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Abstract

Information from total electron content (TEC) from Global Navigation Satellite Systems (GNSS) could be assessed to know the
impact of weather events to help in developing prediction and warning systems. The majority of studies focus on the occurrence
of only one event neglecting situations where these weather events happen almost simultaneously or consecutively. This
current study tends to fill the gap by analyzing ionosphere response following the simultaneous and/or consecutive occurrence
of geomagnetic storm and lightning events at various intensities in southern China coastal region. The results showed that
the magnitude of the frequency lightning-related events using continuous wavelet transform (CWT) was 0.3-0.4 while that of
geomagnetic storm was 0.15-0.3. However, the various levels of intensity could not be distinguished. Being able to differentiate
the weather events by the magnitude values following the ionosphere response is good for prediction and modeling purposes as

the use of TEC in some studies does not provide this clear distinction.
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Key Points:

e Jonosphere response to geomagnetic storm or lightning occurring alone is non-different
from when they occur simultaneously or consecutively

e The magnitude of the frequency of a disturbed ionosphere from lightning is 0.3-0.4

e The magnitude of frequency of a disturbed ionosphere from geomagnetic storm is 0.15-
0.3
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Abstract

Information from total electron content (TEC) from Global Navigation Satellite Systems (GNSS)
could be assessed to know the impact of weather events to help in developing prediction and
warning systems. Most studies focus on the occurrence of only one event neglecting situations
where these weather events happen almost simultaneously or consecutively. This current study
tends to fill the gap by analyzing ionosphere response following the simultaneous and/or
consecutive occurrence of geomagnetic storm and lightning events at various intensities in
southern China coastal region. The results showed that the magnitude of the frequency lightning-
related events using continuous wavelet transform (CWT) was 0.3-0.4 while that of geomagnetic
storm was 0.15-0.3. However, the various levels of intensity could not be distinguished. Being
able to differentiate the weather events by the magnitude values following the ionosphere
response is good for prediction and modeling purposes as the use of TEC in some studies does
not provide this clear distinction.

Plain Language Summary

The atmosphere is subject to frequent weather activities like thunderstorms, geomagnetic storms,
and typhoons. These activities at times do not only disrupt human lives directly such as death but
also the telecommunication and navigation services on which we depend. In this study, we took a
step further to identify how the atmosphere behaves when thunderstorms and geomagnetic
storms happen at the same time or consecutively. Our results showed that thunderstorms will
generate a magnitude of 0.3-0.4 while geomagnetic storms generated a magnitude of 0.15-0.3.
The results are useful to improve upon the available weather prediction and modeling systems.

1 Introduction

The understanding of the interaction between space events, both natural and man-made,
and the various layers of the atmosphere are essential in atmosphere science studies. The influx
of energy and stream of particles from these events contribute to the magnetosphere-ionosphere-
thermosphere coupling (MITC). The MITC could affect the total electron content (TEC) leading
to amplitude and phase changes of radio signals of navigation and communication systems,
disrupt power grid lines and cause blackouts (Adhikari et al., 2017). Phenomena or sources
contributing to MITC could be external (outside the earth’s atmosphere) or internal (on/near the
earth’s surface to about 500km upwards).

Geomagnetic storms are widely known external sources of influence to the MITC
through the deposition of energy from field aligned current (FAC), ring current and auroral
electrojets (McGranaghan et al., 2017). Several studies in the past decades on geomagnetic storm
have been conducted to help understand its contribution to MITC. For instance, Ding et al.
(2007) investigated travelling ionosphere disturbance (TID) propagation during the geomagnetic
storm in October 2003 in the US Plains. They associated the cause of the TID with auroral
westward electrojet. Cherniak and Zakharenkova (2018) attributed origin of TID to increase in
magnitude of FAC and passage of solar terminator in the high latitude regions of Europe.
Changes in TEC and global navigation satellite systems (GNSS) positioning errors were
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observed during the occurrence of geomagnetic storms. The internal sources contributing to
MITC could be cyclones, earthquakes, volcanoes, and lightning. Yu and Liu (2021) and Chen et
al. (2020) report on ionospheric condition and GNSS performance at the time of the passage of
Tropical Cyclones Usagi and Manghkut respectively. Kong et al. (2018) studied the co-seismic
ionosphere disturbance (CID) for the 2015 Nepal earthquake and ionosphere response to
thunderstorms have been done by Ogunsua et al. (2020), Tang et al. (2019) ,Liu et al. (2021),
Lay (2018) and Amin (2015).

Recently, most studies on these external and internal sources contributing to MITC are
carried out using GNSS because of its wide spatio-temporal capabilities. The adverse effects
resulting from these sources have rather become useful means by which GNSS could be
deployed to investigate them. A comprehensive review of how GNSS has been deployed to study
these sources (mostly weather events) can be found in Afraimovich et al. (2013). Despite the
detailed use of GNSS to study these weather events, most studies done are weather-event-
specific. That is, the occurrence of only one event at a particular instance is studied primarily to
avoid influences of other events. Nonetheless, in real life situations, simultaneous and
consecutive occurrence of these weather events are quite common and cannot be overlooked.
This current study tends to add to the GNSS-weather event studies by observing the ionosphere
response to simultaneous and consecutive occurrence of geomagnetic storm and lightning events
in the low latitude of southern China coastal region. The data and methods are presented in
Section 2. The results are presented and discussed in relation to other works in Sections 3 and 4
respectively. Conclusions and findings are summarized in Section 5.

2 Data and Methods

2.1 Lightning Data

The network consists of about 17 Vaisala LS8000 sensors which provide geolocation and
source peak current of lightning in the area (Qin et al., 2020). The data spans from 2014 to 2017.
A day with lightning count greater than 10,000 is deemed as “lightning day.” (Osei-Poku et al.,
2021). Different intensities of lighting are categorized as follows; Non-lightning (NL): count <
10,000, Moderate Lightning (ML): 10,000 < count < 20,000, Intense Lighting (IL): 20,000 <
count < 40,000 and Super Lightning (SL): count > 40,000. Where count is the number of times
lightning happened.

2.2 Geomagnetic Data

Geomagnetic storm data used in this study are those that occurred in the declining phase
of the 24™ solar cycle due to the time range of data availability of lightning. Also, the 24th solar
cycle spanning from 2008 to 2018 recorded fewer magnetic storms, which mostly occurred at the
declining phase of the cycle, compared to previous cycles (Patel et al., 2019). Geomagnetic
storm index of Disturbance Storm Time (dst) at various intensities as catergorized by Loewe
(1997) as follows was adapted. No Storm (NS): dst > -30nT, Weak Storm (WS): -50nT < dst < -
30nT, Moderate Storm (MS): -100nT < dst <-50nT, Intense Storm (IS): -200nT < dst <-100nT
and Super storm (SS): dst <-200nT. The Data Analysis Center for Geomagnetism and Space
Magnetism, Kyoto University, operating WDC for Geomangetism, Kyoto provided the dst-index
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data (IAGA 2002-liike format) (http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html, accessed on 14
June 2019).

2.3 GNSS Data

GNSS data from the Hong Kong Satellite Reference (HK SatRef) available at
https://www.geodetic.gov.hk/en/rinex/downv.aspx, (accessed on 14 June 2019) was used to
detect ionosphere response to simultaneous and consecutive occurrence of geomagnetic storm
and lightning. Slant TEC (STEC) initially computed from the well-known geometry free linear
combination of pseudo- and carrier-phase signals was converted to vertical TEC (VTEC) by
applying a mapping function as seen in Equation(1), where Re is the earth’s radius, 0 is the
elevation angle at the ionosphere pierce point (IPP) of the signal-receiver path, and h; is the
ionospheric single layer, approximated at 350 km

R.cos0\2
VTEC = [1-— ( = ) * STEC (1)
R + h;

VTEC was then detrended using Savitzky—Golay order of 6 and window length 120mins
(Osei-Poku et al., 2021) to get detrended TEC (DTEC), using Equation (2). DTEC served as the
input for spectral analysis.

DTEC = VTEC — VTECsavitzky—golay (2)

Again, rate of TEC index (ROTI) defined by Pi et al. (1997) as the square root of TEC
variance was used to determine the ionosphere response. ROTI could be used as a proxy to
scintillation (Yang & Liu, 2016). ROTI at five minutes intervals of rate of TEC (ROT) was
computed according to Equation (3), where ROT and ROTI are in TEC Units (TECu: 1TECu =
10'® ¢/m?) per minute and the notation <-> is the averaging operation. 0.2TECu is set as the
threshold for ROTI (Wu et al., 2021).

ROTI = /< ROT2 > — < ROT >2 3)

2.4 Spectral Analysis

Ionosphere response is also analysed in the spectral domain to gain more insight. This is
done by applying continuous wavelet transform (CWT) with Morlet as mother wavelet to the
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DTEC to get information about its spectral content and how it changes with time (Amin, 2015).
CWT is good for mapping properties of non-stationary signals, offers a good time-frequency and
can adequately represent physical quantities (Amin, 2015; Chane-Ming et al., 2000).

2.5 Data groupings

The data sets are grouped and further analyzed as follows. Firstly, the categories of
intensities of lightning and geomagnetic storm listed in Sections 2.1 and 2.2 were paired with
other each. The parings of Super Lightning, Intense Lightning, Moderate Lightning and No
Lightning with the various intensities of geomagnetic storm are referred to as Case 1, Case 2,
Case 3, and Case 4 respectively. Secondly, there is a subdivision of each paring into lightning
occurring before geomagnetic storm, geomagnetic storm happening before lightning and the two
occurring at the same time except for Case 4 and Super Lightning (SL), Intense Lightning (IL),
and Moderate Lightning (ML) parings with No Storm. Thirdly, each subdivision is further
divided into disturbance from lightning only, geomagnetic storm only, from both and no
disturbance. Figure 1 is a flow diagram of the data groupings.

FLOW CHART FOR DATA GROUPING AND ANALYSIS

Intensity Pairing
Eg. Super Lightning-Moderate Storm

Lightning before Geomagnetic storm Simultaneous
geomagnetic storm before Lightning occurrence
Disturbance from Disturbance from Disturbance No
lighting only geomagnetic storm only from hoth Disturbance

Figure 1. Flow Chart of the Data Groupings

3 Results

The results from this study based on the data sets are presented in this section. The
number of days in each year under each intensity pairing is shown in Table 1.
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Table 1 Number of days in each pairing

Super Intense Moderate
%I\];:"l\"gl\lfs%le Yea | Geomagnetic | Geomagnetic | Geomagnetic geeoarlr(lagne tic I(\}Igomagne tic
Storm Storm Storm
PAIRINGS (SS) (IS) (MS) Storm (WS) | Storm (NS)
201
0 0 2 9 63
201
Super Lightning 0 1 9 10 62
(SL)
Case 1 201
0 0 8 15 68
201
0 0 4 11 51
201
0 0 1 3 0
201
Intense Lightning 1 0 4 5 11
L)
Case 2 201 0 0 3 6 0
201
0 0 2 4 0
201
0 0 0 0 14
201
Moderate 0 1 4 8 I3
Lightning (ML)
Case3 20 0 0 2 14
5
201
0 0 0 7 27
201
0 0 7 21 76
201
No Lightning 1 3 24 46 140
(NL)
Case 4 201
0 2 16 41 160
201
0 2 7 37 188

From Table 1, the intensities of lightning with that of moderate and weak storm had high

number of days with the rest almost being null. Focus is then shifted to the pairings with high
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164  number of days. Table 2 to Table 4 show the number of days in each subdivision with their
165  corresponding disturbances as according to the flow chart in Figure 1.

166

167

168

169

170 Table 2 Number of days of Storm before Lightning and the corresponding days of disturbances

Disturbance Without
LEVEL OF Dlstfl;:)lzre:nce Dlstflrl(r)‘tr)lalmce from Both ]?cztllrllr%intie
INTENSITY Year . . . . Lightning and . .
Geomagnetic | Geomagnetic Lightning . Lightning and
PAIRINGS Geomagnetic .
Storm before | Storm only only Geomagnetic
. ) Storm
lightning Storm
Super Lightning - 2014 0 0 0 0 0
Moderate 2015 ) 0 0 0 )
Geomagnetic Storm
(SL-MS) 2016 4 0 3 1 0
Case 1 2017 1 0 ! 0 0
Intense Lightning - 2014 5 0 1 0 4
Moderate 2015 6 1 1 1 3
Geomagnetic Storm
(IL-MS) 2016 6 0 3 0 3
Case 2 2017 8 I 3 2 )
Intense Lightning - 2014 1 0 0 1 0
Moderate 2015 1 0 0 0 |
Geomagnetic Storm
(IL-MS) 2016 1 0 0 0 1
Case 2 2017 I 0 0 1 0
2014 3 1 1 0 1
Intense Lightning -
Weak Storm (IL- 2015 2 0 2 0 0
WS) 2016 1 0 0 0 |
Case 2
2017 3 0 0 0 3

Moderate Lightning 2014 ; - - - -
- Moderate 2015 2 0 1 0 1
Geomagnetic Storm
(ML-MS) 2016 1 0 0 0 1
Case 3 2017 ) i i i )
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Moderate Lightning 2014 ) ) B B )
- Weak 2015 5 1 1 0 3
Geomagnetic Storm
(ML-WS) 2016 0 0 0 0 0
Case 3 2017 3 0 0 0 1
Table 3 Number of Days of Lightning before Storm and the corresponding days of disturbances
Disturbance .
. . . . Without
LEVEL OF nghftnrmg D1s‘?r1rtr)§nce D1s‘?r1rtr)§nce tz(l)rﬁ t]jionth Disturbance from
INTENSITY Year clore rom om EMNME | Both Lightning
Geomagnetic Lightning Geomagnetic and .
PAIRINGS . | and Geomagnetic
Storm only Storm only | Geomagnetic
Storm
Storm
Super Lightning - 2014 1 1 0 0 0
Moderate 2015 5 2 0 0 3
Geomagnetic
Storm (SL-MS) 2016 2 1 0 0 1
Case 1 2017 3 1 1 0 1
Intense Lightning 2014 4 1 0 0 3
- Moderate 2015 4 2 0 0 2
Geomagnetic
Storm (IL-MS) 2016 9 3 0 1 5
Case 2 2017 3 2 0 0 1
Intense Lightning 2014 0 0 0 0 0
- Moderate 2015 3 1 0 2 0
Geomagnetic
Storm (IL-MS) 2016 2 0 1 1 0
Case 2 2017 1 0 0 0 1
Intense Lightning 2014 0 0 0 0 0
- Weak 2015 2 0 1 0 1
Geomagnetic
Storm (IL-WS) 2016 4 1 0 2 1
Case 2 2017 1 0 1 0 0
Moderate 2014 - - - - -
Lightning -
Moderate 2015 2 2 0 0 0
Geomagnetic 2016 4 1 0 0 3
Storm (ML-MS)
Case 3 2017 - - - - -
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Moderate 2014 B . . B
Lightning - Weak 2015 2 0 0 1
Geomagnetic
Storm (ML-WS) 2016 2 0 0 1
Case 3 2017 3 0 1 2
173
174 Table 4 Number of days of Lightning and Storm happening at the same time and the
175  corresponding days of disturbances
Lightning and . . Disturbance Without
LEVEL OF Geomagnetic g;s;lurbance ]f?(l)srﬂlrbance from Both Disturbance Both
INTENSITY Year Storm Lichtnin Geomaenetic Lightning and | Lightning and
PAIRINGS at the same & & & Geomagnetic | Geomagnetic
. only Storm only
time Storm Storm
Super Lightning - 2014 1 0 0 1 0
Moderate 2015 1 0 0 0 1
Geomagnetic
Storm (SL-MS) 2016 2 2 0 0 0
Case | 2017 0 0 0 0 0
Intense Lightning 2014 0 0 0 0 0
- Moderate 2015 0 0 0 0 0
Geomagnetic
Storm (IL-MS) 2016 0 0 0 0 0
Case 2 2017 0 0 0 0 0
Intense Lightning 2014 0 0 0 0 0
- Moderate 2015 0 0 0 0 0
Geomagnetic
Storm (IL-MS) 2016 0 0 0 0 0
Case 2 2017 0 0 0 0 0
Intense Lightning 2014 0 0 0 0 0
- Weak 2015 1 0 0 0 1
Geomagnetic
Storm (IL-WS) 2016 1 0 0 1 0
Case 2 2017 0 0 0 0 0
Moderate 2014 ) B B ) )
Lightning - 2015 0 0 0 0 0
Moderate
Geomagnetic 2016 0 0 0 0 0
Storm (ML-MS) 2017 _ _ _ _ _
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Case 3

Moderate 2014 . B B . .
Lightning - Weak 2015 1 0 0 0 1
Geomagnetic

Storm (ML-WS) 2016 0 0 0 0 0
Case 3 2017 1 0 0 0 1
176
177 Further to Table 2 to Table 4, it could be seen that storm and lightning happening at the

178  same time was mostly null. Hence this subdivision is ignored. Focus is now shifted to the

179 subdivisions of lightning before storm and vice versa. From the days in these subdivisions and
180  their corresponding disturbances all the years have similar pattern for the number of days.

181  Individual days are therefore selected to represent the intensity paring’s subdivision, and their
182 corresponding disturbances.

183 To indicate the ionosphere response to lightning and geomagnetic storm, time domain of
184  DTEC, period and frequency of DTEC obtained using CWT, and the ROTI of available satellites
185  or pseudorandom noise codes (PRN) are shown. An average of six GPS PRNs are available at
186  any given time and the stations of HK Satref are quite close; hence the observations on the PRNs
187 by the stations tend to have similar characteristics (Tang et al., 2019). Therefore, only one PRN
188  from one station is presented. The PRNs available at about the exact time of the minimum dst for
189  the magnetic storm days are chosen as magnetic storm usually make an immediate impact on the
190  ionosphere (Borries et al., 2009; Ding et al., 2007). According to Osei-Poku, Tang, Chen, Chen
191  and Acheampong (2022) , lightning dominant in daytime in the study area see some hours delay
192 while those dominant in the nighttime have a relative instant impact on the ionosphere. The

193 period where lightning is dominant was checked and the available PRN at the expected time of
194  ionosphere disturbance was selected.

195 The days under an intensity pairing are placed together as one figure. All the panels for
196  the individual days follow the same arrangement. The top row panels (a and f) show the dst and
197  lightning count. The second to fifth row panels (b, g, ¢, h, d, and i) show DTEC in time domain,
198 DTEC in frequency domain, period, and ROTI of the PRN respectively. The bottom row panel
199 (k) shows the Bz component of the interplanetary magnetic field (IMF). The x-axis of the figure
200  panels is in hours of local time (LT: UT+8). The presentation of the figures of the individual

201  days is based on the chronological ascension order of Cases stated in Section 2.3 above.

202

203 3.1 Case 1 (Super Lightning pairings)

204 3.1.1 Super Lightning — Moderate Geomagnetic Storm (SL-MS) pairings

205 The days of intensity pairing SL-MS and its subdivisions using the flow chart in Figure 1

206  are shown in Figure 2. Days of subdivision related to Lightning are on the left column while that
207  of geomagnetic storm are on the right column. The individual subdivisions are further elaborated

208  as follows:
209
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3.1.1.1 Lightning before Geomagnetic Storm with disturbance from lightning only under Super
Lightning-Moderate Geomagnetic Storm (SL-MS) pairing.

4™ July 2015 was the day for this subdivision and occupies the top left corner of Figure 2.
Dst was increasing steadily from 0 to 20nT from the beginning of the day till 23LT. After OOLT,
it decreases to -20nT at 03LT, becomes stable for a while and further decreases to its minimum
of -58nT at OSLT as seen panel a of Error! Reference source not found.. IMF Bz in panel k
also recorded its minimum value around the same time of dst. PRN 25 was available at the time
of the minimum of dst. As can be seen in panel b of this day, there were DTEC changes about
the same time dst was minimum. Frequency of 0.1lmHz and period of 37 mins were recorded at
the same time (panels c-d). Nonetheless, the ROTI in panel e could not exceed the threshold of
0.2. Lightning as seen in panel f was dominant in the evening around 18-21LT. The expected
ionosphere disturbance is about the same time as its peak. DTEC of PRN 5 in panel g of Error!
Reference source not found. shows changes at 19-21LT. The DTEC has a frequency of
0.67mHz and period of 25 mins. PRN 5 had ROTI exceeding the threshold indicating a
disturbance.

3.1.1.2 Lightning before Geomagnetic Storm with disturbance from storm only under Super
Lightning-Moderate Geomagnetic Storm (SL-MS) pairing.

16™ July 2017 was the day for this subdivision and occupies the second row under
lightning before geomagnetic storm column of Figure 2. The minimum dst of -72nT occurred at
23LT as seen in panel a of this day. IMF Bz in panel k also recorded its minimum value around
the same time. PRN 5 was available with DTEC changes about the same time of minimum dst
with frequency of 0.9mHz, amplitude of 0.5, a period of 19 mins and ROTI exceeding the
threshold of 0.2. Lightning as seen in panel f was dominant around 15-17LT. The ionosphere
response is expected around 17-19LT. PRN 17 was available around 17-19LT recording
frequency of 0.8mHz, amplitude of 0.08, period of 20 mins but ROTI not exceeding the
threshold.

3.1.1.3 Lightning before Geomagnetic Storm with no disturbance from both events under Super
Lightning-Moderate Geomagnetic Storm (SL-MS) pairing.

The day for this subdivision was 15" August 2015 which occupies the bottom left corner
of Figure 2. The minimum dst of -57nT occurred at 03LT as seen in panel a of this day. IMF Bz
in panel k also recorded its minimum value around the same time. PRN 22 was available with
DTEC changes about the same time of minimum dst with frequency of 0.8mHz, amplitude of
0.1, a period of 20 mins. Lightning as seen in panel f was dominant around 09-11LT. The
ionosphere response is expected to be around 12-15LT. PRN 1 was available recording
frequency of 0.8mHz, amplitude of 0.06 and period of 20 mins. ROTI did not exceed the
threshold for both events.
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3.1.1.4 Geomagnetic Storm before Lightning with disturbance from lightning only under Super
Lightning-Moderate Geomagnetic Storm (SL-MS) pairing.

The day for this subdivision was 17" March 2016 which occupies the top right corner of
Figure 2. The minimum dst of -52nT occurred at 12LT as seen in panel a. IMF Bz in panel k
also recorded its minimum value around 10LT. Frequency of 0.9mHz, amplitude of 0.06, and a
period of 20 mins was recorded by PRN 32 which was available about the same time of
minimum dst. Lightning as seen in panel f was dominant around 18-20LT. The ionosphere
response is expected about same time. PRN 17 was available recording frequency of 1.1mHz,
amplitude of 0.12 and period of 18 mins. ROTI exceeded the threshold for only lightning.

3.1.1.5 Storm before Lightning with disturbance from both under Super Lightning-Moderate
Storm (SL-MS) pairing.

The day for this subdivision was 1* September 2016 which occupies the middle row of
the right column of Figure 2. The minimum dst of -59nT occurred at 17LT just an hour before
lightning peak at 18LT as seen in panels a and b of Error! Reference source not found.. The
ionosphere response was expected at 17-20LT for both events. PRN 21 was available at this time
hence could be assessed. The frequency of 0.8mHz, amplitude of 0.1, and a period of 20 mins
was recorded. ROTI exceeded the threshold.

3.1.1.6 Storm before Lightning with no disturbance from events under Super Lightning-
Moderate Storm (SL-MS) pairing.

231 July 2016 is the day for this subdivision which occupies the bottom right corner of
Figure 2. The minimum dst of -63nT occurred at 15LT as seen in panel a. IMF Bz in panel k also
recorded its minimum value around 12-15LT. The available PRN, 1, recorded a frequency of
0.6mHz, amplitude of 0.03, and a period of 27 mins. Lightning as seen in panel f was dominant
most around 04-06LT. The available PRN, 25 recorded a frequency of 1.4mHz, amplitude of
0.004 and period of 16 mins. ROTI did not exceed the threshold for both.

3.1.2 Super Lightning — Weak Geomagnetic Storm (SL-WS) pairings

The days of intensity pairing SL-WS and its subdivisions using the flow chart in Figure 1
are shown in Figure 3. Days of subdivision related to Lightning are on the left column while that
of geomagnetic storm are on the right column. The individual subdivisions are further elaborated
as follows:

3.1.2.1 Lightning before Geomagnetic Storm with disturbance from lightning only under Super
Lightning-Weak Geomagnetic Storm (SL-WS) pairing.

18"™ May 2015 is the day for this subdivision which occupies the top left corner of Figure
3. The minimum dst of -42nT occurred at 07LT as seen in panel a of this day. IMF Bz in panel k
also recorded its minimum at the same time. The available PRN, 13, recorded a frequency of
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0.7mHz, amplitude of 0.01, and a period of 24 mins. Lightning as seen in panel f was dominant
around 18-21 LT. The available PRN 10 also recorded a frequency of 0.7mHz and period of 24
mins but amplitude of 0.35 with ROTI exceeding the threshold.

3.1.2.2 Lightning before Geomagnetic Storm with disturbance from both events under Super
Lightning-Weak Geomagnetic Storm (SL-WS) pairing.

8™ September 2016 is the day for this subdivision which occupies the second row of the
left column of Figure 3. The minimum dst of -33nT occurred at 18LT as seen in panel a of this
day. IMF Bz in panel k also recorded its minimum at the same time. Lightning as seen in panel
was dominant around 15-17 LT. PRN 24 recorded a frequency of 0.6mHz, amplitude of 0.14,
and a period of 27 mins during the time of the storm while PRN 15 recorded a frequency of
1.1mHz, amplitude of 0.13, and a period of 15 mins at the time of lightning. Both had ROTI
exceeding the threshold.

3.1.2.3 Lightning before Geomagnetic Storm with no disturbance from both events under Super
Lightning-Weak Geomagnetic Storm (SL-WS) pairing.

6th June 2016 is the day for this subdivision which occupies the third row of the left
column of Figure 3. Minimum dst was -44nT happening at 14LT as seen in panel a. A frequency
of 0.7mHz, amplitude of 0.08, and a period of 24 mins was observed on PRN 11 at 14LT.
Lightning as seen in panel f was dominant around O9LT. The available PRN 27 recorded a
frequency of 0.9mHz, amplitude of 0.08 and period of 18 mins. ROTI did not exceed the
threshold for both PRNs.

3.1.2.4 Geomagnetic Storm before Lightning with disturbance from storm only under Super
Lightning-Weak Geomagnetic Storm (SL-WS) pairing.

14th May 2015 is the day for this subdivision which occupies the top right corner of
Figure 3. Minimum dst was -33nT happening at 13LT as seen in panel a of this day. A frequency
of 1.2mHz, amplitude of 0.17, and a period of 13 mins was observed on PRN 19 at 13LT with
ROTI exceeding the threshold. Lightning as seen in panel f was dominant around 16LT. The
available PRN 4 recorded a frequency of 0.9mHz, amplitude of 0.09 and period of 18 mins.

3.1.2.5 Geomagnetic Storm before Lightning with disturbance from lightning only under Super
Lightning-Weak Geomagnetic Storm (SL-WS) pairing

The day for this subdivision is 11" June 2015 and it is seen at the second row of the right
column of Figure 3. Minimum dst was -33nT happening at 11LT as seen in panel a of Error!
Reference source not found.. A frequency of 1.3mHz, amplitude of 0.09, and a period of 12
mins was observed on PRN 16 at 11LT. Lightning as seen in panel f was dominant around 16LT.
The available PRN 5 recorded a frequency of 0.9mHz, amplitude of 0.6 and period of 18 mins
with ROTI exceeding the threshold.
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3.1.2.6 Geomagnetic Storm before Lightning with disturbance from both events under Super
Lightning-Weak Geomagnetic Storm (SL-WS) pairing

The day for this subdivision is 19" May 2015 which can be seen in the third row of the
right column of Figure 3. The minimum dst was -44nT happening at 1 1LT as seen in panel a of
this day. PRN 19 available at 1 1LT recorded a frequency of 1mHz, amplitude of 0.2, and a
period of 16 mins. Lightning as seen in panel f was dominant around 15-18LT. The available
PRN 17 recorded a frequency of 0.9mHz, amplitude of 0.45 and period of 18 mins. ROTI
exceeded the threshold for both events.

3.1.2.7 Geomagnetic Storm before Lightning with no disturbance from both events under Super
Lightning-Weak Geomagnetic Storm (SL-WS) pairing

The day for this subdivision is 10" June 2015 which can be seen in the bottom right
corner of Figure 3. The minimum dst was -31nT at O8LT as seen in panel a of this day. PRN 16
available at O8LT recorded a frequency of ImHz, amplitude of 0.1, and a period of 16 mins.
Lightning as seen in panel f was dominant around 15-18LT. The available PRN 2 also recorded a
frequency of ImHz, amplitude of 0.1 and period of 16 mins. ROTI did not exceed the threshold
for both events.

3.1.3 Super Lightning — No Geomagnetic Storm (SL-NS) pairings

The days of intensity pairing SL-NS and its subdivisions using the flow chart in Figure 1
are shown in the top row of Figure 4. The individual subdivisions are further elaborated as
follows:

3.1.3.1 Super Lightning-No Geomagnetic Storm (SL-NS) pairing with disturbance from
lightning.

29th April 2015 is the day for this subdivision which can be seen in the top left corner of
Figure 4. There was no storm as minimum dst was -16nT happening at 06LT as seen in panel a
of Error! Reference source not found.. The available PRN, 20, recorded a frequency of
0.9mHz, amplitude of 0.02, and a period of 18 mins. Lightning as seen in panel f was most
dominant around 18-22LT. The available PRN, 10 recorded a frequency of 0.5mHz, amplitude
of 0.25 and period of 33 mins with ROTI exceeding the threshold.

3.1.3.2 Super Lightning-No Geomagnetic Storm (SL-NS) pairing with no disturbance.

21st May 2015 is the day for this subdivision which can be seen in the top right corner of
Figure 4. There was no storm as minimum dst was -18nT happening at O8LT as seen in panel a
of this day. A frequency of 0.8mHz, amplitude of 0.08, and a period of 20 mins was observed on
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PRN 20 available at O8LT. Lightning as seen in panel f was dominant most around 12-15LT. The
available PRN, 19 recorded a frequency of 0.6mHz, amplitude of 0.15 and period of 27 mins
with ROTI not exceeding the threshold.

3.2 Case 2 (Intense lightning pairings)

3.2.1 Intense Lightning — Moderate Geomagnetic Storm (IL-MS) pairings

The days of intensity pairing IL-MS and its subdivisions using the flow chart in Figure 1
are shown Figure 5. The individual subdivisions are further elaborated as follows:

3.2.1.1 Lightning before Geomagnetic Storm with disturbance from storm only under IL-MS
pairing

13th April 2016 is the day for this subdivision which can be seen in the top left corner of
Figure 5. Minimum dst was -55nT which occurred at 13LT as seen in panel a of this day. A
frequency of 1.1mHz, amplitude of 0.15, and a period of 15 mins was observed on PRN 8 at
13LT. Lightning as seen in panel f was dominant around 09LT. The available PRN 16 recorded a
frequency of 0.7mHz, amplitude of 0.08 and period of 23mins.

3.2.1.2 Lightning before Geomagnetic Storm with disturbance from both under IL-MS pairing

The day for this subdivision was 8" June 2015 which can be seen in the middle row of
the first column of Figure 5. The minimum dst of -73nT occurred at 17LT few hours after
lightning peak at 13LT as seen in its panels a and b. The ionosphere response was expected at
17-20LT for both events. PRN 6 was available at this time hence could be assessed. The
frequency of 0.6mHz, amplitude of 0.25, and a period of 27 mins was recorded. ROTI exceeded
the threshold.

3.2.1.3 Lightning before Geomagnetic Storm with no disturbance from both under IL-MS pairing

The day for this subdivision is 17" July 2017 which can be seen in the bottom left corner
of Figure 5. The minimum dst was -61nT at O0LT as seen in panel a of this day. PRN 24
available at OOLT recorded a frequency of 0.8mHz, amplitude of 0.02, and a period of 21 mins.
Lightning as seen in panel f was dominant around 15-18LT. The available PRN 2 also recorded
the same values of frequency, amplitude, and period like PRN 24. ROTI did not exceed the
threshold for both events.

3.2.1.4 Geomagnetic Storm before Lightning with disturbance from both under IL-MS pairing

28™ September 2017 was the day for this subdivision which occupies the top right corner
of Figure 5. The minimum dst was -55nT at 14LT as seen in panel a of this day. PRN 15
available at OOLT recorded a frequency of 1.1mHz, amplitude of 0.25, and a period of 15 mins.
Lightning as seen in panel f was dominant around 16-18LT. The available PRN 24 recorded
frequency of 1.2mHz, amplitude of 0.3, and period 13 of mins. ROTI exceeded the threshold for
both events.
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3.2.1.5 Geomagnetic Storm before Lightning with no disturbance from both under IL-MS pairing

8" May 2016 was the day for this subdivision which is seen in the middle row of the right
column of Figure 5. The minimum dst was -88nT at 16LT as seen in panel a of this day. PRN 1
available at 16LT recorded a frequency of 0.5mHz, amplitude of 0.09, and a period of 32 mins.
Lightning as seen in panel f was dominant around 16-18LT. The available PRN 24 recorded
frequency of 1.2mHz, amplitude of 0.04, and period 13 of mins. ROTI did not exceed the
threshold for both events.

3.2.2 Intense Lightning — Weak Geomagnetic Storm (IL-WS) pairings

The days of intensity pairing IL-WS and its subdivisions using the flow chart in Figure 1
are shown Figure 6. The individual subdivisions are further elaborated as follows:

3.2.2.1 Lightning before Geomagnetic Storm with disturbance from lightning only under IL-WS

26" July is the day for this subdivision which is seen at the top left corner of Figure 6.
Minimum dst was -36nT which occurred at O8LT as seen in panel a of this day. A frequency of
0.9mHz, amplitude of 0.02, and a period of 18 mins was observed on PRN 4 at O08LT. Lightning
as seen in panel f was dominant around 16LT. The available PRN 20 also recorded a frequency
of 0.9mHz, and period of 18 mins but amplitude of 0.18.

3.2.2.2 Lightning before Geomagnetic Storm with disturbance from storm only under IL-WS

The day for this subdivision is 15" June 2015 which occupies the middle row of the left
column of Figure 6. Minimum dst was -34nT happening at OOLT as seen in its panel a. A
frequency of 0.6mHz, amplitude of 0.45, and a period of 27 mins was observed on PRN 5 at
OOLT. Lightning as seen in panel f was dominant around 16LT. The available PRN 17 also
recorded a frequency of 0.6mHz, and period of 18 mins but amplitude of 0.1.

3.2.2.3 Lightning before Geomagnetic Storm with no disturbance from both events under IL-WS

The day for this subdivision is 5™ September 2016 which can be seen at the bottom left
corner of Figure 6. Minimum dst was -38nT happening at O3LT as seen in panel a this day. A
frequency of ImHz, amplitude of 0.01, and a period of 16 mins was observed on PRN 26 at
O3LT. Lightning as seen in panel f was dominant around 19LT. The available PRN 24 recorded a
frequency of 0.6mHz, amplitude of 0.07, and period of 27 mins.

3.2.2.4 Geomagnetic Storm before Lightning with disturbance from storm only under IL-WS

The day for this subdivision is 21* August 2014. It can be seen at the top right corner of
Figure 6. The minimum dst was -30nT happening at 15LT as seen in its panel a. A frequency of
0.9mHz, amplitude of 0.4, and a period of 18 mins was observed on PRN 2 at I15LT. Lightning
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as seen in panel f was dominant around 17LT. The available PRN 26 recorded a frequency of
0.8mHz, amplitude of 0.07, and period of 20 mins.

3.2.2.5 Geomagnetic Storm before Lightning with disturbance from lightning only under IL-WS
pairing

The day for this subdivision is 14%M September 2014 which can be seen at the middle row
of the right column of Figure 6. The minimum dst was -40nT happening at 09LT as seen in panel
a of this day. A frequency of 0.9mHz, amplitude of 0.05, and a period of 18 mins was observed
on PRN 28 at 09LT. Lightning as seen in panel f was dominant around 17LT. The available PRN
5 also recorded the same frequency and period like PRN 28 but amplitude of 0.38 with ROTI
exceeding the threshold.

3.2.2.6 Geomagnetic Storm before Lightning with no disturbance from both events under IL-WS
pairing

The day for this subdivision is 19" September 2014 which can be seen at the bottom right
corner of Figure 6. Minimum dst was -40nT happening at 12LT as seen in panel a this day. A
frequency of 0.6mHz, amplitude of 0.1, and a period of 27 mins was observed on PRN 28 at
O9LT. Lightning as seen in panel f was dominant around 17LT. The available PRN 18 also

recorded a frequency of 1mHz, amplitude of 0.1, and a period of 18 mins. ROTI did not exceed
the threshold.

3.2.3 Intense Lightning — No Geomagnetic Storm (IL-NS) pairings

The days of intensity pairing IL-NS and its subdivisions using the flow chart in Figure 1
are shown in the middle row of Figure 4. The individual subdivisions are further elaborated as
follows:

3.2.3.1 Intense Lightning-No Geomagnetic Storm (IL-NS) pairing with disturbance from
lightning.

Ist May 2015 is the day for this subdivision which can be seen at the middle row of the
first column of Figure 4. There was no storm as minimum dst was -6nT which happened at 13LT
as seen in panel a of this day. The available PRN, 27, recorded a frequency of 0.9mHz,
amplitude of 0.1, and a period of 18 mins. Lightning as seen in panel f was dominant most
around 17LT. The available PRN 28 also recorded a frequency of 0.9mHz, period of 18 mins but
amplitude of 0.3 with ROTI exceeding the threshold.

3.2.3.2 Intense Lightning-No Storm (IL-NS) pairing with no disturbance

3rd September 2015 is the day for this subdivision which can be seen at the middle row
of the second column of Figure 4. There was no storm as minimum dst was -13nT which
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happened at 14LT as seen in its panel a. Lightning as seen in panel f was dominant most around
13LT. PRN 6 was available at these times hence could be accessed for both events. It recorded a
frequency of 0.9mHz, a period of 18 mins and amplitude of 0.09-0.1 for both events.

3.3 Case 3 (Moderate lightning pairings)

3.3.1 Moderate Lightning — Moderate Geomagnetic Storm (ML-MS) pairings

The days of intensity pairing ML-MS and its subdivisions using the flow chart in Figure
1 are shown in Figure 7. The individual subdivisions are further elaborated.

3.3.1.1 Lightning before Geomagnetic Storm with disturbance from lightning only under ML-
MS

The day for this subdivision is 25" June 2015 which can be seen at the top left corner of
Figure 7. The minimum dst was -86nT which occurred at 21-00LT as seen in panel a of this day.
A frequency of 1.1mHz, amplitude of 0.07, and a period of 15 mins was observed on PRN 24
around this time. Lightning as seen in panel f was dominant around 15LT. The available PRN 17
recorded a frequency of 0.7mHz, amplitude of 0.3 and period of 23mins.

3.3.1.2 Lightning before Geomagnetic Storm with no disturbance from both under ML-MS
pairing

The day for this subdivision is 25™ October 2015 which occupies the bottom left corner
of Figure 7. The minimum dst was -59nT which occurred at 01LT as seen in its panel a. A
frequency of 0.7mHz, amplitude of 0.06, and a period of 23 mins was observed on PRN 16

around this time. Lightning as seen in panel f was dominant around 18LT. The available PRN 10
recorded a frequency of 0.5mHz, amplitude of 0.1 and period of 32mins.

3.3.1.3 Geomagnetic Storm before Lightning with disturbance from lightning only under ML-
MS pairing

8™ September 2015 is the day for this subdivision which occupies the top right corner of
Figure 7. Minimum dst was -66nT which occurred at 10LT as seen in panel a of this day.
Lightning as seen in panel f was dominant around 17LT. PRN 28 and 15 recorded a frequency of
0.5mHz, a period of 32 mins but amplitudes of 0.09 and 0.13 for storm and lightning respectively
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3.3.1.4 Geomagnetic Storm before Lightning with no disturbance from both under ML-MS
pairing

29™ September 2016 is the day for this subdivision which is seen at the bottom left corner
of Figure 7. Minimum dst was -66nT which occurred at 17LT as seen in panel a of this day.
Lightning as seen in panel f was dominant around 03-06LT. PRN 2 and 27 recorded a frequency

of 0.6mHz, a period of 27 mins but amplitudes of 0.11 and 0.06 for geomagnetic storm and
lightning respectively.

3.3.2 Moderate Lightning — Weak Geomagnetic Storm (ML-WS) pairings

The days of intensity pairing ML-MS and its subdivisions using the flow chart in Figure
1 are shown in Figure 8. The individual subdivisions are further elaborated.

3.3.2.1 Lightning before Geomagnetic Storm with disturbance from lightning only under ML-
WS pairing

2" October 2015 is the day for this subdivision which can be seen at the top left corner of
Figure 8. Minimum dst was -30nT which occurred at 23LT as seen in panel a of this day.
Lightning as seen in panel f was dominant around 21LT. PRN 26 and 20 recorded a frequency of
0.7mHz, a period of 23 mins but amplitudes of 0.01 and 0.5 for storm and lightning respectively

3.3.2.2 Lightning before Geomagnetic Storm with disturbance from both under ML-WS pairing

The day for this subdivision is 31% March 2017 which can be seen at the middle row of
the left column of Figure 8. Minimum dst was -37nT which occurred at 14LT as seen in its panel
a. Lightning as seen in panel f was dominant around 11LT. PRN 8 recorded a frequency of
0.9mHz, a period of 18 mins and amplitude of 0.98 at the time of storm while PRN 23 recorded a
frequency of 0.7mHz, amplitude of 0.1 and period of 23 mins at the time of lightning.

3.3.2.3 Lightning before Geomagnetic Storm with no disturbance from both under ML-WS
pairing

The day for this subdivision is 24™ April 2017 which occupies the bottom left corner of
Figure 8. Minimum dst was -42nT which occurred at 02LT as seen in panel a. Lightning as seen
in panel f was dominant most around 15LT. PRN 24 recorded a frequency of 0.9mHz, a period
of 18 mins and amplitude of 0.08 at the time of storm while PRN 1 recorded a frequency of
1.2mHz, amplitude of 0.06 and period of 13 mins at the time of lightning.
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3.3.2.4 Geomagnetic Storm before Lightning with disturbance from storm only under ML-WS
pairing

The day for this subdivision is 22" March 2015 which is seen at the top right corner of
Figure 8. Minimum dst was -43nT which occurred at 15LT as seen in its panel a. Lightning as
seen in panel f was dominant most around OSLT. PRN 23 and 20 recorded frequencies of
0.9mHz, period of 18 mins but amplitudes of 0.18 and 0.04 at the time of storm and lightning
respectively.

3.3.2.5 Geomagnetic Storm before Lightning with disturbance from lightning only under ML-
WS pairing

The day for this subdivision is 14M July 2015 which is seen at the middle row of the right
column of Figure 8. Minimum dst was -43nT which occurred at O8LT as seen in its panel a.
Lightning as seen in panel f was dominant most around 17LT. PRN 23 and 20 recorded
frequencies of 0.9mHz, period of 18 mins but amplitudes of 0.04 and 0.45 at the time of storm
and lightning respectively.

3.3.2.6 Geomagnetic Storm before Lightning with no disturbance from both under ML-WS
pairing

17" June 2015 is the day for this subdivision which can be seen at the bottom left corner
of Figure 8. Minimum dst was -44nT which occurred at 23LT as seen in panel a of this day.
Lightning as seen in panel f was dominant most around OOLT. Both PRN 10 and 5 recorded
frequencies of 0.7mHz, period of 23 mins and amplitudes of 0.09 at the time of storm and
lightning respectively.

3.3.3 Moderate Lightning — No Geomagnetic Storm (ML-NS) pairings

The days of intensity pairing ML-NS and its subdivisions using the flow chart in Figure 1
are shown in the bottom row of Figure 4. The individual subdivisions are further elaborated.

3.3.3.1 Moderate Lightning-No Geomagnetic Storm (ML-NS) with disturbance from lightning

21% November 2015 is the day for this subdivision which can be seen at the bottom left
corner of Figure 4. This day was magnetically quiet as the minimum dst was -15nT which
occurred at 09LT as seen in its panel a. Lightning as seen in panel f was dominant most around
O09LT. Both PRN 5 and 15 recorded frequencies of 0.8mHz, period of 20 mins but different
amplitudes of 0.09 and 0.45 at the time of storm and lightning respectively. The high amplitudes
on PRN 5 are seen at the expected time of lightning disturbance.

3.3.3.2 Moderate Lightning-No Geomagnetic Storm (ML-NS) with no disturbance

5™ August 2016 is the day for this subdivision which can be seen at the bottom right
corner of Figure 4. This day was magnetically quiet as minimum dst was -28nT which occurred
at 16LT as seen in its panel a. Lightning as seen in panel f was dominant most around 16LT.
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PRN 2 was available at this time hence could be accessed for both events. It recorded a
frequency of 0.5mHz, a period of 32 mins and amplitude of 0.1 for both events.

3.4 Case 4 (No lightning pairings)

The days of intensity pairing NL and its subdivisions using the flow chart in Figure 1 are
shown in Figure 9. The individual subdivisions are further elaborated.

3.4.1 No Lightning-Intense Geomagnetic Storm (NL-IS) with disturbance from storm

13™ October 2016 was the day for this subdivision which can be seen at the top left
corner of Figure 9. This is one of the few intense magnetic storms in the 24™ solar cycle
(Krypiak-Gregorczyk, 2018). This day is a “non-lightning” day as the total lightning counts was
less than 10,000. The minimum dst was -103nT which occurred at 23LT as seen in its panel a.
PRN 16 which was available at this time recorded a frequency of 0.5mHz, a period of 32 mins
and amplitude of 0.1.

3.4.2 No Lightning-Intense Geomagnetic Storm (NL-IS) with no disturbance

20™ December 2015 was the day for this pairing which occupies the top right corner of
Figure 9. This is one of the few intense magnetic storms in the 24™ solar cycle (Krypiak-
Gregorczyk, 2018). This day is a “non-lightning” day as the total lightning counts was 0. The
minimum dst was -155nT which occurred at O6LT as seen in panel a of this day. PRN 1 which
was available at this time recorded a frequency of 0.5mHz, a period of 32 mins and amplitude of
0.01.

3.4.3 No Lightning-Moderate Storm (NL-MS) with disturbance from storm

24™ February 2015 was the day for this pairing which can be seen in the middle row of
the left column of Figure 9. This day is a “non-lightning” day as the total lightning counts was
less than 10,000. The minimum dst was -56nT which occurred at 15LT as seen in panel a of this
day. PRN 16 which was available at this time recorded a frequency of 0.9mHz, a period of 18
mins and amplitude of 0.35.

3.4.4 No Lightning-Moderate Storm (NL-MS) with no disturbance

The day for this pairing is 11" September 2015 which is seen at the middle row of the
right column. This day is a “non-lightning” day as the total lightning counts was less than
10,000. The minimum dst was -56nT which occurred at 15LT as seen in panel a of this day. PRN
22 which was available at this time recorded a frequency of 0.9mHz, a period of 18 mins and
amplitude of 0.02.
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3.4.5 No Lightning-Weak Storm (NL-WS) with disturbance from storm

The day for this pairing is 16™ November 2015 which occupies the bottom left corner of
Figure 9. This day is a “non-lightning” day as the total lightning counts was less than 10,000.
The minimum dst was -49nT which occurred at 23LT as seen in panel a of this day. PRN 27
which was available at this time recorded a frequency of 0.5mHz, a period of 32 mins and
amplitude of 0.15.

3.4.6 No Lightning-Weak Storm (NL-WS) with disturbance from storm

The day for this pairing is 22™ December 2015 which can be seen at the bottom right
corner of Figure 9. The minimum dst was -40nT which occurred at 23LT as seen in its panel a.
PRN 22 which was available at this time recorded a frequency of 0.5mHz, a period of 32 mins
and amplitude of 0.09.

4 Discussions

This study adds to the body of knowledge of the GNSS-weather event related studies by
investigating the ionosphere response to simultaneous and consecutive occurrence of
geomagnetic storm and lightning events at various intensities in southern China coastal region.
From Table 2 to Table 4 it could be seen that the simultaneous occurrences of these events were
almost negligible compared to their consecutive occurrences. On the level of intensity pairings as
seen from Table 1, moderate and weak geomagnetic storms were more than intense and super
geomagnetic storms. The moderate and weak geomagnetic storms constituted about 90% of the
data set. This is because according to Ratovsky et al. (2022), moderate and weak geomagnetic
storms which they refer to as standard and recurrent storms tend to happen frequently compared
to the intense and super geomagnetic storms. Also, the 24th solar cycle in itself recorded less
magnetic storms compared to previous cycles (Patel et al., 2019). This reduces the chance of
recording super or intense geomagnetic storms. Thus, following the flow chart of Figure /, the
intensity pairings (top section of the flow chart) were between the super, intense, moderate and
no lighting intensity levels and the moderate and weak intensity levels of geomagnetic storm.
That is, all the rows and last three columns of Table 1 were selected for Intensity-Pairing. They
were then accessed for the consecutive occurrences (middle section of the flow chart) and finally
analyzed according to the bottom section of the flow chart.

From the analysis and results presented in Section 3, despite the different intensity
pairings and the subsequent consecutive occurrences, similar trend of observations were made.
First, it was realized that both events could cause disturbance or not as seen in Figures 2 to 9.
This goes on to show that not all geomagnetic storms or lightning can cause disturbances. A
typical example is the St Patrick’s Storm on 17" March 2015. Although it was a super
geomagnetic storm, it could not cause disturbances. Its effect was like any regular quiet day. The
underlying mechanism for such differences begets more studies. One challenge with atmospheric
studies is distinguishing which weather event occurred by considering the associated ionospheric
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disturbance. For example, Ratovsky et al. (2022) attributed the source of same extreme
ionospheric events to geomagnetic activity and sudden stratospheric warming (SSW). Also, Yu
et al. (2022) reported an increase to about 60TECu during the passage of Typhoon Hato. Other
weather events have also been reported to have such similar increment (Suparta & Yusop, 2017).
Another observation from this study which provides more evidence to this challenge is that for
the times that ROTI exceeded 0.2TECu indicating a disturbance, the ROTI values for both events
were mostly between 0.2-0.3TECu. However, the magnitude of the frequency (Fmag) obtained
using CWT brings about the much-desired distinction. Fmag was from 0-0.11 when there was no
disturbance. It ranged from 0.11 — 0.3 when the disturbance was from geomagnetic storm and
further increased to 0.3-0.4 when the disturbance was from lightning only. The main reason for
this distinction could be attributed to the frequency at which the highest Fmag is observed. From
Figures 2 to 9, it was seen that the highest Fmag was mostly between 0.6-1.1mHz with
corresponding period of 18 -25 mins. These are the range of frequency and period at which
gravity waves (GW) oscillate (Rahmani et al., 2020). Both geomagnetic storm and lightning are
potential sources of GW (Chen et al., 2019). GW is commonly at the bottom ionosphere.
Lightning, which is an internal source contributing to MITC is in proximity to the bottom
ionosphere thus can generate a bigger magnitude compared to geomagnetic storm which is an
external source.

It was expected that the consecutive occurrences could have an influence on the values of
Fmag but all the events maintained the same values of disturbance from storm or lightning only.
The time difference could allow the disturbed ions and electrons to recombine to restore the
ionosphere to its original state (Salem et al., 2015). The ionosphere in restored stated will then
respond to another event as usual. Another expectation is that naturally, higher intense levels
may have greater impact on the ionosphere. However, that was not the case. Despite Fmag
creating a distinction between which event occurred it could not tell apart its level of intensity.
The inference is that ionosphere response to various level of intensities may not differ. The
similar frequency observed across all intensities for lightning agrees with previous observations
that regardless of lighting intensity the dominant frequency is the same (Lay, 2018).

5 Conclusions

The negative effects of space events on GNSS operations have become useful means by
which they could be studied to develop early warning and prediction systems to save lives and
reduce economic loss. In this study, ionosphere response to simultaneous and consecutive
occurrence of geomagnetic storms and lightning events at various intensities were observed
using DTEC and ROTI from the Hong Kong network of GNSS receivers. Continuous wavelet
transform was used to analyze the DTEC to obtain its frequency and period. When there was no
disturbance, the magnitude of the derived frequency was between 0 -0.11.The magnitude was
between 0.11-0.3 when the disturbance was from geomagnetic storm only while it increased to
0.3 -0.4 when the disturbance was from lightning only. The respective magnitudes remained the
same irrespective of the level of intensity of the event and the order in which they occurred. The
differences in magnitude have helped create a distinction to know which event has occurred
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during ionosphere disturbances. This distinction is a good step for prediction and modelling
purposes.

Figure captions

Figure 2: These are the days under the intensity-pairing SL-MS. 4 July 2015, 16™ July 2017,
15™ August 2015 are for the subdivision “Lightning before geomagnetic storm” showing
respectively disturbance from lightning only, disturbance from geomagnetic storm only and no
disturbance from both events. 17" March 2016, 1% September 2016, 23 July 2016 are for the
subdivision “Geomagnetic storm before Lightning” showing respectively disturbance from
lightning only, disturbance from both events and no disturbance from both events.

Figure 3: These are the days under the intensity-pairing SL-WS. 18" May 2015, gt September
2016, 6" June 2016 are for the subdivision “Lightning before geomagnetic storm” showing
respectively disturbance from lightning only, disturbance from both events and no disturbance
from both events. 14" May 2015, 1 1" June 2015, 19 May 2015, 10" June 2015 are for the
subdivision “Geomagnetic storm before Lightning” showing respectively disturbance from
geomagnetic storm only, disturbance from both events and no disturbance from both events.

Figure 4: 29" April 2015 and 21* May 2015 are the days under the intensity-pairing SL-NS
showing respectively disturbance from lightning and no disturbance. 1% May 2015 and 3"
September are the days under the intensity-pairing IL-NS showing respectively disturbance from
lightning and no disturbance. 21* November 2015 and 5™ August 2016 are the days under the
intensity-pairing ML-NS showing respectively disturbance from lightning and no disturbance.

Figure 5: These are the days under the intensity-pairing IL-MS. 13™ April 2016, 8" June 2015
and 17" July 2017 are for the subdivision “Lightning before geomagnetic storm” showing
respectively disturbance from geomagnetic storm only, disturbance from both events and no
disturbance from both events. 28" September 2017 and gh May 2016 are for the subdivision
“Geomagnetic storm before Lightning” showing respectively disturbance from both events and
no disturbance from both events.

Figure 6: These are the days under the intensity-pairing IL-WS. 26™ July 2015, 15™ June 2015,
and 5™ September 2016 are for the subdivision “Lightning before geomagnetic storm” showing
respectively disturbance from lightning only, disturbance from geomagnetic storm only, and
disturbance from both events. 21* August 2014, 14™ September 2014, and 19" September 2014
are for the subdivision “Geomagnetic storm before Lightning” showing respectively disturbance
from geomagnetic storm only, disturbance from lightning only, and no disturbance from both
events.

Figure 7: These are the days under the intensity-pairing ML-MS. 25™ June 2015, and 25"
October 2015 are for the subdivision “Lightning before geomagnetic storm” showin
respectively disturbance from lightning only and no disturbance from both events. 8" September
2015, and 29™ September 2016 are for the subdivision “Geomagnetic storm before Lightning”
showing respectively disturbance from lightning only and no disturbance from both events.

Figure 8: These are the days under the intensity-pairing ML-WS. 2™ October 2015, 31% March
2017 and 24™ April 2017 are for the subdivision “Lightning before geomagnetic storm” showing
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respectively disturbance from lightning only, disturbance from both events and no disturbance
from both events. 22™ March 2015, 14" July 2015 and 17" June 2015 are for the subdivision
“Geomagnetic storm before Lightning” showing respectively disturbance from geomagnetic
storm only, disturbance from lightning only, and no disturbance from both events.

Figure 9: 13™ October 2016 and 20™ December 2015 are the days under the intensity-pairing NL-
IS showing respectively disturbance from geomagnetic storm only and no disturbance. 24"
February 2015 and 11™ September 2015 are the days under the intensity-pairing NL-MS showing
respectively disturbance from geomagnetic storm only and no disturbance. 16™ November 2015
and 22" December 2015 are the days under the intensity-pairing NL-WS showing respectively
disturbance from lightning and no disturbance.
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FLOW CHART FOR DATA GROUPING AND ANALYSIS
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Figure 2: These are the days under the intensity-pairing SL-MS. 4th July 2015, 16th July 2017, 15th August 2015 are for the
subdivision "Lightning before geomagnetic storm" showing respectively distur.
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Figure 3: These are the days under the intensity-pairing SL-WS. 18th May 2015, 8th September 2016, 6th June 2016 are for the
subdivision "Lightning before geomagnetic storm" showing respectively distu.
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Figure 4: 29th April 2015 and 21st May 2015 are the days under the intensity-pairing SL-NS showing respectively disturbance from
lightning and no disturbance. 1st May 2015 and 3rd September are the da.
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Figure 5: These are the days under the intensity-pairing IL-MS. 13th April 2016, 8th June 2015 and 17th July 2017 are for the
subdivision "Lightning before geomagnetic storm" showing respectively dist.
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Figure 6: These are the days under the intensity-pairing IL-WS. 26th July 2015, 15th June 2015, and 5th September 2016 are for the
subdivision "Lightning before geomagnetic storm" showing respectively.
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Figure 7: These are the days under the intensity-pairing ML-MS. 25th June 2015, and 25th October 2015 are for the subdivision
"Lightning before geomagnetic storm" showing respectively disturbance from.
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Figure 8: These are the days under the intensity-pairing ML-WS. 2nd October 2015, 31st March 2017 and 24th April 2017 are for the
subdivision "Lightning before geomagnetic storm" showing respectively.
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Figure 9: 13th October 2016 and 20th December 2015 are the days under the intensity-pairing NL-IS showing respectively
disturbance from geomagnetic storm only and no disturbance. 24th February 2015 an.
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