the high variability or fluctuation of the dusk-to-dawn
ionosphere (and signal) (Nwankwo et al., 2016). However, presenting a consistency across a substantial number of cases is
vital to the conclusion of this work. Against this backdrop, we statistically analyse 15 more storm cases between September

2011 and October 2012 in order to obtain the statistical significance of the observations. The 15 storm cases are presented in
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Figure 5. (a) Diurnal VLF amplitude for DHO-A118 and (b) GQD-A118 propagation paths (c) daily variation in X-ray flux output (d) solar
wind speed (Vs.) (e) solar particle density (P D) (f) Disturbance storm time (Dst) (g) planetary A, and (h) Auroral Electrojet (AF) indices
during 22 October to 5 November 2011

Table 1, which excluded some cases that were previously analysed in Nwankwo et al. (2016) but included new cases.

190 In Figure 7, we show Dst deviation or fluctuation and trend in variation of the MDP, MBSR, MASS, SRT and SST sig-
nals during successive one-day before and after each of the 15 selected storm cases for (a) GQD-A118 and (b) DHO-A118
propagation paths. We recognised 3 consecutive days - as day before an even (BE), during event (DE) and after event (AEv).
A ‘0’ indicate absence of data. It should be noted however (for this analysis) that these events are separate events, and not
continuous events. In GQD-A118 propagation path, about 8 of 12 MDP, 10 of 13 MBSR, 7 of 12 MASS, 3 of 12 SRT and

195 5 of 12 SST showed dipping, while 12 of 15 MDP, 9 of 15 MBSR, 10 of 15 MASS, 5 of 15 SRT and 7 of 15 SST showed
dipping in DHO-A118 propagation path. These values correspond to 73.5%, 68.5%, 62.5%, 29.0% and 44.5% of the combined
cases, respectively. The signal levels, along with the percentage dip are presented in Table 2. The MDP signals (in both the
propagation paths) have generally shown remarkable evidence of dipping following geomagnetic storm conditions. However,
we did also observe few scenarios of increase (of MDP) on some events day (e.g., events 4 and 7 in GQD-A118 and 9 in

200 DHO-A118) occurring in different propagation path, as well as increase occurring in both propagation paths (e.g., events 3 and
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Figure 6. Daily deviations of (a) Dst and (b) AFE (c) variations in MDP (d) MBSR (e) MASS (f) SRT and (g) SST for GQD-A118 (left
panel) and DHO-A118 (right panel) propagation paths during 22 October - 5 November 2011.

Table 1. Summary of analysed 15 geomagnetic storm events

No. Date Max Dst (nT) ODst Flare count(C M X)
1 26092011 -101 +50.73 920
2 25102011 -132 +30.76 100
3 22012012 -67 +37.00 400
4 15022012 -58 +9.63 000
5 19022012 -54 +12.8 100
6 07032012 -74 +25.41 100
7 15032012 -74 +20.75 100
8 28032012 -55 +12.09 100
9 05042012 -54 +13.82 300
10 23042012 -95 +32.23 300
11 12062012 -51 +12.47 1300
12 16062012 95 +20.24 400
13 15072012 -126 +47.88 800
14 02092012 -54 +13.86 500
15 09102012 -105 +25.64 1010

10
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12). While the probable reason for the former scenario is suggestive of factors such as propagation characteristics and X-ray
flux induced spike in amplitude, further investigation into why this characteristic exist will be pursued. To further check this
scenario, we study and show variations in X-ray flux output and geomagnetic indices on the particular day of the events (3 and

12) to better interpret the prevailing ionospheric conditions at the time.

Table 2. Summary of trend in dipping of the signals’ metrics during 15 geomagnetic storm case in (a) DHO-A118 and GQD-A118 propaga-

tion path
GQD-A118 propagation path DHO-A118 propagation path
Signal (dB) Available data No. of dips % dip Available data No. of dips % dip
MDP 12 8 67 15 12 80
MBSR 13 10 77 15 9 60
MASS 12 7 58 15 10 67
SRT 12 3 25 15 5 33
SST 12 5 42 15 7 47

In Figure 8, we show the diurnal VLF amplitude for (a) DHO-A118 and (b) GQD-A118 propagation paths, daily variation
in (c) X-ray flux output (d) Vi, (€) PD and (f) Dst indices for a day before and after each of the 15 storms condition. Data
showed (Fig. 8c, Fig. 8f) the occurrence of M-class flare in association with the storm on 22-23 January 2012 (event 3 on
21 January), both events almost having corresponding peaks during events. This scenario suggest an enhancement of both the
instantaneous and background X-ray flux output (as stated earlier), that causes increase (or, spike) in the signal level. Thus
probably overshadowed geomagnetic effects on the signal. Whereas this explanation may be argued for events 1 (25-27 Sept.
2011) and 6 (6-8 Mar. 2012), it should be noted that such flare events started well before the storms, and continued until the
storms time (in each case), suggesting an established increase in the overall background X-ray before the storms. Hence, a
storm induced dipping of the signal from the already existing flux background is speculated on the storm days. However, fur-
ther investigation is encouraged, which is beyond the scope of this work. For event 12 (during 15-17 July 2012), we observed
that the peak of the storm (that commenced by midnight on 16th) was on 17th (recognised as AEv). Therefore, any geomag-
netic influence on the signal (e.g., dipping) is expected on 17th (or, after) and not 16th, hence we observed a dipping of the

AEv signal (on 17 Sept.) instead in DHO-A118 propagation path.

Figure 9 shows Dst deviation (fluctuation) and 2-day mean variations of MDP, MBSR, MASS, SRT and SST signals before,
during and after each event for (a) GQD-A118 and (b) DHO-A118 propagation paths. This analysis is important for corroborat-
ing the result presented in Figure 7, because its data selection criterion differ from those of Figure 7 in some ways. While BE,
DE and AEv represent data for three consecutive days with reference to the event’s day (DE) in the former analysis (presented
in Fig. 7), each acronym (BE, DE or AEv) represent a 2-day mean (VLF) with respect to DE (but not necessarily in succession

to DE). However, it should be noted that due to the data averaging (2-day), a ‘pronounced’ increase or dipping in the signals

11
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Figure 7. Dst deviation (or fluctuation), and variations in MDP, MBSR, MASS, SRT and SST signals 1-day before, during and after each of
the 15 events for GQD-A118 and DHO-A118 propagation paths. Note that the each Dst bar represent the deviation (o) corresponding to the

VLF amplitude before, during and after the events (storm) as listed in Table 1 and shown in figure 8.
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Figure 8. Diurnal VLF amplitude for (a) DHO-A118 and (b) GQD-A118 propagation paths, daily variation in (c) X-ray flux output (d) Vi,
(e) PD and (f) Dst indices for a day before and after each of the 15 storms

(comparable to those in the former analysis (fig 7)) are not expected. Another important data selection criterion for this analysis

is a relative geomagnetic quiet day BE and AEv with respect to DE.

In GQD-A118 propagation path, 7 of 12 MDP, 7 of 13 MBSR, 7 of 12 MASS, 6 of 12 SRT and 3 of 12 SST showed dipping
following the storms, while 10 of 15 MDP, 11 of 15 MBSR, 11 of 15 MASS, 6 of 14 SRT and 6 of 15 SST showed dipping in
DHO-A118 propagation path. These values correspond to respective 62.5%, 63.5%, 65.5%, 46.5% and 32.5% of the combined
cases. The signal levels, along with the percentage dip of the signals are presented in Table 3. In general, the trend of variation
of the signal metrics considerably reflected the prevailing space weather coupled effects in the lower ionosphere. The MDP
signal appears to be more responsive (about 68% for combined analysis shown in figs 7 and 9) to geomagnetic perturbations
than other signal metrics. However, we anticipate an improvement with analysis of smaller range calculation of mean values of
MBSR and MASS due to high fluctuation of dusk-to-dawn D region ionosphere (as was done in Nwankwo et al. (2020d). Also
analysis of the DTMA instead of the MDP improved the results (e.g., Nwankwo et al. 2020d). Nwankwo et al. (2016) noted
the existence of pseudo-SRT and SST exhibited by diurnal VLF signal (see, Fig. 2c) as drawback in SRT and SST analysis.

13
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This anomaly is due to secondary destructive interference pattern in signals and occurrence of solar flares during sunrise/sunset
(Chakrabarti, personal com., 2016). Authors concluded in their study that the post-storm SRT and SST variations do not appear
to have a well-defined trend associated with storm effect based on the appraoch utilised (Nwankwo et al., 2016). In this work,
we considered the ‘first” SRT and SST values (in the event of a pseudo-terminator) during analysis of the signal metrics. A rise
in SRT and SST amplitude under geomagnetic storm conditions appear to occur more than otherwise in both propagation paths
in this analysis; we found a respective dipping of 46.5% and 32.5% of the SRT and SST in the combined cases. However, this
need to be investigated further. It is important to note that out of the two propagation paths used in this study, the DHO-A118
signal appears to be more sensitive to geomagnetic storm-induced magnetosphere-ionospheric dynamics. We do not expect a
‘perfect’ consistency in signal trend and variations across all cases, because the individual effects of solar and other forcing
mechanisms (including those of lithospheric and atmospheric sources) on the ionosphere are difficult to estimate (Kutiev, 2013;
Nwankwo et al., 2016). This scenario can also cause non-linear coupling processes and consequent significant fluctuations in

radio signals.

Table 3. Summary of trend in 2-day mean signals dipping following 15 geomagnetic storm case in (a) DHO-A118 and GQD-A118 propaga-

tion path
GQD-A118 propagation path DHO-A118 propagation path
Signal (dB) Available data No. of dips % dip Available data No. of dips % dip
MDP 12 7 58 15 10 67
MBSR 13 7 54 15 11 73
MASS 12 7 58 15 11 73
SRT 12 6 50 14 6 43
SST 12 3 25 15 6 40

3.2 Investigating the state of the ionosphere over the propagation paths of the VLF signals

Here, we study the state of the ionosphere over the two VLF propagation paths using the virtual heights (R’E, h'F1 and h'F2)
and critical frequencies (foE, foF1, and foF2) of the E and F regions obtained from two ionosonde stations near the GQD and
DHO transmitters. Although we aimed at obtaining data from stations near each transmitter/receiver and at the mid-point, we
found no ionosonde station at the mid-point, and the nearest station to the receiver (Tortosa) has no data for the period/intervals
under study. However, to make up for this dearth of data, we will complement the analysis with the results in the extended
study that utilised the GNSS data in the region (e.g., (Nwankwo et al., 2020d)). Details of the ionosonde stations used in this
study are provided in Table 4. We treat Chilton station as nearest to GQD transmitter and Juliusruh station nearest to DHO
transmitter. Tortosa station is closest to the A118 transmitter but has no data for the intervals. We obtained and calculated the
daytime (8:00 am - 3:00 pm) mean values and standard deviations (o) of the parameters, and analysed for the storms of interest

(on 17 and 26 September and 1 November) within the intervals 16-19, 25-28 September and 29 October to 2 November 2011.

15
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We exclude analysis of the 25 October storm because the data for this interval are inadequate.
Table 4. Ionosode stations near the VLF transmitters, receiver and/or propagation paths
Nearest Approx. dist. from
Station Location Coordinate
Transmitter/Receiver | Transmitter/Receiver
Chilton United Kingdom | 51.5696°N, 1.2997°W GQD 394.15 km
Juliusruh Germany 54.6207°N, 13.3719°E DHO 415.71 km
Tortosa Spain 40.8126°N, 0.5214°E Al118 301.87 km

Figure 10 shows the daily mean and standard deviation (SD or o) of foF2, foF1, foEs, foE, h’F2, h’F, h’Es and h’E dur-
ing 16-17 September 2011 for Chilton and Juliusruh Stations. We compare the pre-storm day (blue broken line) values with
the storm day (red broken line) values. At Chilton station (near the GQD transmitter) result show significant increase and/or
fluctuation (increase in SD) of the foF2, and a decrease (with significant fluctuation) of foF1 on the storm day, 17 September.
The height of the E and F regions (h’F2, h’F, h’Es and h’E) significantly increased following the storm. Similar pattern of
variations were observed at Juliusruh station. The foF2 and foF1 increased (and/or fluctuated) significantly, as well as h’F2,
h’F, WEs and h’E. Values of foEs decreased, while the foE remained unaffected in both stations. Also, there appear to be a
sustained post-storm increase and/or fluctuations of the parameters on on 18 September, suggesting a continuous driving of the

ionosphere by the storm.

Figure 11 show the daytime mean variations and SD of foF2, foF1, foEs, foE, h’F2, h’F, h’Es and h’E during 25-28 Septem-
ber 2011 for Chilton and Juliusruh Stations. The storm during this interval (on 26 September) is well developed (with Dst up
to -101 nT) and larger than the 17 September event. The result of this analysis show a slight increase of foF2 and foF1 but a
decrease in foEs and foE for Chilton station. The height of the F2 (h’F2) decreased (by 6.90 km) while those of the F, Es and E
increased on the storm day, 26 September. Near the DHO transmitter (Juliusruh station) there is an anti-correlated variation in
the critical frequencies of the E and F regions; a depression of the foF2 and foF1, but increase in foEs and foE (when compared
with the scenario at Chilton station). The height of the F2, F and E regions increased by 47.89 km, 16.08 km and 9.14 km,
respectively (which are so far the largest increase of the parameters), while the height of the Es region decreased by only 0.16

km (see, Table 5).

Figure 12 show the daytime mean variation and SD of foF2, foF1, foEs, foE, h’F2, h’F, h’Es and h’E during 29 October
- 02 November 2011 for Chilton and Juliusruh Stations. This interval is of interest because of the fluctuation in geophysical
parameters during the days preceding the storm. The goal of including this interval is to investigate the couple effect of this
extended period of (30-31 Oct.) of geomagnetic disturbances preceding the storm on 1 November. It appears that energy began

building up in the magnetosphere-ionosphere system after the first significant spike in Vy,, and PD around 10:00 am on 30

16
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2011 for Chilton and Juliusruh Stations. The blue broken line represent the pre-storm day values, while the red broken line represent the

storm day values of the ionospheric parameters.



https://doi.org/10.5194/angeo-2021-42 Annales
Preprint. Discussion started: 6 August 2021 Geophysicae
(© Author(s) 2021. CC BY 4.0 License.

Discussions
Chilton (mean) Chilton (SD) Juliusruh (mean) Juliusruh (SD)
9 T . T T —30.0 T T T T
o 8 ) 8.0 !
7 ) 6.0
€6 . 4.0 '
5 ) . ' 2.0
=i - —
=40 I i
2338 X
3.6 X
T T T 3.0 T T T T
24 5 B
o 3 : | 2.4
ha :3 . 22
31 . 2.0 :
3 o :
m 2. 19 .63 |
£33 18
2.86 17
300 30 t t f
280 | | l
= H W : |
< %30 10
200 0 ,
230 30 T
225 i
= 220 20 |
215 10
0 3 ]
7 73 '
‘%‘ 6.3 !
6.0
J 5.5
5.0
4 105 — . T — 3.6
3 ! 3.5
2 34
1 951 33
n 90 29
25 26 27 28 25 26 27 28 25 26 27 28 25 26 27 28

Time (day)

Figure 11. Daytime mean variation and SD of foF2, foF1, foEs, foE, h’F2, h’F, h’Es and h’E during 25-28 September 2011 for Chilton and

Juliusruh Stations

October until around 10:00 am on 1 November when the storm was triggered following sudden increased in Vj,, and south-
290 ward turning of the B, (Nwankwo et al. 2020d). Here, we compare the parameters’ level on the relatively quiet day (29 Oct.)
with those of the storm day (on 1 Nov.), since the two days preceding the storm were signicantly disturbed. The result show
significant increase of foF2 and foF1 at Chilton station. Like the 17 September storm scenario, values of foEs decreased, while
the foE remained unaffected for this station. The h’F2 decreased, while the h’F, h’Es and h’E showed an increased. At Juliusruh
station only the critical frequency of the F2 region increase, while those of the F1, Es and E decreased. However, the increase
295 and/or fluctuation of the parameters were significant (in most cases) during the disturbed days (30 and 31 Oct.) preceding
the storm, suggesting coupled responses of ionosphere before the storm commencement (as a result of increased geomagnetic

activity on the days). We present summary of the storms day variations in h’F2, h’F, h’Es and h’E for the two stations in Table 5.
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Figure 12. Daytime mean variation and SD of foF2, foF1, foEs, foE, h’F2, h’F, h’Es and h’E during 29 October - 02 November 2011 for

Chilton and Juliusruh Stations.

In summary, foF2, foF1, h’F2, h’F, h’Es and h’E generally showed significant increase and/or fluctuation near both trans-
mitters (GQD and DHO) during the geomagnetic storms, whereas foEs and foE either increased (slightly) or unaffected. It
appears that the observed storm-induced increase and fluctuation are largely sustained or further enhanced on the day (or
days) following the event (post storm day), suggesting a continuous driving of the ionosphere by the storms. Although the
analysis for 1 November storm scenario showed weak correlation, variations of the parameters reflected the coupled responses
of the ionosphere to energy build-up ahead of storm commencement. Nwankwo and Chakrabarti (2018) reported significant
depression and fluctuations of foF2 following significant geomagnetic disturbances and/or storms in high- and mid-latitude,
and distortion in the quasi-periodic pattern of the parameter. Their inference was, however, based on a preliminary analysis
from the result of single ionosode station. From this comparatively detailed analysis, it is clear that the reported depression of

foF2 may occur during some (isolated) storms and locations, and should, therefore, not be treated as global response. Negative
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storm effects (in which foF2 assumes a negative values) has also been reported (e.g., (Blanch et al., 2013; Kane, 2005)). In
this analysis, the largest increase of the h’F2, h’F, h’Es and h’E occured in Juluisruh, near the DHO transmitter (see Table 5).
This observation is instructive! When justaposed with the analysis of VLF signals variation during the storms (section 2.2)
we connect the observed larger ionosode increase or responses with the larger amplitude decreases in the DHO-A118 prop-
agation path signal, and infer that the effect of the storms appear to be more intense (strong responses) around or near the
DHO receiver or DHO-A118propagation path. This result is in agreement with the recent findings reported in Nwankwo et
al. (2020d). Their study combined observed VLF amplitude variations with TEC/VTEC data obtained from multiple GNSS
stations (including Euskirchen (Germany), Hailsham (UK), Paris (France) and Naut Aran (Spain)), to investigate ionospheric
response to storms over some signal propagation paths during the same events. They showed simultaneous increase of VLF

amplitude and enhancement of electron density profiles near the DHO transmitter.

Table 5. Observed increase (or decrease) of the foF2, foF, foEs and E during the storms on 17 and 25 September and 1 November 2011

17 Sept. storm 26 Sept. storm 1 Nov. storm
Parameter Chilton Juliusruh Chilton Juluisruh Chilton Juluisruh
h’F2 6.46 km 16.57 km -6.90 km 47.89 km -2.00 km -2.18 km
h’F 8.92 km 9.42 km 4.92 km 16.08 km 17.65 km 16.04 km
h’Es 4.04 km 7.25 km -0.88 km -0.16 km 1.25 km 4.41 km
h’E 4.78 km 1.18 km 1.29 km 9.14 km 2.71 km 4.82 km

4 Conclusions

In this work, we performed a diagnostic study of geomagnetic storm-induced disturbances that are coupled to the lower iono-
sphere in mid-latitude D-region using propagation characteristics of VLF radio signals. We characterised the diurnal signal
into five metrics (i.e MBSR, MDP, MASS, SRT and SST), and monitored the trend in variations of the signal metrics for up to
20 storms between September 2011 and October 2012. The goal of the analysis is to understand deviations in the signal that
are attributable to the storms. Up to five (5) storms and their effects on the signals were studied in detail, followed by statistical
analysis of 15 other cases. Our results showed that the MDP exhibited characteristic dipping in about 67% and 80% of the
cases for GQD-A118 and DHO-A118 propagation paths, respectively. The MBSR showed respective dipping of about 77%
and 60%, while the MASS dipped by 58% and 67%. Conversely, the SRT and SST showed respective dipping of 25% and 33%,
and 42% and 47%, favouring rise of the signals following storms. Of the two propagation paths used in this study, the dipping
of the amplitude of DHO-A118 propagation path during the storms is larger. To understand the state of the ionosphere over the
propagation paths and how it affects the VLF responses, we further analysed virtual heights (h’E, h'F1 and h'F2) and critical
frequencies (foE, foF1, and foF2) of the E and F regions (from ionosonde stations near the GQD and DHO transmitters). The
results of this analysis showed a significant increase and/or fluctuation of the foF2, foF1, h’F2, h’F, h’Es and h’E near both

transmitters during the geomagnetic storms. We found that the largest increase in the height of the regions (h’F2, h’F, h’Es and
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h’E) occured in Juluisruh (Germany), near the DHO transmitter, suggesting a strong storm responses over the region possibly

leading to the large dipping of VLF amplitude for DHO-A118 propagation path.
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