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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: 18 

• Ionosphere response to geomagnetic storm or lightning occurring alone is non-different 19 
from when they occur simultaneously or consecutively 20 

• The magnitude of the frequency of a disturbed ionosphere from lightning is 0.3-0.4 21 

• The magnitude of frequency of a disturbed ionosphere from geomagnetic storm is 0.15-22 
0.3  23 
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Abstract 24 

Information from total electron content (TEC) from Global Navigation Satellite Systems (GNSS) 25 
could be assessed to know the impact of weather events to help in developing prediction and 26 
warning systems. Most studies focus on the occurrence of only one event neglecting situations 27 
where these weather events happen almost simultaneously or consecutively. This current study 28 
tends to fill the gap by analyzing ionosphere response following the simultaneous and/or 29 
consecutive occurrence of geomagnetic storm and lightning events at various intensities in 30 
southern China coastal region. The results showed that the magnitude of the frequency lightning-31 
related events using continuous wavelet transform (CWT) was 0.3-0.4 while that of geomagnetic 32 
storm was 0.15-0.3. However, the various levels of intensity could not be distinguished. Being 33 
able to differentiate the weather events by the magnitude values following the ionosphere 34 
response is good for prediction and modeling purposes as the use of TEC in some studies does 35 
not provide this clear distinction. 36 

 37 

Plain Language Summary 38 

The atmosphere is subject to frequent weather activities like thunderstorms, geomagnetic storms, 39 
and typhoons. These activities at times do not only disrupt human lives directly such as death but 40 
also the telecommunication and navigation services on which we depend. In this study, we took a 41 
step further to identify how the atmosphere behaves when thunderstorms and geomagnetic 42 
storms happen at the same time or consecutively. Our results showed that thunderstorms will 43 
generate a magnitude of 0.3-0.4 while geomagnetic storms generated a magnitude of 0.15-0.3. 44 
The results are useful to improve upon the available weather prediction and modeling systems.   45 

 46 

 47 

1 Introduction 48 

The understanding of the interaction between space events, both natural and man-made, 49 
and the various layers of the atmosphere are essential in atmosphere science studies. The influx 50 
of energy and stream of particles from these events contribute to the magnetosphere-ionosphere-51 
thermosphere coupling (MITC). The MITC could affect the total electron content (TEC) leading 52 
to amplitude and phase changes of radio signals of navigation and communication systems, 53 
disrupt power grid lines and cause blackouts (Adhikari et al., 2017). Phenomena or sources 54 
contributing to MITC could be external (outside the earth’s atmosphere) or internal (on/near the 55 
earth’s surface to about 500km upwards). 56 

 Geomagnetic storms are widely known external sources of influence to the MITC 57 
through the deposition of energy from field aligned current (FAC), ring current and auroral 58 
electrojets (McGranaghan et al., 2017). Several studies in the past decades on geomagnetic storm 59 
have been conducted to help understand its contribution to MITC. For instance, Ding et al. 60 
(2007) investigated travelling ionosphere disturbance (TID) propagation during the geomagnetic 61 
storm in October 2003 in the US Plains. They associated the cause of the TID with auroral 62 
westward electrojet. Cherniak and Zakharenkova (2018) attributed origin of TID to increase in 63 
magnitude of FAC and passage of solar terminator in the high latitude regions of Europe. 64 
Changes in TEC and global navigation satellite systems (GNSS) positioning errors were 65 
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observed during the occurrence of geomagnetic storms. The internal sources contributing to 66 
MITC could be cyclones, earthquakes, volcanoes, and lightning. Yu and Liu (2021) and Chen et 67 
al. (2020) report on ionospheric condition and GNSS performance at the time of the passage of 68 
Tropical Cyclones Usagi and Manghkut respectively. Kong et al. (2018) studied the co-seismic 69 
ionosphere disturbance (CID) for the 2015 Nepal earthquake and ionosphere response to 70 
thunderstorms have been done by Ogunsua et al. (2020), Tang et al. (2019) ,Liu et al. (2021), 71 
Lay (2018) and Amin (2015). 72 

Recently, most studies on these external and internal sources contributing to MITC are 73 
carried out using GNSS because of its wide spatio-temporal capabilities. The adverse effects 74 
resulting from these sources have rather become useful means by which GNSS could be 75 
deployed to investigate them. A comprehensive review of how GNSS has been deployed to study 76 
these sources (mostly weather events) can be found in Afraimovich et al. (2013). Despite the 77 
detailed use of GNSS to study these weather events, most studies done are weather-event-78 
specific. That is, the occurrence of only one event at a particular instance is studied primarily to 79 
avoid influences of other events. Nonetheless, in real life situations, simultaneous and 80 
consecutive occurrence of these weather events are quite common and cannot be overlooked. 81 
This current study tends to add to the GNSS-weather event studies by observing the ionosphere 82 
response to simultaneous and consecutive occurrence of geomagnetic storm and lightning events 83 
in the low latitude of southern China coastal region. The data and methods are presented in 84 
Section 2. The results are presented and discussed in relation to other works in Sections 3 and 4 85 
respectively. Conclusions and findings are summarized in Section 5. 86 

 87 

2 Data and Methods 88 

2.1 Lightning Data  89 

The network consists of about 17 Vaisala LS8000 sensors which provide geolocation and 90 
source peak current of lightning in the area (Qin et al., 2020). The data spans from 2014 to 2017. 91 
A day with lightning count greater than 10,000 is deemed as “lightning day.” (Osei-Poku et al., 92 
2021).  Different intensities of lighting are categorized as follows; Non-lightning (NL): count < 93 
10,000, Moderate Lightning (ML): 10,000 ≤ count < 20,000, Intense Lighting (IL): 20,000 ≤ 94 
count < 40,000 and Super Lightning (SL): count ≥ 40,000. Where count is the number of times 95 
lightning happened. 96 

2.2 Geomagnetic Data 97 

Geomagnetic storm data used in this study are those that occurred in the declining phase 98 
of the 24th solar cycle due to the time range of data availability of lightning. Also, the 24th solar 99 
cycle spanning from 2008 to 2018 recorded fewer magnetic storms, which mostly occurred at the 100 
declining phase of the cycle, compared to previous cycles (Patel et al., 2019). Geomagnetic 101 
storm index of Disturbance Storm Time (dst) at various intensities as catergorized by Loewe 102 
(1997) as follows was adapted. No Storm (NS): dst > -30nT, Weak Storm (WS): -50nT < dst ≤ -103 
30nT, Moderate Storm (MS): -100nT < dst ≤ -50nT, Intense Storm (IS): -200nT < dst ≤ -100nT 104 
and Super storm (SS): dst ≤ -200nT. The Data Analysis Center for Geomagnetism and Space 105 
Magnetism, Kyoto University, operating WDC for Geomangetism, Kyoto provided the dst-index 106 
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data (IAGA 2002-liike format) (http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html, accessed on 14 107 
June 2019). 108 

2.3 GNSS Data 109 

GNSS data from the Hong Kong Satellite Reference (HK SatRef) available at 110 
https://www.geodetic.gov.hk/en/rinex/downv.aspx, (accessed on 14 June 2019) was used to 111 
detect ionosphere response to simultaneous and consecutive occurrence of geomagnetic storm 112 
and  lightning. Slant TEC (STEC) initially computed from the well-known geometry free linear 113 
combination of pseudo- and carrier-phase signals was converted to vertical TEC (VTEC) by 114 
applying a mapping function as seen in Equation(1), where Re is the earth’s radius, θ is the 115 
elevation angle at the ionosphere pierce point (IPP) of the signal–receiver path, and hi is the 116 
ionospheric single layer, approximated at 350 km 117 

 118 

VTEC = 1 − R cosθR + h ∗ STEC (1) 

 119 

VTEC was then detrended using Savitzky–Golay order of 6 and window length 120mins 120 
(Osei-Poku et al., 2021) to get detrended TEC (DTEC), using Equation (2). DTEC served as the 121 
input for spectral analysis. 122 

 123 DTEC = VTEC − VTEC  (2)

 124 

Again, rate of TEC index (ROTI) defined by Pi et al. (1997) as the square root of TEC 125 
variance was used to determine the ionosphere response. ROTI could be used as a proxy to 126 
scintillation (Yang & Liu, 2016). ROTI at five minutes intervals of rate of TEC (ROT) was 127 
computed according to Equation (3), where ROT and ROTI are in TEC Units (TECu: 1TECu = 128 
1016 e/m2) per minute and the notation <∙> is the averaging operation. 0.2TECu is set as the 129 
threshold for ROTI (Wu et al., 2021). 130 

 131 

 132 ROTI = < ROT > − < ROT >  (3)

 133 

2.4 Spectral Analysis 134 

Ionosphere response is also analysed in the spectral domain to gain more insight. This is 135 
done by applying continuous wavelet transform (CWT) with Morlet as mother wavelet to the 136 
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DTEC to get information about its spectral content and how it changes with time (Amin, 2015). 137 
CWT is good for mapping properties of non-stationary signals, offers a good time-frequency and 138 
can adequately represent physical quantities (Amin, 2015; Chane-Ming et al., 2000). 139 

 140 

2.5 Data groupings 141 

The data sets are grouped and further analyzed as follows. Firstly, the categories of 142 
intensities of lightning and geomagnetic storm listed in Sections 2.1 and 2.2 were paired with 143 
other each. The parings of Super Lightning, Intense Lightning, Moderate Lightning  and No 144 
Lightning with the various intensities of geomagnetic storm are referred to as Case 1, Case 2, 145 
Case 3, and Case 4 respectively. Secondly, there is a subdivision of each paring into lightning 146 
occurring before geomagnetic storm, geomagnetic storm happening before lightning and the two 147 
occurring at the same time except for Case 4 and Super Lightning (SL), Intense Lightning (IL), 148 
and Moderate Lightning (ML) parings with No Storm. Thirdly, each subdivision is further 149 
divided into disturbance from lightning only, geomagnetic storm only, from both and no 150 
disturbance. Figure 1 is a flow diagram of the data groupings. 151 

 152 

Figure 1. Flow Chart of the Data Groupings 153 

 154 

3 Results 155 

The results from this study based on the data sets are presented in this section. The 156 
number of days in each year under each intensity pairing is shown in Table 1.  157 

 158 

 159 
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Table 1 Number of days in each pairing 160 

LEVEL OF 
INTENSITY 
PAIRINGS 

Yea
r 

Super 
Geomagnetic 
Storm  
(SS)  

Intense 
Geomagnetic 
Storm 
(IS) 

Moderate 
Geomagnetic 
Storm 
 (MS) 

Weak 
Geomagnetic 
Storm (WS) 

No 
Geomagnetic 
Storm (NS) 

Super Lightning 
(SL)  
Case 1 

201
4 0 0 2 9 63 

201
5 0 1 9 10 62 

201
6 0 0 8 15 68 

201
7 0 0 4 11 51 

  

Intense Lightning 
(IL)  
Case 2 

201
4 0 0 1 3 0 

201
5 1 0 4 5 11 

201
6 0 0 3 6 0 

201
7 0 0 2 4 0 

  

Moderate 
Lightning (ML)  
Case 3 

201
4 0 0 0 0 14 

201
5 0 1 4 8 8 

201
6 0 0 5 2 14 

201
7 0 0 0 7 27 

  

No Lightning 
(NL) 
 Case 4 

201
4 0 0 7 21 76 

201
5 1 3 24 46 140 

201
6 0 2 16 41 160 

201
7 0 2 7 37 188 

 161 

From Table 1, the intensities of lightning with that of moderate and weak storm had high 162 
number of days with the rest almost being null. Focus is then shifted to the pairings with high 163 
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number of days. Table 2 to Table 4 show the number of days in each subdivision with their 164 
corresponding disturbances as according to the flow chart in Figure 1.  165 

 166 

 167 

 168 

 169 

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

LEVEL OF 
INTENSITY 
PAIRINGS 

Year Geomagnetic 
Storm before 

lightning 

Disturbance  
from 

Geomagnetic 
Storm only 

Disturbance  
from  

 Lightning 
only 

Disturbance  
from Both 

Lightning and 
Geomagnetic 

Storm 

Without  
Disturbance  
from Both 

Lightning and 
Geomagnetic 

Storm 

Super Lightning - 
Moderate 
Geomagnetic Storm  
(SL-MS)  
Case 1 

2014 0 0 0 0 0 

2015 2 0 0 0 2 

2016 4 0 3 1 0 

2017 1 0 1 0 0 

  

Intense Lightning - 
Moderate 
Geomagnetic Storm  
(IL-MS)  
Case 2 

2014 5 0 1 0 4 

2015 6 1 1 1 3 

2016 6 0 3 0 3 

2017 8 1 3 2 2 

  

Intense Lightning - 
Moderate 
Geomagnetic Storm  
(IL-MS)  
Case 2 

2014 1 0 0 1 0 

2015 1 0 0 0 1 

2016 1 0 0 0 1 

2017 1 0 0 1 0 

  

Intense Lightning - 
Weak Storm  (IL-
WS)  
Case 2 

2014 3 1 1 0 1 

2015 2 0 2 0 0 

2016 1 0 0 0 1 

2017 3 0 0 0 3 

  

Moderate Lightning 
- Moderate 
Geomagnetic Storm  
(ML-MS)  
Case 3 

2014 - - - - - 

2015 2 0 1 0 1 

2016 1 0 0 0 1 

2017 - - - - - 
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Moderate Lightning 
- Weak 
Geomagnetic Storm 
(ML-WS)  
Case 3 

2014 - - - - - 

2015 5 1 1 0 3 

2016 0 0 0 0 0 

2017 3 0 0 0 1 

 171 

Table 3 Number of Days of Lightning before Storm and the corresponding days of disturbances 172 

LEVEL OF 
INTENSITY 
PAIRINGS 

Year 

Lightning 
before 

Geomagnetic 
Storm 

Disturbance  
from  

 Lightning 
only 

Disturbance 
from 

Geomagnetic 
Storm only 

Disturbance 
from Both 
Lightning 

and 
Geomagnetic 

Storm 

Without 
Disturbance from 
Both Lightning 

and Geomagnetic 
Storm 

Super Lightning - 
Moderate 
Geomagnetic 
Storm  (SL-MS)  
Case 1 

2014 1 1 0 0 0 

2015 5 2 0 0 3 

2016 2 1 0 0 1 

2017 3 1 1 0 1 

  

Intense Lightning 
- Moderate 
Geomagnetic 
Storm  (IL-MS)  
Case 2 

2014 4 1 0 0 3 

2015 4 2 0 0 2 

2016 9 3 0 1 5 

2017 3 2 0 0 1 

  

Intense Lightning 
- Moderate 
Geomagnetic 
Storm  (IL-MS)  
Case 2 

2014 0 0 0 0 0 

2015 3 1 0 2 0 

2016 2 0 1 1 0 

2017 1 0 0 0 1 

  

Intense Lightning 
- Weak 
Geomagnetic 
Storm (IL-WS)  
Case 2 

2014 0 0 0 0 0 

2015  2 0 1 0 1 

2016 4 1 0 2 1 

2017 1 0 1 0 0 

  

Moderate 
Lightning - 
Moderate 
Geomagnetic 
Storm  (ML-MS)  
Case 3 

2014 - - - - - 

2015 2 2 0 0 0 

2016 4 1 0 0 3 

2017 - - - - - 
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Moderate 
Lightning - Weak 
Geomagnetic 
Storm (ML-WS)  
Case 3 

2014 - - - - - 

2015 2 1 0 0 1 

2016 2 1 0 0 1 

2017 3 0 0 1 2 

 173 

Table 4 Number of days of Lightning and Storm happening at the same time and the 174 
corresponding days of disturbances 175 

LEVEL OF 
INTENSITY 
PAIRINGS 

Year 

Lightning and 
Geomagnetic 
Storm  
at the same 
time 

Disturbance 
from  
 Lightning 
only 

Disturbance  
from 
Geomagnetic 
Storm only 

Disturbance  
from Both 
Lightning and 
Geomagnetic 
Storm 

Without 
Disturbance Both 
Lightning and 
Geomagnetic 
Storm 

Super Lightning - 
Moderate 
Geomagnetic 
Storm  (SL-MS)  
Case 1 

2014 1 0 0 1 0 

2015 1 0 0 0 1 

2016 2 2 0 0 0 

2017 0 0 0 0 0 

  

Intense Lightning 
- Moderate 
Geomagnetic 
Storm  (IL-MS)  
Case 2 

2014 0 0 0 0 0 

2015 0 0 0 0 0 

2016 0 0 0 0 0 

2017 0 0 0 0 0 

  

Intense Lightning 
- Moderate 
Geomagnetic 
Storm  (IL-MS)  
Case 2 

2014 0 0 0 0 0 

2015 0 0 0 0 0 

2016 0 0 0 0 0 

2017 0 0 0 0 0 

  

Intense Lightning 
- Weak 
Geomagnetic 
Storm  (IL-WS)  
Case 2 

2014 0 0 0 0 0 

2015 1 0 0 0 1 

2016 1 0 0 1 0 

2017 0 0 0 0 0 

  

Moderate 
Lightning - 
Moderate 
Geomagnetic 
Storm  (ML-MS)  

2014 - - - - - 

2015 0 0 0 0 0 

2016 0 0 0 0 0 

2017 - - - - - 
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Case 3 

  

Moderate 
Lightning - Weak 
Geomagnetic 
Storm  (ML-WS)  
Case 3 

2014 - - - - - 

2015 1 0 0 0 1 

2016 0 0 0 0 0 

2017 1 0 0 0 1 

 176 

Further to Table 2 to Table 4, it could be seen that storm and lightning happening at the 177 
same time was mostly null. Hence this subdivision is ignored. Focus is now shifted to the 178 
subdivisions of lightning before storm and vice versa. From the days in these subdivisions and 179 
their corresponding disturbances all the years have similar pattern for the number of days. 180 
Individual days are therefore selected to represent the intensity paring’s subdivision, and their 181 
corresponding disturbances. 182 

To indicate the ionosphere response to lightning and geomagnetic storm, time domain of 183 
DTEC, period and frequency of DTEC obtained using CWT, and the ROTI of available satellites 184 
or pseudorandom noise codes (PRN) are shown. An average of six GPS PRNs are available at 185 
any given time and the stations of HK Satref are quite close; hence the observations on the PRNs 186 
by the stations tend to have similar characteristics (Tang et al., 2019). Therefore, only one PRN 187 
from one station is presented. The PRNs available at about the exact time of the minimum dst for 188 
the magnetic storm days are chosen as magnetic storm usually make an immediate impact on the 189 
ionosphere (Borries et al., 2009; Ding et al., 2007). According to Osei-Poku, Tang, Chen, Chen 190 
and Acheampong (2022) , lightning dominant in daytime in the study area see some hours delay 191 
while those dominant in the nighttime have a relative instant impact on the ionosphere. The 192 
period where lightning is dominant was checked and the available PRN at the expected time of 193 
ionosphere disturbance was selected. 194 

The days under an intensity pairing are placed together as one figure. All the panels for 195 
the individual days  follow the same arrangement.  The top row panels (a and f) show the dst and 196 
lightning count. The second to fifth row panels (b, g, c, h, d, and i) show DTEC in time domain, 197 
DTEC in frequency domain, period, and ROTI of the PRN respectively. The bottom row panel 198 
(k) shows the Bz component of the interplanetary magnetic field (IMF). The x-axis of the figure 199 
panels is in hours of local time (LT: UT+8). The presentation of the figures of the individual 200 
days is based on the chronological ascension order of Cases stated in Section 2.3 above.  201 

 202 

3.1  Case 1 (Super Lightning pairings) 203 

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

The days of intensity pairing SL-MS and its subdivisions using the flow chart in Figure 1 205 
are shown in Figure 2.  Days of subdivision related to Lightning are on the left column while that 206 
of geomagnetic storm are on the right column. The individual subdivisions are further elaborated 207 
as follows: 208 
 209 
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3.1.1.1 Lightning before Geomagnetic Storm with disturbance from lightning only under Super 210 
Lightning-Moderate Geomagnetic Storm (SL-MS) pairing.   211 

4th July 2015 was the day for this subdivision and occupies the top left corner of Figure 2. 212 
Dst was increasing steadily from 0 to 20nT from the beginning of the day till 23LT. After 00LT, 213 
it decreases to -20nT at 03LT, becomes stable for a while and further decreases to its minimum 214 
of -58nT at 05LT as seen panel a of Error! Reference source not found.. IMF Bz in panel k 215 
also recorded its minimum value around the same time of dst. PRN 25 was available at the time 216 
of the minimum of dst. As can be seen in panel b of this day, there were DTEC changes about 217 
the same time dst was minimum. Frequency of 0.1mHz and period of 37 mins were recorded at 218 
the same time (panels c-d). Nonetheless, the ROTI in panel e could not exceed the threshold of 219 
0.2. Lightning as seen in panel f was dominant in the evening around 18-21LT. The expected 220 
ionosphere disturbance is about the same time as its peak. DTEC of PRN 5 in panel g of Error! 221 
Reference source not found. shows changes at 19-21LT. The DTEC has a frequency of 222 
0.67mHz and period of 25 mins. PRN 5 had ROTI exceeding the threshold indicating a 223 
disturbance. 224 

 225 

3.1.1.2 Lightning before Geomagnetic Storm with disturbance from storm only under Super 226 
Lightning-Moderate Geomagnetic Storm (SL-MS) pairing.   227 

16th July 2017 was the day for this subdivision and occupies the second row under 228 
lightning before geomagnetic storm column of Figure 2. The minimum dst of -72nT occurred at 229 
23LT as seen in panel a of this day. IMF Bz in panel k also recorded its minimum value around 230 
the same time. PRN 5 was available with DTEC changes about the same time of minimum dst 231 
with frequency of 0.9mHz, amplitude of 0.5, a period of 19 mins and ROTI exceeding the 232 
threshold of 0.2. Lightning as seen in panel f was dominant around 15-17LT. The ionosphere 233 
response is expected around 17-19LT. PRN 17 was available around 17-19LT recording 234 
frequency of 0.8mHz, amplitude of 0.08,  period of 20 mins but ROTI not exceeding the 235 
threshold. 236 

 237 

3.1.1.3 Lightning before Geomagnetic Storm with no disturbance from both events under Super 238 
Lightning-Moderate Geomagnetic Storm (SL-MS) pairing.   239 

The day for this subdivision was 15th August 2015 which occupies the bottom left corner 240 
of Figure 2. The minimum dst of -57nT occurred at 03LT as seen in panel a of this day. IMF Bz 241 
in panel k also recorded its minimum value around the same time. PRN 22 was available with 242 
DTEC changes about the same time of minimum dst with frequency of 0.8mHz, amplitude of 243 
0.1, a period of 20 mins. Lightning as seen in panel f was dominant around 09-11LT. The 244 
ionosphere response is expected to be around 12-15LT. PRN 1 was available recording 245 
frequency of 0.8mHz, amplitude of 0.06 and period of 20 mins. ROTI did not exceed the 246 
threshold for both events. 247 

 248 
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3.1.1.4 Geomagnetic Storm before Lightning with disturbance from lightning only under Super 249 
Lightning-Moderate Geomagnetic Storm (SL-MS) pairing. 250 

The day for this subdivision was 17th March 2016 which occupies the top right corner of 251 
Figure 2. The minimum dst of -52nT occurred at 12LT as seen in  panel a. IMF Bz in panel k 252 
also recorded its minimum value around 10LT. Frequency of 0.9mHz, amplitude of 0.06, and a 253 
period of 20 mins was recorded by PRN 32 which was available about the same time of 254 
minimum dst. Lightning as seen in panel f was dominant around 18-20LT. The ionosphere 255 
response is expected about same time. PRN 17 was available recording frequency of 1.1mHz, 256 
amplitude of 0.12 and period of 18 mins. ROTI exceeded the threshold for only lightning. 257 

 258 

3.1.1.5 Storm before Lightning with disturbance from both under Super Lightning-Moderate 259 
Storm (SL-MS) pairing. 260 

The day for this subdivision was 1st September 2016 which occupies the middle row of 261 
the right column of Figure 2. The minimum dst of -59nT occurred at 17LT just an hour before 262 
lightning peak at 18LT as seen in panels a and b of Error! Reference source not found.. The 263 
ionosphere response was expected at 17-20LT for both events. PRN 21 was available at this time 264 
hence could be assessed. The frequency of 0.8mHz, amplitude of 0.1, and a period of 20 mins 265 
was recorded. ROTI exceeded the threshold. 266 

 267 

3.1.1.6 Storm before Lightning with no disturbance from events under Super Lightning-268 
Moderate Storm (SL-MS) pairing. 269 

23rd July 2016 is the day for this subdivision which occupies the bottom right corner of 270 
Figure 2. The minimum dst of -63nT occurred at 15LT as seen in panel a. IMF Bz in panel k also 271 
recorded its minimum value around 12-15LT. The available PRN, 1, recorded a frequency of 272 
0.6mHz, amplitude of 0.03, and a period of 27 mins. Lightning as seen in panel f was dominant 273 
most around 04-06LT. The available PRN, 25 recorded a frequency of 1.4mHz, amplitude of 274 
0.004 and period of 16 mins. ROTI did not exceed the threshold for both. 275 

 276 

3.1.2 Super Lightning – Weak Geomagnetic Storm (SL-WS) pairings 277 

The days of intensity pairing SL-WS and its subdivisions using the flow chart in Figure 1 278 
are shown in Figure 3.  Days of subdivision related to Lightning are on the left column while that 279 
of geomagnetic storm are on the right column. The individual subdivisions are further elaborated 280 
as follows: 281 

 282 

3.1.2.1 Lightning before Geomagnetic Storm with disturbance from lightning only under Super 283 
Lightning-Weak Geomagnetic Storm (SL-WS) pairing. 284 

18th May 2015 is the day for this subdivision which occupies the top left corner of Figure 285 
3. The minimum dst of -42nT occurred at 07LT as seen in panel a of this day. IMF Bz in panel k 286 
also recorded its minimum at the same time. The available PRN, 13, recorded a frequency of 287 
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0.7mHz, amplitude of 0.01, and a period of 24 mins. Lightning as seen in panel f was dominant 288 
around 18-21 LT. The available PRN 10 also recorded a frequency of 0.7mHz and period of 24 289 
mins but amplitude of 0.35 with ROTI exceeding the threshold. 290 

 291 

3.1.2.2 Lightning before Geomagnetic Storm with disturbance from both events under Super 292 
Lightning-Weak Geomagnetic Storm (SL-WS) pairing. 293 

8th September 2016 is the day for this subdivision which occupies the second row of the 294 
left column of Figure 3. The minimum dst of -33nT occurred at 18LT as seen in panel a of this 295 
day. IMF Bz in panel k also recorded its minimum at the same time. Lightning as seen in panel f 296 
was dominant around 15-17 LT. PRN 24 recorded a frequency of 0.6mHz, amplitude of 0.14, 297 
and a period of 27 mins during the time of the storm while PRN 15 recorded a frequency of 298 
1.1mHz, amplitude of 0.13, and a period of 15 mins at the time of lightning. Both had ROTI 299 
exceeding the threshold. 300 

 301 

3.1.2.3 Lightning before Geomagnetic Storm with no disturbance from both events under Super 302 
Lightning-Weak Geomagnetic Storm (SL-WS) pairing. 303 

6th June 2016 is the day for this subdivision which occupies the third row of the left 304 
column of Figure 3. Minimum dst was -44nT happening at 14LT as seen in panel a. A frequency 305 
of 0.7mHz, amplitude of 0.08, and a period of 24 mins was observed on PRN 11 at 14LT. 306 
Lightning as seen in panel f was dominant around 09LT. The available PRN 27 recorded a 307 
frequency of 0.9mHz, amplitude of 0.08 and period of 18 mins. ROTI did not exceed the 308 
threshold for both PRNs. 309 

 310 

3.1.2.4 Geomagnetic Storm before Lightning with disturbance from storm only under Super 311 
Lightning-Weak Geomagnetic Storm (SL-WS) pairing. 312 

14th May 2015 is the day for this subdivision which occupies the top right corner of 313 
Figure 3. Minimum dst was -33nT happening at 13LT as seen in panel a of this day. A frequency 314 
of 1.2mHz, amplitude of 0.17, and a period of 13 mins was observed on PRN 19 at 13LT with 315 
ROTI exceeding the threshold. Lightning as seen in panel f was dominant around 16LT. The 316 
available PRN 4 recorded a frequency of 0.9mHz, amplitude of 0.09 and period of 18 mins. 317 

 318 

3.1.2.5 Geomagnetic Storm before Lightning with disturbance from lightning only under Super 319 
Lightning-Weak Geomagnetic Storm (SL-WS) pairing 320 

The day for this subdivision is 11th June 2015 and it is seen at the second row of the right 321 
column of Figure 3. Minimum dst was -33nT happening at 11LT as seen in panel a of Error! 322 
Reference source not found.. A frequency of 1.3mHz, amplitude of 0.09, and a period of 12 323 
mins was observed on PRN 16 at 11LT. Lightning as seen in panel f was dominant around 16LT. 324 
The available PRN 5 recorded a frequency of 0.9mHz, amplitude of 0.6 and period of 18 mins 325 
with ROTI exceeding the threshold. 326 
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 327 

3.1.2.6 Geomagnetic Storm before Lightning with disturbance from both events under Super 328 
Lightning-Weak Geomagnetic Storm (SL-WS) pairing 329 

The day for this subdivision is 19th May 2015 which can be seen in the third row of the 330 
right column of Figure 3. The minimum dst was -44nT happening at 11LT as seen in panel a of 331 
this day. PRN 19 available at 11LT recorded a frequency of 1mHz, amplitude of 0.2, and a 332 
period of 16 mins. Lightning as seen in panel f was dominant around 15-18LT. The available 333 
PRN 17 recorded a frequency of 0.9mHz, amplitude of 0.45 and period of 18 mins. ROTI 334 
exceeded the threshold for both events. 335 

 336 

3.1.2.7 Geomagnetic Storm before Lightning with no disturbance from both events under Super 337 
Lightning-Weak Geomagnetic Storm (SL-WS) pairing 338 

The day for this subdivision is 10th June 2015 which can be seen in the bottom right 339 
corner of Figure 3. The minimum dst was -31nT at 08LT as seen in panel a of this day. PRN 16 340 
available at 08LT recorded a frequency of 1mHz, amplitude of 0.1, and a period of 16 mins. 341 
Lightning as seen in panel f was dominant around 15-18LT. The available PRN 2 also recorded a 342 
frequency of 1mHz, amplitude of 0.1 and period of 16 mins. ROTI did not exceed the threshold 343 
for both events. 344 

 345 

3.1.3 Super Lightning – No Geomagnetic Storm (SL-NS) pairings 346 

The days of intensity pairing SL-NS and its subdivisions using the flow chart in Figure 1 347 
are shown in the top row of Figure 4. The individual subdivisions are further elaborated as 348 
follows: 349 

 350 

3.1.3.1 Super Lightning-No Geomagnetic Storm (SL-NS) pairing with disturbance from 351 
lightning. 352 

 353 

29th April 2015 is the day for this subdivision which can be seen in the top left corner of 354 
Figure 4. There was no storm as minimum dst was -16nT happening at 06LT as seen in panel a 355 
of Error! Reference source not found.. The available PRN, 20, recorded a frequency of 356 
0.9mHz, amplitude of 0.02, and a period of 18 mins. Lightning as seen in panel f was most 357 
dominant around 18-22LT. The available PRN, 10 recorded a frequency of 0.5mHz, amplitude 358 
of 0.25 and period of 33 mins with ROTI exceeding the threshold. 359 

 360 

3.1.3.2 Super Lightning-No Geomagnetic Storm (SL-NS) pairing with no disturbance. 361 

21st May 2015 is the day for this subdivision which can be seen in the top right corner of 362 
Figure 4. There was no storm as minimum dst was -18nT happening at 08LT as seen in panel a 363 
of this day. A frequency of 0.8mHz, amplitude of 0.08, and a period of 20 mins was observed on 364 
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PRN 20 available at 08LT. Lightning as seen in panel f was dominant most around 12-15LT. The 365 
available PRN, 19 recorded a frequency of 0.6mHz, amplitude of 0.15 and period of 27 mins 366 
with ROTI not exceeding the threshold. 367 

 368 

3.2 Case 2 (Intense lightning pairings) 369 

3.2.1 Intense Lightning – Moderate Geomagnetic Storm (IL-MS) pairings 370 

The days of intensity pairing IL-MS and its subdivisions using the flow chart in Figure 1 371 
are shown Figure 5. The individual subdivisions are further elaborated as follows: 372 

 373 

3.2.1.1 Lightning before Geomagnetic Storm with disturbance from storm only under IL-MS 374 
pairing 375 

13th April 2016 is the day for this subdivision which can be seen in the top left corner of 376 
Figure 5. Minimum dst was -55nT which occurred at 13LT as seen in panel a of this day. A 377 
frequency of 1.1mHz, amplitude of 0.15, and a period of 15 mins was observed on PRN 8 at 378 
13LT. Lightning as seen in panel f was dominant around 09LT. The available PRN 16 recorded a 379 
frequency of 0.7mHz, amplitude of 0.08 and period of 23mins. 380 

 381 

3.2.1.2 Lightning before Geomagnetic Storm with disturbance from both under IL-MS pairing 382 

The day for this subdivision was 8th June 2015 which can be seen in the middle row of 383 
the first column of Figure 5. The minimum dst of -73nT occurred at 17LT few hours after 384 
lightning peak at 13LT as seen in its panels a and b. The ionosphere response was expected at 385 
17-20LT for both events. PRN 6 was available at this time hence could be assessed. The 386 
frequency of 0.6mHz, amplitude of 0.25, and a period of 27 mins was recorded. ROTI exceeded 387 
the threshold. 388 

3.2.1.3 Lightning before Geomagnetic Storm with no disturbance from both under IL-MS pairing 389 

The day for this subdivision is 17th July 2017 which can be seen in the bottom left corner 390 
of Figure 5. The minimum dst was -61nT at 00LT as seen in panel a of this day. PRN 24 391 
available at 00LT recorded a frequency of 0.8mHz, amplitude of 0.02, and a period of 21 mins. 392 
Lightning as seen in panel f was dominant around 15-18LT. The available PRN 2 also recorded 393 
the same values of frequency, amplitude, and period like PRN 24. ROTI did not exceed the 394 
threshold for both events. 395 

3.2.1.4 Geomagnetic Storm before Lightning with disturbance from both under IL-MS pairing 396 

28th September 2017 was the day for this subdivision which occupies the top right corner 397 
of Figure 5. The minimum dst was -55nT at 14LT as seen in panel a of this day. PRN 15 398 
available at 00LT recorded a frequency of 1.1mHz, amplitude of 0.25, and a period of 15 mins. 399 
Lightning as seen in panel f was dominant around 16-18LT. The available PRN 24 recorded 400 
frequency of 1.2mHz, amplitude of 0.3, and period 13 of mins. ROTI exceeded the threshold for 401 
both events. 402 
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3.2.1.5 Geomagnetic Storm before Lightning with no disturbance from both under IL-MS pairing 403 

8th May 2016 was the day for this subdivision which is seen in the middle row of the right 404 
column of Figure 5. The minimum dst was -88nT at 16LT as seen in panel a of this day. PRN 1 405 
available at 16LT recorded a frequency of 0.5mHz, amplitude of 0.09, and a period of 32 mins. 406 
Lightning as seen in panel f was dominant around 16-18LT. The available PRN 24 recorded 407 
frequency of 1.2mHz, amplitude of 0.04, and period 13 of mins. ROTI did not exceed the 408 
threshold for both events. 409 

 410 

3.2.2 Intense Lightning – Weak Geomagnetic Storm (IL-WS) pairings 411 

The days of intensity pairing IL-WS and its subdivisions using the flow chart in Figure 1 412 
are shown Figure 6. The individual subdivisions are further elaborated as follows: 413 

 414 

3.2.2.1 Lightning before Geomagnetic Storm with disturbance from lightning only under IL-WS 415 

26th July is the day for this subdivision which is seen at the top left corner of Figure 6. 416 
Minimum dst was -36nT which occurred at 08LT as seen in panel a of this day. A frequency of 417 
0.9mHz, amplitude of 0.02, and a period of 18 mins was observed on PRN 4 at 08LT. Lightning 418 
as seen in panel f was dominant around 16LT. The available PRN 20 also recorded a frequency 419 
of 0.9mHz, and period of 18 mins but amplitude of 0.18. 420 

 421 

3.2.2.2 Lightning before Geomagnetic Storm with disturbance from storm only under IL-WS  422 

The day for this subdivision is 15th June 2015 which occupies the middle row of the left 423 
column of Figure 6. Minimum dst was -34nT happening  at 00LT as seen in its panel a. A 424 
frequency of 0.6mHz, amplitude of 0.45, and a period of 27 mins was observed on PRN 5 at 425 
00LT. Lightning as seen in panel f was dominant around 16LT. The available PRN 17 also 426 
recorded a frequency of 0.6mHz, and period of 18 mins but amplitude of 0.1. 427 

 428 

3.2.2.3 Lightning before Geomagnetic Storm with no disturbance from both events under IL-WS  429 

The day for this subdivision is 5th September 2016 which can be seen at the bottom left 430 
corner of Figure 6. Minimum dst was -38nT happening at 03LT as seen in panel a this day. A 431 
frequency of 1mHz, amplitude of 0.01, and a period of 16 mins was observed on PRN 26 at 432 
03LT. Lightning as seen in panel f was dominant around 19LT. The available PRN 24 recorded a 433 
frequency of 0.6mHz, amplitude of 0.07, and period of 27 mins. 434 

 435 

3.2.2.4 Geomagnetic Storm before Lightning with disturbance from storm only under IL-WS  436 

The day for this subdivision is 21st August 2014. It can be seen at the top right corner of 437 
Figure 6. The minimum dst was -30nT happening at 15LT as seen in its panel a. A frequency of 438 
0.9mHz, amplitude of 0.4, and a period of 18 mins was observed on PRN 2 at 15LT. Lightning 439 
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as seen in panel f was dominant around 17LT. The available PRN 26 recorded a frequency of 440 
0.8mHz, amplitude of 0.07, and period of 20 mins. 441 

 442 

3.2.2.5 Geomagnetic Storm before Lightning with disturbance from lightning only under IL-WS 443 
pairing 444 

The day for this subdivision is 14th September 2014 which can be seen at the middle row 445 
of the right column of Figure 6. The minimum dst was -40nT happening at 09LT as seen in panel 446 
a of this day. A frequency of 0.9mHz, amplitude of 0.05, and a period of 18 mins was observed 447 
on PRN 28 at 09LT. Lightning as seen in panel f was dominant around 17LT. The available PRN 448 
5 also recorded the same frequency and period like PRN 28 but amplitude of 0.38 with ROTI 449 
exceeding the threshold. 450 

 451 

3.2.2.6 Geomagnetic Storm before Lightning with no disturbance from both events under IL-WS 452 
pairing 453 

The day for this subdivision is 19th September 2014 which can be seen at the bottom right 454 
corner of Figure 6. Minimum dst was -40nT happening at 12LT as seen in panel a this day. A 455 
frequency of 0.6mHz, amplitude of 0.1, and a period of 27 mins was observed on PRN 28 at 456 
09LT. Lightning as seen in panel f was dominant around 17LT. The available PRN 18 also 457 
recorded a frequency of 1mHz, amplitude of 0.1, and a period of 18 mins. ROTI did not exceed 458 
the threshold. 459 

 460 

3.2.3 Intense Lightning – No Geomagnetic Storm (IL-NS) pairings 461 

The days of intensity pairing IL-NS and its subdivisions using the flow chart in Figure 1 462 
are shown in the middle row of Figure 4. The individual subdivisions are further elaborated as 463 
follows: 464 

 465 

3.2.3.1 Intense Lightning-No Geomagnetic Storm (IL-NS) pairing with disturbance from 466 
lightning. 467 

1st May 2015 is the day for this subdivision which can be seen at the middle row of the 468 
first column of Figure 4. There was no storm as minimum dst was -6nT which happened at 13LT 469 
as seen in panel a of this day. The available PRN, 27, recorded a frequency of 0.9mHz, 470 
amplitude of 0.1, and a period of 18 mins. Lightning as seen in panel f was dominant most 471 
around 17LT. The available PRN 28 also recorded a frequency of 0.9mHz, period of 18 mins but 472 
amplitude of 0.3 with ROTI exceeding the threshold. 473 

 474 

3.2.3.2 Intense Lightning-No Storm (IL-NS) pairing with no disturbance  475 

3rd September 2015 is the day for this subdivision which can be seen at the middle row 476 
of the second column of Figure 4. There was no storm as minimum dst was -13nT which 477 
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happened at 14LT as seen in its panel a. Lightning as seen in panel f was dominant most around 478 
13LT. PRN 6 was available at these times hence could be accessed for both events. It recorded a 479 
frequency of 0.9mHz, a period of 18 mins and amplitude of 0.09-0.1 for both events. 480 

 481 

 482 

 483 

 484 

3.3 Case 3 (Moderate lightning pairings) 485 

3.3.1 Moderate Lightning – Moderate Geomagnetic Storm (ML-MS) pairings 486 

The days of intensity pairing ML-MS and its subdivisions using the flow chart in Figure 487 
1 are shown in Figure 7. The individual subdivisions are further elaborated.  488 

 489 

3.3.1.1 Lightning before Geomagnetic Storm with disturbance from lightning only under ML-490 
MS 491 

The day for this subdivision is 25th June 2015 which can be seen at the top left corner of 492 
Figure 7. The minimum dst was -86nT which occurred at 21-00LT as seen in panel a of this day. 493 
A frequency of 1.1mHz, amplitude of 0.07, and a period of 15 mins was observed on PRN 24 494 
around this time. Lightning as seen in panel f was dominant around 15LT. The available PRN 17 495 
recorded a frequency of 0.7mHz, amplitude of 0.3 and period of 23mins. 496 

 497 

3.3.1.2 Lightning before Geomagnetic Storm with no disturbance from both under ML-MS 498 
pairing 499 

The day for this subdivision is 25th October 2015 which occupies the bottom left corner 500 
of Figure 7. The minimum dst was -59nT which occurred at 01LT as seen in its panel a. A 501 
frequency of 0.7mHz, amplitude of 0.06, and a period of 23 mins was observed on PRN 16 502 
around this time. Lightning as seen in panel f was dominant around 18LT. The available PRN 10 503 
recorded a frequency of 0.5mHz, amplitude of 0.1 and period of 32mins. 504 

 505 

3.3.1.3 Geomagnetic Storm before Lightning with disturbance from lightning only under ML-506 
MS pairing 507 

8th September 2015 is the day for this subdivision which occupies the top right corner of 508 
Figure 7. Minimum dst was -66nT which occurred at 10LT as seen in panel a of this day. 509 
Lightning as seen in panel f was dominant around 17LT. PRN 28 and 15 recorded a frequency of 510 
0.5mHz, a period of 32 mins but amplitudes of 0.09 and 0.13 for storm and lightning respectively 511 

 512 
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3.3.1.4 Geomagnetic Storm before Lightning with no disturbance from both under ML-MS 513 
pairing 514 

29th September 2016 is the day for this subdivision which is seen at the bottom left corner 515 
of Figure 7. Minimum dst was -66nT which occurred at 17LT as seen in panel a of this day. 516 
Lightning as seen in panel f was dominant around 03-06LT. PRN 2 and 27 recorded a frequency 517 
of 0.6mHz, a period of 27 mins but amplitudes of 0.11 and 0.06 for geomagnetic storm and 518 
lightning respectively. 519 

 520 

 521 

3.3.2 Moderate Lightning – Weak Geomagnetic Storm (ML-WS) pairings 522 

The days of intensity pairing ML-MS and its subdivisions using the flow chart in Figure 523 
1 are shown in Figure 8. The individual subdivisions are further elaborated.  524 

 525 

3.3.2.1 Lightning before Geomagnetic Storm with disturbance from lightning only under ML-526 
WS pairing 527 

2nd October 2015 is the day for this subdivision which can be seen at the top left corner of 528 
Figure 8. Minimum dst was -30nT which occurred at 23LT as seen in panel a of this day. 529 
Lightning as seen in panel f was dominant around 21LT. PRN 26 and 20 recorded a frequency of 530 
0.7mHz, a period of 23 mins but amplitudes of 0.01 and 0.5 for storm and lightning respectively 531 

 532 

3.3.2.2 Lightning before Geomagnetic Storm with disturbance from both under ML-WS pairing 533 

The day for this subdivision is 31st March 2017 which can be seen at the middle row of 534 
the left column of Figure 8. Minimum dst was -37nT which occurred at 14LT as seen in its panel 535 
a. Lightning as seen in panel f was dominant around 11LT. PRN 8 recorded a frequency of 536 
0.9mHz, a period of 18 mins and amplitude of 0.98 at the time of storm while PRN 23 recorded a 537 
frequency of 0.7mHz, amplitude of 0.1 and period of 23 mins at the time of lightning. 538 

3.3.2.3 Lightning before Geomagnetic Storm with no disturbance from both under ML-WS 539 
pairing 540 

The day for this subdivision is 24th April 2017 which occupies the bottom left corner of 541 
Figure 8. Minimum dst was -42nT which occurred at 02LT as seen in panel a. Lightning as seen 542 
in panel f was dominant most around 15LT. PRN 24 recorded a frequency of 0.9mHz, a period 543 
of 18 mins and amplitude of 0.08 at the time of storm while PRN 1 recorded a frequency of 544 
1.2mHz, amplitude of 0.06 and period of 13 mins at the time of lightning. 545 

 546 
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3.3.2.4 Geomagnetic Storm before Lightning with disturbance from storm only under ML-WS 547 
pairing 548 

The day for this subdivision is 22nd March 2015 which is seen at the top right corner of 549 
Figure 8. Minimum dst was -43nT which occurred at 15LT as seen in its panel a. Lightning as 550 
seen in panel f was dominant most around 05LT. PRN 23 and 20 recorded frequencies of 551 
0.9mHz, period of 18 mins but amplitudes of 0.18 and 0.04 at the time of storm and lightning 552 
respectively.  553 

3.3.2.5 Geomagnetic Storm before Lightning with disturbance from lightning only under ML-554 
WS pairing 555 

The day for this subdivision is 14th July 2015 which is seen at the middle row of the right 556 
column of Figure 8. Minimum dst was -43nT which occurred at 08LT as seen in its panel a. 557 
Lightning as seen in panel f was dominant most around 17LT. PRN 23 and 20 recorded 558 
frequencies of 0.9mHz, period of 18 mins but amplitudes of 0.04 and 0.45 at the time of storm 559 
and lightning respectively.  560 

 561 

3.3.2.6 Geomagnetic Storm before Lightning with no disturbance from both under ML-WS 562 
pairing 563 

17th June 2015 is the day for this subdivision which can be seen at the bottom left corner 564 
of Figure 8. Minimum dst was -44nT which occurred at 23LT as seen in panel a of this day. 565 
Lightning as seen in panel f was dominant most around 00LT. Both PRN 10 and 5 recorded 566 
frequencies of 0.7mHz, period of 23 mins and amplitudes of 0.09 at the time of storm and 567 
lightning respectively.  568 

 569 

3.3.3 Moderate Lightning – No Geomagnetic Storm (ML-NS) pairings 570 

The days of intensity pairing ML-NS and its subdivisions using the flow chart in Figure 1 571 
are shown in the bottom row of Figure 4. The individual subdivisions are further elaborated. 572 

3.3.3.1 Moderate Lightning-No Geomagnetic Storm (ML-NS) with disturbance from lightning 573 

21st November 2015 is the day for this subdivision which can be seen at the bottom left 574 
corner of Figure 4. This day was magnetically quiet as the minimum dst was -15nT which 575 
occurred at 09LT as seen in its panel a. Lightning as seen in panel f was dominant most around 576 
09LT. Both PRN 5 and 15 recorded frequencies of 0.8mHz, period of 20 mins but different 577 
amplitudes of 0.09 and 0.45 at the time of storm and lightning respectively. The high amplitudes 578 
on PRN 5 are seen at the expected time of lightning disturbance. 579 

 580 

3.3.3.2 Moderate Lightning-No Geomagnetic Storm (ML-NS) with no disturbance  581 

5th August 2016 is the day for this subdivision which can be seen at the bottom right 582 
corner of Figure 4. This day was magnetically quiet as minimum dst was -28nT which occurred 583 
at 16LT as seen in its panel a. Lightning as seen in panel f was dominant most around 16LT. 584 
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PRN 2 was available at this  time hence could be accessed for both events. It recorded a 585 
frequency of 0.5mHz, a period of 32 mins and amplitude of 0.1 for both events. 586 

 587 

3.4 Case 4 (No lightning pairings) 588 

The days of intensity pairing NL and its subdivisions using the flow chart in Figure 1 are 589 
shown in Figure 9. The individual subdivisions are further elaborated. 590 

 591 

3.4.1 No Lightning-Intense Geomagnetic Storm (NL-IS) with disturbance from storm 592 

13th October 2016 was the day for this subdivision which can be seen at the top left 593 
corner of Figure 9. This is one of the few intense magnetic storms in the 24th solar cycle 594 
(Krypiak-Gregorczyk, 2018). This day is a “non-lightning” day as the total lightning counts was 595 
less than 10,000. The minimum dst was -103nT which occurred at 23LT as seen in its panel a. 596 
PRN 16 which was available at this time recorded a frequency of 0.5mHz, a period of 32 mins 597 
and amplitude of 0.1. 598 

 599 

3.4.2 No Lightning-Intense Geomagnetic Storm (NL-IS) with no disturbance  600 

20th December 2015 was the day for this pairing which occupies the top right corner of 601 
Figure 9. This is one of the few intense magnetic storms in the 24th solar cycle (Krypiak-602 
Gregorczyk, 2018). This day is a “non-lightning” day as the total lightning counts was 0. The 603 
minimum dst was -155nT which occurred at 06LT as seen in panel a of this day. PRN 1 which 604 
was available at this time recorded a frequency of 0.5mHz, a period of 32 mins and amplitude of 605 
0.01. 606 

 607 

3.4.3 No Lightning-Moderate Storm (NL-MS) with disturbance from storm 608 

24th February 2015 was the day for this pairing which can be seen in the middle row of 609 
the left column of Figure 9. This day is a “non-lightning” day as the total lightning counts was 610 
less than 10,000. The minimum dst was -56nT which occurred at 15LT as seen in panel a of this 611 
day. PRN 16 which was available at this time recorded a frequency of 0.9mHz, a period of 18 612 
mins and amplitude of 0.35. 613 

 614 

3.4.4 No Lightning-Moderate Storm (NL-MS) with no disturbance  615 

The day for this pairing is 11th September 2015 which is seen at the middle row of the 616 
right column. This day is a “non-lightning” day as the total lightning counts was less than 617 
10,000. The minimum dst was -56nT which occurred at 15LT as seen in panel a of this day. PRN 618 
22 which was available at this time recorded a frequency of 0.9mHz, a period of 18 mins and 619 
amplitude of 0.02. 620 

 621 
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3.4.5 No Lightning-Weak Storm (NL-WS) with disturbance from storm 622 

The day for this pairing is 16th November 2015 which occupies the bottom left corner of 623 
Figure 9. This day is a “non-lightning” day as the total lightning counts was less than 10,000. 624 
The minimum dst was -49nT which occurred at 23LT as seen in panel a of this day. PRN 27 625 
which was available at this time recorded a frequency of 0.5mHz, a period of 32 mins and 626 
amplitude of 0.15. 627 

 628 

 629 

 630 

3.4.6 No Lightning-Weak Storm (NL-WS) with disturbance from storm 631 

The day for this pairing is 22nd December 2015 which can be seen at the bottom right 632 
corner of Figure 9. The minimum dst was -40nT which occurred at 23LT as seen in its panel a. 633 
PRN 22 which was available at this time recorded a frequency of 0.5mHz, a period of 32 mins 634 
and amplitude of 0.09. 635 

 636 

4 Discussions 637 

This study adds to the body of knowledge of the  GNSS-weather event related studies by 638 
investigating the ionosphere response to simultaneous and consecutive occurrence of 639 
geomagnetic storm and lightning events at various intensities in southern China coastal region. 640 
From Table 2 to Table 4 it could be seen that the simultaneous occurrences of these events were 641 
almost negligible compared to their consecutive occurrences. On the level of intensity pairings as 642 
seen from Table 1, moderate and weak geomagnetic storms were more than intense and super 643 
geomagnetic storms. The moderate and weak geomagnetic storms constituted about 90% of the 644 
data set. This is because according to Ratovsky et al. (2022), moderate and weak geomagnetic 645 
storms which they refer to as standard and recurrent storms tend to happen frequently compared 646 
to the intense and super geomagnetic storms.  Also,  the 24th solar cycle in itself recorded less 647 
magnetic storms compared to previous cycles (Patel et al., 2019). This reduces the chance of 648 
recording super or intense geomagnetic storms. Thus, following the flow chart of Figure 1, the 649 
intensity pairings (top section of the flow chart) were between the super, intense, moderate and 650 
no lighting intensity levels and the moderate and weak intensity levels of geomagnetic storm. 651 
That is, all the rows and last three columns of Table 1 were selected for Intensity-Pairing.  They 652 
were then accessed for the consecutive occurrences (middle section of the flow chart) and finally 653 
analyzed according to the bottom section of the flow chart. 654 

From the analysis and results presented in Section 3, despite the different intensity 655 
pairings and the subsequent consecutive occurrences,  similar trend of observations were  made. 656 
First, it was realized that both events could cause disturbance or not as seen in Figures 2 to 9. 657 
This goes on to show that not all geomagnetic storms or lightning can cause disturbances. A 658 
typical example is the St Patrick’s Storm on 17th March 2015. Although it was a super 659 
geomagnetic storm, it could not cause disturbances. Its effect was like any regular quiet day. The 660 
underlying mechanism for such differences begets more studies. One challenge with atmospheric 661 
studies is distinguishing which weather event occurred by considering the associated ionospheric 662 
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disturbance. For example, Ratovsky et al. (2022) attributed the source of same extreme 663 
ionospheric events to geomagnetic activity and sudden stratospheric warming (SSW). Also, Yu 664 
et al. (2022) reported an increase to about 60TECu during the passage of Typhoon Hato. Other 665 
weather events have also been reported to have such similar increment (Suparta & Yusop, 2017). 666 
Another observation from this study which provides more evidence to this challenge is that for 667 
the times that ROTI exceeded 0.2TECu indicating a disturbance, the ROTI values for both events 668 
were mostly between 0.2-0.3TECu. However, the  magnitude of the frequency (Fmag) obtained 669 
using CWT brings about the much-desired distinction. Fmag was from 0-0.11 when there was no 670 
disturbance. It ranged from 0.11 – 0.3 when the disturbance was from geomagnetic storm and 671 
further increased to 0.3-0.4 when the disturbance was from lightning only. The main reason for 672 
this distinction could be attributed to the frequency at which the highest Fmag is observed. From 673 
Figures 2 to 9, it was seen that the highest Fmag was mostly between 0.6-1.1mHz with 674 
corresponding period of 18 -25 mins. These are the range of frequency and period at which 675 
gravity waves (GW) oscillate (Rahmani et al., 2020). Both geomagnetic storm and lightning are 676 
potential sources of GW (Chen et al., 2019). GW is commonly at the bottom ionosphere. 677 
Lightning, which is an internal source contributing to MITC is in proximity to the bottom 678 
ionosphere thus can generate a bigger magnitude compared to geomagnetic storm which is an 679 
external source.   680 

It was expected that the consecutive occurrences could have an influence on the values of 681 
Fmag  but all the events maintained the same values of disturbance from storm or lightning only. 682 
The time difference could allow the disturbed ions and electrons to recombine to restore the 683 
ionosphere to its original state (Salem et al., 2015). The ionosphere in restored stated will then 684 
respond to another event as usual. Another expectation is that naturally, higher intense levels 685 
may have greater impact on the ionosphere. However, that was not the case. Despite Fmag 686 
creating a distinction between which event occurred it could not tell apart its level of intensity. 687 
The inference is that ionosphere response to various level of intensities may not differ. The 688 
similar frequency observed across all intensities for lightning agrees with previous observations 689 
that regardless of lighting intensity the dominant frequency is the same (Lay, 2018).  690 

 691 

 692 

5 Conclusions 693 

The negative effects of space events on GNSS operations have become useful means by 694 
which they could be studied to develop early warning and prediction systems to save lives and 695 
reduce economic loss. In this study, ionosphere response to simultaneous and consecutive 696 
occurrence of geomagnetic storms and lightning events at various intensities were observed 697 
using DTEC and ROTI from the Hong Kong network of GNSS receivers. Continuous wavelet 698 
transform was used to analyze the DTEC to obtain its frequency and period. When there was no 699 
disturbance, the magnitude of the derived frequency was between 0 -0.11.The magnitude was 700 
between 0.11-0.3 when the disturbance was from geomagnetic storm only while it increased to 701 
0.3 -0.4 when the disturbance was from lightning only. The respective magnitudes remained the 702 
same irrespective of the level of intensity of the event and the order in which they occurred. The 703 
differences in magnitude have helped create a distinction to know which event has occurred 704 
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during ionosphere disturbances. This distinction is a good step for prediction and modelling 705 
purposes. 706 

Figure captions 707 

Figure 2: These are the days under the intensity-pairing SL-MS. 4th July 2015, 16th July 2017, 708 
15th August 2015 are for the subdivision “Lightning before geomagnetic storm” showing 709 
respectively disturbance from lightning only, disturbance from geomagnetic storm only and no 710 
disturbance from both events. 17th March 2016, 1st September 2016, 23rd July 2016 are for the 711 
subdivision “Geomagnetic storm before Lightning” showing respectively disturbance from 712 
lightning only, disturbance from both events and no disturbance from both events. 713 

Figure 3: These are the days under the intensity-pairing SL-WS. 18th May 2015, 8th September 714 
2016, 6th June 2016 are for the subdivision “Lightning before geomagnetic storm” showing 715 
respectively disturbance from lightning only, disturbance from both events and no disturbance 716 
from both events. 14th May 2015, 11th June 2015, 19th May 2015, 10th June 2015 are for the 717 
subdivision “Geomagnetic storm before Lightning” showing respectively disturbance from 718 
geomagnetic storm only, disturbance from both events and no disturbance from both events. 719 

Figure 4: 29th April 2015 and 21st May 2015 are the days under the intensity-pairing SL-NS 720 
showing respectively disturbance from lightning and no disturbance. 1st May 2015 and 3rd 721 
September are the days under the intensity-pairing IL-NS showing respectively disturbance from 722 
lightning and no disturbance. 21st November 2015 and 5th August 2016 are the days under the 723 
intensity-pairing ML-NS showing respectively disturbance from lightning and no disturbance.  724 

Figure 5: These are the days under the intensity-pairing IL-MS. 13th April 2016, 8th June 2015 725 
and 17th July 2017 are for the subdivision “Lightning before geomagnetic storm” showing 726 
respectively disturbance from geomagnetic storm only, disturbance from both events and no 727 
disturbance from both events. 28th September 2017 and 8th May 2016 are for the subdivision 728 
“Geomagnetic storm before Lightning” showing respectively disturbance from both events and 729 
no disturbance from both events. 730 

Figure 6: These are the days under the intensity-pairing IL-WS. 26th July 2015, 15th June 2015, 731 
and 5th September 2016 are for the subdivision “Lightning before geomagnetic storm” showing 732 
respectively disturbance from lightning only, disturbance from geomagnetic storm only, and  733 
disturbance from both events. 21st August 2014, 14th September 2014, and 19th September 2014 734 
are for the subdivision “Geomagnetic storm before Lightning” showing respectively disturbance 735 
from geomagnetic storm only, disturbance from lightning only, and no disturbance from both 736 
events. 737 

Figure 7: These are the days under the intensity-pairing ML-MS. 25th June 2015, and 25th 738 
October 2015 are for the subdivision “Lightning before geomagnetic storm” showing 739 
respectively disturbance from lightning only and no disturbance from both events. 8th September 740 
2015, and 29th September 2016 are for the subdivision “Geomagnetic storm before Lightning” 741 
showing respectively disturbance from lightning only and no disturbance from both events. 742 

Figure 8: These are the days under the intensity-pairing ML-WS. 2nd October 2015, 31st March 743 
2017 and 24th April 2017 are for the subdivision “Lightning before geomagnetic storm” showing 744 
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respectively disturbance from lightning only, disturbance from both events and no disturbance 745 
from both events. 22nd March 2015, 14th July 2015 and 17th June 2015 are for the subdivision 746 
“Geomagnetic storm before Lightning” showing respectively disturbance from geomagnetic 747 
storm only, disturbance from lightning only, and no disturbance from both events. 748 

Figure 9: 13th October 2016 and 20th December 2015 are the days under the intensity-pairing NL-749 
IS showing respectively disturbance from geomagnetic storm only and no disturbance. 24th 750 
February 2015 and 11th September 2015 are the days under the intensity-pairing NL-MS showing 751 
respectively disturbance from geomagnetic storm only and no disturbance. 16th November 2015 752 
and 22nd December 2015 are the days under the intensity-pairing NL-WS showing respectively 753 
disturbance from lightning and no disturbance.  754 

 755 
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Flow Chart of the Data Groupings.





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.





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.





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.





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.





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.





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.





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.





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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