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Abstract18

Lightning discharges are known to inject whistler waves into the inner magnetosphere19

over a wide region around their source. When a discharge occurs, it radiates electromag-20

netic energy into the Earth-ionosphere waveguide, some of which couples into the whistler-21

mode and propagates through the ionospheric plasma away from the Earth. Previous22

studies have discussed the effects of whistler-induced electron precipitation and radia-23

tion belt losses associated with lightning. However, to date there has been no research24

on the long term effects of this accumulated impact. Here, we use data from the World25

Wide Lightning Location Network (WWLLN), which has continuously monitored global26

lightning activity since 2004, to obtain one year of lightning data and categorized them27

into L-shell ranges, hemispheres and magnetic local times. We then use Van Allen Probe’s28

Energetic Particle, Composition, and Thermal Plasma Suite (ECT) from both satellites29

(RBSP-A/B) to measure particle fluxes in the inner belts under the same criteria. We30

compare these two quantities by calculating the correlation coefficients between selected31

electron energy channels, including pitch angle distribution, and lightning activity un-32

der different conditions. Although we found a weak to moderate relationship between33

lightning activity and electron flux perturbations, the correlation was not as strong as34

expected from theoretical predictions. Variations in electron fluxes related to substorm35

activity were of the same order of magnitude as that from lightning activity, even at low36

L-shells.37

1 Introduction38

During a lightning discharge, broadband Very Low Frequency (VLF, 0.1-10 kHz)39

wave energy is radiated away from the lightning source (e.g., Rakov & Uman, 2003). As40

this energy propagates in the Earth-ionosphere waveguide, it can leak into the magne-41

tosphere and couple into the whistler-mode of wave propagation (Figure 1a) (e.g., Bort-42

nik et al., 2006a, 2006b). These lightning-induced whistler-mode waves, typically referred43

to simply as whistlers, propagate generally unducted in the magnetosphere reaching the44

geomagnetic equator where they can easily undergo cyclotron resonant interactions with45

radiation belt electrons (E > 100 keV, Figure 1b). As a result of wave-particle interac-46

tions, whistlers change the pitch angle distribution of electrons with energies ranging from47

a few keV up to ∼1 MeV. The pitch angle is defined as the angle between the electron48

velocity vector and the local magnetic field. Changes in pitch angle lower the reflection49
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point of electrons as they bounce across hemispheres, driving them into the loss cone and50

causing their precipitation into the upper atmosphere. This phenomenon is commonly51

known as Lightning-induced Electron Precipitation (LEP) or Whistler-induced electron52

precipitation (WEP) depending on the sources (e.g., Dungey, 1963; Cornwall, 1964; Tsu-53

rutani & Lakhina, 1997; Voss et al., 1998; Bortnik, 2004; Walt, 2005; Go lkowski et al.,54

2014)55

Figure 1. Illustration of VLF energy propagating away from the lightning source, and reach-

ing the geomagnetic equator where it resonantly interacts with electrons.

Even though the effect of whistler-mode waves on electron populations in the ra-56

diation belts has been studied extensively (e.g., Meredith et al., 2003; Thorne, 2010; Horne57

et al., 2005), the main mechanisms behind major losses of electrons remain under dis-58

cussion. Abel and Thorne (1998a) used quasi-linear Fokker-Plank simulations to study59

the cumulative long-term effects of wave-particle interactions on scattering and precip-60

itation loss in the inner magnetosphere. For L > 1.5 the losses driven by whistler mode61

waves, including plasmaspheric hiss, lightning-generated whistlers and man-made trans-62

missions, were generally more important than those by Coulomb collisions. The quan-63
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titative assessment of these losses accurately reproduced the formation of the slot region.64

It also predicted that the effect from each loss mechanism was heavily influenced by the65

characteristics of the wave and the L-shell of interaction. Abel and Thorne (1998b) found66

that lightning-generated whistlers play a dominant role in the trapped electron popu-67

lation at L > 2, with the largest impact around L=2.4 for 500 keV electrons. The ac-68

curacy of this conclusion has been questioned, with Abel and Thorne (1999), opening69

a debate on both the energy and L-shell range of lightning resonant effects. (Abel & Thorne,70

1999) and, later,(Ripoll et al., 2015), while redoing Abel and Thorne [1998a, 1998b, 1999]71

computations, found slightly different ranges of energy and L-shell. Most effects were for72

L > 2.5 for energies between 0.1 to 1 MeV and up to L=3.5 for 50 < E < 500 keV.73

All these studies confirmed lightning-generated whistlers effects in the slot region (L∼274

– 3.5) for E=0.05 to 1 MeV with energies decreasing with increasing L-shell. They also75

found these effects to be rather weak, with lifetimes often above ∼ 100 days for these76

energies (assuming wave amplitude and occurrence rate from Abel and Thorne (1998b)).77

However it is still difficult to accurately asses the effects of lightning-generated whistlers78

on radiation belts electrons (i.e., alternative modeling of lightning whistlers properties79

by Meredith et al. (2007) and Colman and Starks (2013)).80

Bortnik et al. (2006b) found that electrons with energies between a few keV up to81

∼ 1 MeV can undergo cyclotron resonant interactions with magnetospherically reflected82

whistlers originating from lightning discharges. This causes enhanced diffusion rates of83

energetic particles also suggesting that lightning-induced whistlers may play a signifi-84

cant role in the formation of the slot region. Similarly, Blake et al. (2001) show cases where85

individual thunderstorms were associated with enhanced losses of ∼ 100-200 keV elec-86

trons. The extensive amount of precipitation they found suggests that WEP is driven87

by global thunderstorm activity, and may play an influential role in controlling the life-88

times of electrons in the inner radiation belt.89

Additional studies focused on quantifying the trapped electron loss directly related90

to lightning-induced whistlers. C. J. Rodger et al. (2003) calculated global lightning ac-91

tivity to quantify WEP losses in the radiation belts and their L-shell dependence. Losses92

by WEP were most significant for 50 to 150 keV electrons for 2.0 < L < 2.4, and could93

affect electrons up to ∼225 keV as the L-shell of interaction decreased. Their modeling94

suggests that WEP due to lightning could be one of the most significant inner radiation95

belt loss processes for electrons in these particular energy ranges. M. A. Clilverd et al.96
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(2002) calculated the spatial size of LEP interactions or precipitation patches using Trimpi97

signatures of subionospheric VLF signals. These are transient perturbations in the am-98

plitude and phase of a received narrowband subionospheric VLF signal. The Trimpi patches99

were rather large (∼1500 by 600 km), with 38% of the events associated with strong light-100

ning activity. As the electron precipitation is directly related to the size of the precip-101

itation patch, using the values found in their study, they concluded that electron pre-102

cipitation associated with lightning might be up to 100 times more effective than loss103

by hiss emissions at L=2.5. More recently, Go lkowski et al. (2014) found that a rough104

threshold peak current of approximately 100 kA was needed to generate LEP events for105

the geomagnetic conditions present during their observations. However, previous stud-106

ies by M. Clilverd et al. (2004) found that observed Trimpi scatter amplitude was pro-107

duced by precipitation bursts with energy fluxes driven by lightning currents between108

70 kA and 250 kA, for smallest and largest detectable fluxes, respectively. These discrep-109

ancies can be explained by different signal to noise ratio and open a discussion on the110

minimum energy necessary to generate LEP events.111

Several studies linking lightning generated whistlers to significant electron precip-112

itation, found that the losses depended on the L-shell location and the energy of the elec-113

trons interacting with the whistler-mode waves. Others have quantified this loss by us-114

ing a combination of modeling and observational case studies with one-to-one correspon-115

dences during times of high lightning activity. Some of these studies suggest that WEP116

could be one of the most significant loss processes for these fluxes, implying that these117

losses should be clearly observable in the variations of trapped electron fluxes. However,118

the real effect of lightning-related whistlers remain unknown today as it is unclear if these119

models represent accurately their effect on radiation belt particles. Currently, there are120

no observational studies focusing on the long term effects of these losses on the trapped121

electron fluxes of the radiation belts. Thus we conduct, for the first time, a study to de-122

termine and quantify the long term effects of lightning-generated whistlers on trapped123

electron fluxes using particle data from the Van Allen Probes (RBSP) and global light-124

ning distribution.125
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2 Data and Methods126

2.1 WWLLN network127

Lightning activity worldwide is monitored using the World Wide Lightning Loca-128

tion Network (WWLLN) (e.g., Lay et al., 2004). WWLLN combines observations from129

multiple VLF receivers located around the globe to detect, locate, and characterize light-130

ning discharges by detecting lightning generated VLF sferics. Using the ”Time of Group131

Arrival” or TOGA technique (Dowden et al., 2002) observations from each WWLLN sta-132

tion are combined to determine the timing, energy and location of lightning strokes world-133

wide. VLF sferics from extremely intense lightning discharges can be detected over the134

entire globe, requiring a minimum of 4 individual TOGA times to produce a valid lo-135

cation on the spherical Earth. In practice, WWLLN requires a minimum of 5 distinct136

participating station TOGA values to provide a valid lightning location. WWLLN de-137

tects signatures of both intra-cloud and cloud-to-ground lightning strokes, without mak-138

ing a distinction between these two types (see the discussion in (C. Rodger et al., 2009)),139

with a 30% to 50% detection efficiency for strokes above 40 kA. Here we use WWLLN140

lightning data (version Reloc-B). Currently the WWLLN network has 71 stations that141

detect VLF radio waves and ∼15–16% of all global cloud-to-ground flashes. The network142

has been determined to have a temporal accuracy of 15 µ and a spatial accuracy of 10143

to 15 km (e.g., C. Rodger et al., 2005; Jacobson et al., 2006). Figure 2a shows how the144

number of strokes in the Reloc-B dataset varies by year. Figure 2b is a world map show-145

ing the locations of the active WWLLN stations in 2014 (yellow diamonds), and the two146

independent Central Processing Computers (red circles). Note that there are also WWLLN147

VLF stations at the locations of these processing computers. The primary reason for the148

variation in the total number of annual WWLLN locations is the number of operational149

VLF stations. For each lightning stroke, WWLLN data provided the date, time, latitude150

and longitude, RMS timing error and number of contributing stations that detected the151

stroke. WWLLN also provides the energy of the radiated stroke in Joules, with the en-152

ergy error also in Joules, the residual fit error for the location and the number of sta-153

tions with energy values that were used in the energy number calculations.The technique154

for determining the lightning power has been described in M. Hutchins et al. (2013).155

–6–



manuscript submitted to JGR: Space Physics

 160
o

W  120
o

W   80
o

W   40
o

W    0
o

    40
o

E   80
o

E  120
o

E  160
o

E 

  60
o

S 

  30
o

S 

   0
o

  

  30
o

N 

  60
o

N 

Dunedin

Perth

Osaka

Singapore

Brisbane

Suva

LANL

BudapestSeattle
MI T

Durban
SaoPaulo

Tahiti

Mexico City

Tel−Aviv

Lisbon

Sheffield

Huancayo

MayaguezHonolulu

Sodankylä

Rothera

Ascension

Lanzhou

Cordoba

Kingston

Hermanus

Boulder

UCLA

San Jose

Scott Base

Yakusk

Canaveral

Beijing

Nanjing

SANAE

Talahasse

Fairbanks

Manaus

RioGallegos

Maitri Davis

Chofu

Trelew

Dakar

Lagos

Houghton
Edmonton

Maceio

Kamchatka

LaReunion

MarionIsland

Valparaiso Valencia

MSSL

Tripura
Maracaibo

UGroningen

Alexandria

BuenosAires

Halley

Narrabri

Pune

Bayamon

Monmouth
Yerevan

Bangalore

Bryansk

Bend

Reykjavik

Tihany

Valparaiso

2004 2006 2008 2010 2012 2014 2016

50

100

150

200

250

Year

N
u

m
b

e
r 

o
f 

W
W

L
L

N
 lo

ca
ti

o
n

s 
( 

1
0

6
)

(a)

(b)

(c)

2.93´10
3

8.80´10
3

1.47 10
4

 

−135 −90 −45 0 45 90 135

−135 −90 −45 0 45 90 135

−
9

0
−

6
0

−
3

0
0

3
0

6
0

9
0

−
9

0
−

6
0

−
3

0
0

3
0

6
0

9
0

1.5
1.5

1.5
1.5

2.0
2.0

2.0 2.0

2.52.5

2.5
2.5

3.03.0

3.0
3.0

4.04.0

4.0
4.0

Lightning counts

Figure 2. (a) Number of strokes in the Reloc-B dataset as a function of time from 2004 to

2017. (b) Map showing the location of the WWLLN stations as of 2017 (c) Global lightning ac-

tivity considered in this study in geographic coordinates (including lightning count and energy

criteria). Black solid lines indicate the L-shell’s footprint using the IGRF model.

2.2 Van Allen Probes data156

We use the Energetic Particle, Composition, and Thermal Plasma (ECT) instru-157

ment on board RBSP-A and -B to obtain electron fluxes for energies of 30 keV–4 MeV158

with their respective pitch angle distributions (Spence et al., 2013). Based on previous159

results by C. J. Rodger et al. (2003) we focus mainly on energy ranges below ∼250 keV,160

noting however that we also show data up to ∼MeV. For higher energies, we use the Mag-161

netic Electron Ion Spetrometer (MagEIS) instrument which provides unidirectional elec-162

tron fluxes for the entire energy range (30 keV – 4 MeV) for pitch angles of 8 to 172 de-163

grees. Omnidirectional fluxes are derived from the spin-averaged fluxes (Blake et al., 2001).164

For lower energies, we use the Helium, Oxygen, Proton, and Electron (HOPE) Mass Spec-165

trometer with energies of 11-52 keV for omnidirectional fluxes, and of 5-52 keV for pitch166

angles between 4 and 176 degrees (Funsten et al., 2013). To facilitate the comparison167

we use a simple smoothing to obtain one flux point per day.168
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Table 1. L-shell categories

Category L-shell range

L1 1.5 < L < 2.0

L2 2.0 < L < 2.5

L3 2.5 < L < 3.0

L4 3.0 < L < 3.5

L5 L > 3.5

2.3 Selection Criteria169

To discuss long term variation of the trapped electron fluxes in relation to light-170

ning activity and possible seasonal variations we limit this study to a full year. We con-171

sider lightning strokes detected by WWLLN from 01 January to 31 December 2013. From172

Figure 2a, it is clear that the year used in this study is close to the peak for WWLLN173

detection, with almost 230 million strokes located. To quantify lightning activity, we con-174

sider (1) number of lightning strokes (counts) and (2) mean averaged energy detected175

from these strokes. We note that while WWLLN calculates the global median stroke power176

seen by the network, the power measured is directly proportional to the peak current pro-177

viding a realistic return-stroke peak current measurements. The relationship between178

WWLLN-determined powers and the return-stroke peak currents from individual light-179

ning strokes is presented in detail in M. L. Hutchins et al. (2012).180

We can separate our data sets according to two criteria, the first one is to only con-181

sider strokes detected by at least 5 contributing stations and with a timing error < 30182

ms with their corresponding energy [criteria A]. We can add an energy criteria where we183

only consider the strokes from criteria A with a relative energy error of < 70% of the to-184

tal energy detected [criteria B]. The description on tests of WWLLN energy values has185

been added as an appendix. Figure 2c shows global lightning activity considered in this186

study taking into account the two aforementioned criteria. The color gradient indicates187

the number of lightning strokes detected in a given area. For reference, black solid lines188

indicate the calculated L-shells projected to the top of the ionosphere with IGRF mag-189

netic field model.190
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Previous studies found that the role of LEP in comparison to other types of losses191

is highly dependent on the L-shell of interaction. The large size of electron precipitation192

patches also suggests that the region of influence might extend beyond the L-shell cal-193

culated for the stroke. We consider this by separating the data into 5 L-shell ranges de-194

scribed in Table 1. L-shells were calculated from the latitude and longitude of the de-195

tected lightning stroke, projecting it to the geomagnetic equator using two models: IGRF196

only and IGRF+Tsyganenko 2004 [TS04](Tsyganenko & Sitnov, 2005). For each L-shell197

range, we obtain the total number of lightning strokes and the corresponding daily mean198

energy. In order to consider possible energy bias we calculated separate L-shells for cri-199

teria A and B defined above. The resulting L-shells were very similar particularly dur-200

ing the summer months in the northern hemisphere, where thunderstorms are more com-201

mon. The differences between the stroke numbers for criteria A and B increase with in-202

creasing L-shell outside of these months. The difference factor usually stays below 4 but203

can exceptionally reach 25 for L > 3.5. These results suggest that at times of high and204

continuous lightning activity (May-September) the energy measured from the lightning205

strokes reflects fairly well lightning activity. However, at times when lightning is more206

variable or reduced (October-April), the confidence in the linkage is reduced. As the re-207

sults remain fairly similar, for simplicity and to reduce a possibly energy bias, this study208

will discuss results from criteria A.209

We separate the data between northern (latitude > 0◦) and southern (latitude <210

0◦) hemispheres. For simplicity, all seasons mentioned in the text refer to the northern211

hemisphere unless stated otherwise. We also separate by Magnetic Local Time (MLT)212

to consider dayside (06 to 17 MLT) and nightside (18 to 05 MLT) data. Electron flux213

data from HOPE and MagEIS is categorized in a similar way. Omnidirectional and uni-214

directional electron fluxes are separated by L ranges and then averaged into daily bins.215

We define equatorial fluxes as those detected within 15◦ of the geomagnetic equator. L-216

shell values from RBSP are provided by HOPE and MagEIS data, respectively, and were217

calculated with the IGRF+OP77Q model [OP] (Olson & Pfitzer, 1979) which is a good218

model for the inner magnetosphere. Although the L-shells for WWLLN were calculated219

using two models, the results from IGRF and TS04 were roughly the same, barring a few220

days at L > 3. Since our study is mostly focused on L < 4 and the model used to cal-221

culate the L-shells of RBSP data only considers a quiet time magnetosphere, we present222

the results of this study using the IGRF model only.223
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3 Lightning activity variability224

Figure 3 shows daily lightning activity and mean energy by L-shell range (Figures225

3b and 3c), by hemisphere (Figures 3d and 3e) and by MLT (Figures 3f and 3g). In Fig-226

ures 3b and 3c, L-shell ranges are indicated with colors on the top right, from red to pur-227

ple (innermost to outermost) following Table 1. For all panels, the horizontal axis shows228

the day of year (doy) and, for clarity, the corresponding month in gray. We plotted the229

AE index (Figure 3a, orange) as a function of time with the corresponding daily aver-230

aged values (black) used for the correlation calculations further down. We investigate231

the AE index because substorm activity also contributes to the dynamics of the inner232

radiation belts by injecting particles into the system. We note no particular correlation233

between AE and lightning activity, or between AE and the mean energy radiated by light-234

ning strokes.235

Lightning activity in Figure 3b shows that during summer time (Jun-Aug), when236

lightning activity is high, the differences between the number of strokes among the dif-237

ferent L-shells is ∼2 orders of magnitude. We suppose that at these times lightning is238

strong and continuous enough to produce significant whistler activity reaching across all239

L-shells. However, from September to May, lightning activity is more variable showing240

differences up to ∼5 orders of magnitude. In April and November, lightning strokes at241

L3 are particularly high. For L1, strokes remain almost the same throughout the year.242

Outside of the summer time, lightning activity remains relatively low at higher L-shells243

(L4 and L5) . Figure 3c shows the daily mean energy of lightning strokes also separated244

by L-range. The values corresponding to each L-shell have been artificially multiplied245

by a factor of 10 for each successive L-range to make it easier to visualize. The variabil-246

ity of the daily mean energy increases with increasing L-shell, in particular for L > 2.5.247

In agreement with Figure 3b, during the summer the average energy at each L range is248

fairly similar. At the end of spring and start of autumn, the variations in energy increase249

with increasing L, particularly in March for L3 to L5. The same ranges show a sharp de-250

crease at the end of November.251

Figures 3d and 3e show, respectively, lightning strokes and their mean energies for252

the northern (blue) and southern (red) hemispheres. We see more clearly that the amount253

of lightning detected by WWLLN remains fairly constant during the summer time, while254

it varies of several orders of magnitude over the rest of the year. Lightning activity is255
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Figure 3. (a) AE index (orange) and 1-day mean average (black). (b) Number of lightning

strokes by L-shell, from lowest (red) to highest (blue). (c) Mean energy of lightning strokes by

L-shell (x10 each time for ease of observation, multiplier is indicated in the appropriate color to

the right of the panel). Number of lightning strokes and their mean energy separated by (d - e)
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known to be more common over land masses than over the ocean. As there is more land256

in the northern hemisphere, more lightning is detected here compared to the southern257

hemisphere, even when their respective summer periods are compared (Christian et al.,258

2003). The strokes detected on the southern hemisphere remain highly variable through259

the year, although from November to March they have similar values to those in the north-260

ern hemisphere. From May to September, the mean energy detected in the southern hemi-261

sphere is higher than the northern hemisphere. This can be explained by fewer lightning262

strokes occurring, and detection favoring those with higher energies that are easily de-263

tected by the stations. Several peaks of energy lasting a few days reaching up to 107 Joules264

are observed through the year for both hemispheres.265

Figure 3f and 3g show lightning activity for the magnetospheric dayside (yellow)266

and nightside (blue). In summertime, both daily lightning strokes and mean energy are267

fairly close. Strokes on the dayside fluctuate more than on the nightside (less than 3 or-268

ders of magnitude), in particular for February, March and November. The mean energy269

on the nightside has clear peaks from January to May, with a dip in November which270

corresponds to a dip observed in energies for L3 to L5 (Figure 3b). This suggests that271

energy from lightning activity during the nightside MLT reaches higher L-shell values272

more easily. It is important to note the variations of lightning strokes and mean energy273

as a function of all these parameters, as it can help us quantify how each of these pa-274

rameters influences the corresponding variations of electron fluxes.275

4 Comparison with electron fluxes276

4.1 Omnidirectional electron fluxes277

We separated the daily lightning activity, and its corresponding mean energy, by278

L-range. We compared it to the daily mean averaged fluxes for each energy channel for279

ECT observations in the corresponding L-shell range. An example of the data for RBSP-280

A is given in Figure 4 as a function of doy. Figure 4a shows the daily averaged AE in-281

dex. Figures 4b, 4d and 4f show daily averaged lightning stroke number (black) and mean282

energy (purple) from L1 to L3. For comparison Figures 4c, 4e and 4g show the averaged283

daily omnidirectional electron fluxes from RBSP-A for selected energies between 10 and284

249 keV (green to purple). For energy ranges on the order of a few hundred keV it is dif-285

ficult to see any clear relationship between lightning activity and electron fluxes. How-286
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Figure 4. (a) Daily averaged variation of the AE index. Daily averaged lightning counts

(black) and averaged daily energy (purple) in Joules for (b) L1, (d) L2 and (f) L3. Averaged

electron fluxes from RBSP-A from HOPE (green shades) and MagEIS (blue shades) for selected

channels between 10 and 249 keV.
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ever, in some cases, increase in lightning number appears to correspond with decrease287

in fluxes. For example for L1 and L2, the period of sustained lightning activity (June288

to August) corresponds to a steady decrease of 80 - 211 keV electron fluxes (light blue289

curves). However, in March to April, a much stronger flux decrease is not associated with290

lightning activity. To have a better understanding of the long-term relationships between291

these values, we calculated their correlation coefficients. For each L-shell range, we cal-292

culated the linear Pearson correlation coefficient between the energy dependent electron293

fluxes observed in that L-range and the variation in lightning strokes and mean energy,294

respectively. The time window for the correlation is one-year and was calculated using295

the daily-averaged values of all parameters. If the electron fluxes increase or decrease296

with similar changes in lightning activity, we obtain a positive coefficient, whereas if the297

fluxes increase while the lightning activity decreases (or vice-versa) we have a negative298

coefficient. The results of this analysis are described below.299

4.1.1 Correlation by L-shell300

We calculated the correlation coefficient for each energy channel between 11 keV301

and 1.6 MeV, for both RBSP-A and RBSP-B, between electron fluxes and lightning ac-302

tivity as a function of different L-shell ranges. While in this figure we show results up303

to 1.6 MeV, we note however that injections of ∼ 700 keV electrons in the inner radi-304

ation belts do not occur very often, and thus results at these highest energies should be305

considered with caution and will be removed from the following figures. Previous stud-306

ies (e.g., C. J. Rodger et al., 2003; Abel & Thorne, 1998b; Ripoll et al., 2014) suggest307

that we should focus on energy ranges up to a few MeV for L1 up to hundreds of keV308

for L3 and above, with most of the interactions expected between 100 to 250 keV for L <309

3.0. However, as the energy range is highly dependent upon wave parameters, which might310

influence the location by ±0.5L, it is sometimes difficult to know exactly which range311

to consider. Here we focus on energy ranges between 50 keV and 1 MeV for L < 3.5312

(L1 to L4). Therefore HOPE data showing the lower energy bins will be particularly help-313

ful at large L values (L4 and L5), while MagEIS data energy bins can be used to find314

lightning effects over the inner belt and slot region (L1 to L5).315

Since the region of wave-particle interactions is generally located near the equa-316

tor (as the electron gyrofrequency gradient is minimum, (Tsurutani & Smith, 1977; Ken-317

nel & Petschek, 1966; Omura & Summers, 2006)), we considered two cases: all fluxes and318
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Figure 5. Correlation coefficient magnitude by energy channels between electron fluxes and
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equatorial fluxes only (|MLAT | < 15◦). As results were similar except for higher vari-319

ability of non-equatorial fluxes at higher energy ranges, and we focus on long-term re-320

lationships for brevity, we will show the results for equatorial fluxes only.321

Figure 5 shows an example of the correlation coefficient between RBSP-A electron322

fluxes and (a) AE index (rae), (b) lightning mean energy (re) and (c) number of light-323

ning strokes (rst) separated by L-shell. Here we show all energy channels available for324

HOPE (left) and MagEIS (right) for energy ranges of 11-46 keV and 38 keV–3.9 MeV,325

respectively. Corresponding L-shell ranges are shown in panel (b), with red being the326

innermost and purple the outermost. For simplicity when discussing energy channels be-327

low we will refer to the electron energies from RBSP-A, as the correlation values for RBSP-328

B are typically very similar. We consider r < |0.3| as no meaningful correlation, |0.3| <329

r < |0.7| as weak to moderate correlation and r > |0.7| as strong correlation.330

Though for most energy channels rae < 0.7, as expected the highest correlation331

values correspond to the highest L-shells (L > 3.0) (C. J. Rodger et al., 2016; Jaynes et332

al., 2015). For electrons with energies of ∼ 50−300keV we have moderate to high pos-333

itive correlation, suggesting that in the long term, cumulative substorm activity contributes334

to electron fluxes. Indeed, as substorm activity increases, we expect direct electron in-335

jections to contribute to increasing fluxes (Turner et al., 2015). At HOPE energies and336

above 250 keV the correlation remains low. During active times, whistler-mode waves337

can be generated due to temperature anisotropy. Substorm injections of electrons also338

enhance the source populations of these waves. More energy transfers can occur from339

the electron source population to plasma waves such as chorus or hiss, which in turn ac-340

celerate the seed population through wave-particle interactions. We can expect increased341

electron acceleration at higher energies (Baker et al., 2018; Jaynes et al., 2015), however342

these conditions might not be significant enough or even visible over longer timescales343

for E > 250 keV. On the other hand this could also reflect a ’lag time’ issue, as high344

energy particles can take up to 2 days to get accelerated; by then a new AE spike might345

have occurred lowering the correlation. We note also that secondary emissions triggered346

themselves by lightning-generated whistlers, known as whistler-triggered-chorus (e.g., Nunn347

& Smith, 1996; Hosseini et al., 2017; Smith & Nunn, 1998) could play a role in the amount348

of energy that is transferred and also affect the amount of precipitation.349
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Even though re increases to ∼ 0.3 for HOPE energies at L1, for most L-shells and350

electron energies it remains close to zero, suggesting no clear long-term relationship be-351

tween lightning energy and fluxes. We suggest that only a portion of the WWLLN-detected352

total energy penetrates the ionosphere and interacts with the particles. Another possi-353

bility could be that even if only a portion of energy penetrates, it is unable to exceed354

a minimum threshold for its influence to be detected over the long term.355

At HOPE energies rst < 0.3 for all L-shells showing no particular correlation. Sim-356

ilarly, for L3 and L4 the highest values of rst are at E ∼ 40 keV suggesting low corre-357

lation. For L5, rst steadily increases to a maximum of 0.5 for E ∼ 2.6 MeV. More im-358

portantly, rst follows a similar trend for L1 and L2 peaking at E ∼ 220 keV and ∼ 145−359

220 keV, respectively. Even though the correlation coefficients are not particularly high,360

they reach a maximum at the energies where C. J. Rodger et al. (2003) found that light-361

ning activity affected precipitation the most for L < 2.5. Our results suggest that the362

number of lightning strokes plays a larger role than the overall radiated energy reported363

by WWLLN. The correlation maxima for the innermost L-shells show a clear trend sug-364

gesting that lightning activity directly influences the variation in the electron fluxes for365

E ∼ 200 keV. At these energies, for L2, rst is only slightly higher than rae suggesting366

that the effect of substorm activity and that from lightning are of the same order. How-367

ever for L1, the difference is more marked indicating that lightning activity may play a368

more important role. However, the positive correlation shows that fluxes increase with369

lightning activity which was not the expected outcome. This may be the result of a com-370

bined effect with substorm activity. From these general results, it is difficult to conclude371

or quantify the role lightning activity plays compared to that of the AE index.372

4.1.2 Correlation by hemisphere and MLT373

Lightning strokes are detected more frequently in the northern hemisphere, how-374

ever, the mean energy detected by WWLLN is sometimes higher in the southern hemi-375

sphere. If there is a significant difference between these variables depending on the hemi-376

sphere it should appear in the correlation results. Figure 6 shows the energy-dependent377

correlation coefficient between either lightning mean energy (a,b,e,f) or strokes (c,d,g,h)378

and electron fluxes, hemisphere, and MLT. For simplicity, in the following figures we will379

only consider selected channels rounded up to the nearest keV for RBSP-A (filled dia-380

monds) and RBSP-B (open circles). Figure 6a shows that in the northern hemisphere,381
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re remains close to zero in most cases, similarly to Figure 5a. On the other hand, for the382

southern hemisphere, L1 and L2 show low/moderate positive correlation for electrons383

with E ∼ 146 − 317 keV and 317 − 456 keV, respectively (Figure 6b). These are the384

energy ranges in which we expect to see the strongest lightning influence. Since light-385

ning energy is overall higher in the southern hemisphere, these results support the idea386

of an energy threshold: to obtain higher correlations, indicating clear long term influ-387

ence of lightning activity, there is a certain energy threshold that the lightning strokes388

must exceed. From numerical simulation on nonlinear wave generation, (Hosseini et al.,389

2019) found that the upper band chorus was more easily triggered by strong external waves,390

such as lightning, due to their lower threshold for nonlinear trapping. Since their trig-391

gering threshold is much higher, the lower band has a more favorable growth rate, mak-392

ing it harder for the wave to be triggered. Such a mechanism might play a role in the393

interactions that give birth to lightning-generated whistlers explaining the possible ex-394

istence of an energy threshold shown of this study.395

In the northern hemisphere (Figure 6c), with a higher number of strokes, rst shows396

comparable results to Figure 5c with a similar maximum for E ∼ 221 − 317 keV. In397

the southern hemisphere, rst is close to zero for most cases. We conclude that the cor-398

relation observed is mainly due to those strikes in the northern hemisphere, suggesting399

the existence of a stroke number threshold. There is an exception for L1 at E = 221400

keV where re from southern strokes shows low anti-correlation also seen in Figure 5c,401

suggesting a different mechanism for these strokes.402

As the amount of energy that leaks into the magnetosphere as whistler-mode waves403

is influenced by the variability of the ionosphere and the magnetosphere, we also sep-404

arate by night and dayside. Even though the ionosphere becomes far less absorbing to405

whistler waves, transmitting lightning energy more freely, nightside re remains close to406

zero in most cases (Figure 6f). While comparatively more variable, dayside re remains407

low. We note that for L1, E ∼ 221−583 keV shows low anti-correlation. This is closer408

to the behavior expected from quasi-linear theory predictions (Abel & Thorne, 1998a),409

where greater lightning power corresponds to larger losses and hence lower trapped elec-410

tron fluxes. However, RBSP takes nearly two years to complete one precession in MLT.411

In 2013, the spacecraft were spending significantly more time on the nightside than on412

the dayside, meaning that the 06-12 MLT sector is under sampled. Even though RBSP413

spent longer time on the nightside, we found no considerable difference for re. This shows414
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that the difference between hemispheres plays a more fundamental role than that of MLT415

when we consider the influence of lightning energy on electron fluxes.416

If we consider the number of strokes, night and dayside rst increases with increas-417

ing energy channel for L5 reaching 0.5 coherence for E = 1 MeV. Dayside rst is only418

slightly higher suggesting that this effect might be independent on MLT. For these en-419

ergies at L5, rae is close to zero suggesting that the variation of fluxes is due to light-420

ning activity. For L < 3.0, rst shows mostly no correlation on the nightside, except for421

∼ 300−400 keV for L2 and ∼MeV for L3. On the dayside both L1 and L2 show mod-422

erate correlation for E ∼ 100 − 400 keV and E ∼ 300 − 400 keV, respectively. L3 is423

the only one that shows moderate correlation for E < 200 keV on the nightside. Even424

though lightning activity for 2013 peaks at approximately 17 MLT, Figure 3f shows that425

nightside strokes are usually higher than dayside strokes, particularly outside of sum-426

mer time. This discrepancy can be due to our definition of nightime and the use of MLT.427

There is a higher number of lightning strokes reaching all L-shell values which can ac-428

count for the higher correlation at middle L-shell ranges. Even if we take into account429

MLT, most cases show positive moderate correlation for the L-shells and energies that430

C. J. Rodger et al. (2003) suggested lightning activity should be more influential. The431

number of strokes, and not radiated energy, has the strongest empirical link to electron432

flux variation.433

4.1.3 Correlation by seasons434

Carpenter and Inan (1987) showed that WEP events have a seasonal dependence,435

with peaks at the equinoxes due to ionospheric variability. Figure 3d shows that dur-436

ing the summer, lightning activity remains high and stable but is highly variable for the437

rest of the year. We studied the correlation coefficient considering the seasons defined438

as one would for the northern hemisphere: Winter: December to February, Spring: March439

to May, Summer: June to August and Autumn: September to November. For brevity,440

the figures showing these results are included as supporting information.441

Unlike previous cases, the influence of AE index on electron fluxes is seen in all sea-442

sons but winter. During summer, rae > 3 for the outermost L-shells (L4, L5) for E <443

221 keV while the innermost L-shells show no correlation. Summer showed the highest444

geomagnetic activity, suggesting this is related to substorm injections affecting the out-445
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ermost L-shells. The highest values of re are for winter at L3 and L4 for the energies of446

interest (50 to 200 keV). Even though the number of strokes can be up to two orders of447

magnitude lower than during summer (Figure 3), the mean energy from lightning activ-448

ity for winter is higher at the end of November and December. These results support the449

previously mentioned hypothesis of an energy threshold in order to see the effects of light-450

ning activity on the long term flux variations.451

During summertime, lightning strokes in the northern hemisphere and mean ra-452

diated energy for both hemispheres are fairly regular. The cumulative effect of lightning453

activity should be more evident at these times. However, when we consider lightning ac-454

tivity, re and rst show low to no correlation for all L-shells and most energy channels in455

the summer. The exception being at L1 with moderate negative and positive correla-456

tion for E ∼ 100− 200 and E ∼ 300− 600 keV, respectively. Using DEMETER satel-457

lite data, Gemelos et al. (2009) found that the drift cone loss electron fluxes had a broad458

maximum during the northern summer months for the continental United States (and459

its conjugate region).The DEMETER-observed distribution of the power of VLF waves460

over the United States also peaked during this time. This indicates precipitation of par-461

ticles from pitch angle scattering by lightning whistlers in the slot region (2 < L < 3).462

Comparing resonant energy calculated theoretically and assuming corresponding energy463

peaks from lightning they found correlation values close to 0.42. The largest seasonal464

differences were at L=2.4 for E ∼ 100− 350 keV which are similar re in this study at465

L1 for E ∼ 200 keV. However, in their analysis they only considered nightime data (since466

the VLF absorption is higher during daytime) and only for the month of August. As our467

present study did not make distinctions between day and night for seasonal variations,468

this might explain the discrepancy. They did not consider possible substorm influence469

either. For the results of this study we suggest that higher substorm activity directly in-470

fluences the effects of lightning activity on electron fluxes. This could be due to a replen-471

ishment of electrons from multiple injections, modifications of the ionospheric and/or mag-472

netospheric conditions making it harder for lightning energy to get through in the whistler-473

mode or for the whistlers to interact with electrons. At times of high AE index the par-474

ticles are subject to strong diffusion, their bounce period being larger than the time it475

takes them to reach the loss cone. This could limit the electrons in the trapped region476

obfuscating the effect of lightning activity.477
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Correlation between lightning strikes and fluxes is globally low for summer and win-478

ter, but gets higher for autumn and spring at the energies and L-shells of interest, show-479

ing a relationship between lightning activity and electron fluxes. In autumn, re increases480

with an increase in lightning energy during October and November. This also correlates481

with results suggesting that WEP is more important during the equinoxes, probably as482

a combination of temporally local high lightning activity and favorable propagation con-483

ditions for the energy from the lightning strokes. On the other hand, in spring, inner-484

most L-shells show moderate to strong positive correlation even though there is no par-485

ticular increase of lightning strokes. Even though lightning activity is reduced during spring,486

the conditions are more favorable for the released energy to interact with trapped elec-487

trons, resulting in higher correlation at the L-shells and energies of interest.488

In summary, considering several parameters we found two important points: (1)489

For long term effects of lightning activity to be noticeable, there exists a certain light-490

ning energy threshold. (2) The variations in the AE index play a role on the influence491

of lightning activity in the fluxes. These two parameters seem to be interlinked and the492

corresponding influence is difficult to quantify separately. We should consider a way to493

separate and differentiate the role played by substorm and lightning activity on trapped494

electron fluxes. We also have to consider the ratio of injection (or acceleration) and loss495

of particles, as well as the diffusion coefficient controlled by the intensity of the waves496

interacting with the particles. If the diffusion is slow enough that we are in a case of weak497

diffusion, the electrons are able to go through several bounce periods before reaching the498

loss cone. The pitch angle distribution will be independent of the above mentioned fac-499

tors and only a small portion of particles will be able to go into the loss cone at a given500

time. We tried to study this in detail by selecting intervals during which we had high501

lightning counts and energy with low AE (< 100nT) for several days and vice versa. How-502

ever, we did not find any significant long term meaningful association between lightning503

counts/energy and electron fluxes. We did not find an automatic decrease of the fluxes504

at times of low AE and high lightning activity, while periods of high AE with high light-505

ning activity sometimes show flux decreases.506
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of pitch angles. The increasing size of the symbol indicates increasing pitch angles for a given

energy between 18◦ and 57◦
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4.2 Unidirectional electron fluxes507

4.2.1 General results for the pitch angle distribution508

If there is some interaction between lightning-generated whistler waves and elec-509

trons in the radiation belts, we expect to see an enhancement in the scattering rates of510

electrons at lower pitch angles rather than higher pitch angles. We calculated the cor-511

relation coefficients for each energy channel taking into account the different pitch an-512

gles (Figure 7). rae shows that the correlation values are similar across pitch angles and513

fairly independent of L-shell. We have moderate positive correlation for E ∼ 70−185514

keV, and low-moderate negative correlation for E < 52 keV (Figure 7a). In general,515

Figure 7b shows that re is much higher than previous results. Particularly for L1 at E ∼516

185−580 keV, showing that when lightning energy increases, electron fluxes at all pitch517

angles decrease. If we consider lightning strokes in Figure 7c, there is low to no corre-518

lation in most cases except for E ∼ 80−185 keV where we have moderate positive cor-519

relation for pitch angles higher than 41◦. Although the coefficients remain on the lower520

side, we see similar tendencies to those of omnidirectional fluxes but with slightly higher521

coefficients. As expected, at the energies of interest, we see some increase of the fluxes522

at lower pitch angles with increasing lightning activity, confirming a moderate influence523

of lightning on long term trapped fluxes.524

4.2.2 Correlation by hemisphere and MLT525

Figure 8, in a similar format as Figure 6, shows the correlation coefficients for each526

energy channel as a function of L-shell and pitch angle considering the northern and south-527

ern hemispheres separately. In Figures 8a and 8b, re shows similar results to Figure 6a528

and 6b, for both the northern and southern hemispheres, at the electron energies of in-529

terest. A comparable result is also found for rst with some differences at E ∼ 80−200530

keV. Figure 8c shows that rst is generally higher for these energies and for pitch angles531

of ∼ 41−54◦. As the number of lightning strokes is higher in the northern hemisphere,532

the long term effect of lightning activity is clearer when we consider pitch angle distri-533

bution of equatorial electrons.534

In Figure 8e, dayside re shows some differences compared to omnidirectional fluxes535

(Figure 6e) showing that higher L-shells reach low-moderate negative correlation at E ∼536

146− 583 keV. Nightside re shown in Figure 8f shows more variability than in Figure537
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electron fluxes and AE index, lightning mean energy and lightning strokes as a function of pitch

angles by hemisphere and MLT. The increasing size of the symbol indicates increasing pitch

angles for a given energy between 18◦ and 57◦
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6f, reaching moderate negative correlation for L1 and L2 at E ∼ 200 − 730 keV. Fig-538

ure 8h shows that nightside rst has the same trends as Figure 6h for omnidirectional fluxes.539

The main difference is that the correlation coefficients shown here are relatively higher,540

particularly for the innermost L-shells. The most clear differences between omnidirec-541

tional and unidirectional fluxes are observed for dayside rst, Figure 6g and 8g respec-542

tively. Here rst is higher for all pitch angles particularly at L1 for E ∼ 80 − 200 keV543

with a clear shift to moderate negative correlation at E ∼ 200 − 700 keV for most L-544

shells and pitch angles. Figure 8e shows that re for the dayside shows differences with545

Figure 6e depending on the L range, however globally the correlation remains below |546

0.3 | for all cases. Nightside results in Figure 8f also show similar results to those of Fig-547

ure 6f, except for energies between 200 keV and ∼ MeV (L1 shows moderate anti-correlations548

for all pitch angles). Nightside rst shows similar results, with the exception of higher val-549

ues for L > L2 and electron energies between ∼ 80 and 200 keV. Dayside re shows in-550

creased moderate correlations at these energies for L1 and L2. The impact of lightning551

activity is more clearly seen when we consider pitch angle distribution of the electrons.552

4.2.3 Correlation by seasons553

We calculated the correlation coefficients considering seasons (Figure not shown554

for brevity). If we consider rae for all seasons, contrary to previous results, there is al-555

most no correlation between AE and pitch angle distributions. The influence of substorms556

activity in low pitch angle distributions is less significant than at higher pitch angles. Since557

the effect of AE does not seem to be visible in these correlation coefficients, the even-558

tual relationship between lightning activity and pitch angle distributions can be consid-559

ered as mostly due to lightning activity. In summer time, when global lightning activ-560

ity is higher, we have moderate to very strong correlation between electrons with E ∼561

80 − 317 keV and lightning mean energy for most L-shells. re reaches a maximum of562

0.9 for L1 and L2. Unlike previous results, pitch angles of ∼ 50◦ show strong negative563

correlation at E ∼ 80−211 keV. On the other hand, rst shows no correlation at lower564

L-shells but moderate to strong correlation for most pitch angles at L3 and L5. This sug-565

gests that, unlike previous results, the average lightning energy has more influence on566

the increased pitch angle distribution of electrons with energies of a few hundred keV.567

The relationship between lightning activity and electron fluxes becomes clearer than in568

any of the previous cases. Similar results are found for the springtime where re shows569
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moderate to strong correlations for most pitch angles at the same energy channels as the570

summer. In spring, rst has moderate positive correlations for L3 and L4. Results for au-571

tumn are comparable to those from spring. Finally, during winter, re shows moderate572

correlations with L1 at the same energies as the summer. Similarly, rst shows positive573

moderate correlations for L2. Generally speaking, we see an increase of the correlation574

coefficients depending on the pitch angle distributions and for the innermost L-shell ranges.575

As suggested by Carpenter and Inan (1987), we have higher correlations during the pe-576

riods including equinoxes. High correlations during the summer time can be explained577

by the overall increase of global lightning activity during this period.578

4.3 Summary and conclusions579

The objective of this study was to quantify the long term effects of lightning ac-580

tivity on electron loss in the radiation belts. We used the WWLLN network to measure581

lightning activity, quantified through the number of strokes and their mean radiated en-582

ergy, and compared it to variations of the trapped electron fluxes in the inner radiation583

belt. As previous studies have hinted at the importance of WEP in the variability of the584

inner belt, their effect should be detectable on long timescales. Using several criteria we585

have tried to find the relationship that exists between these two values on the time scale586

of a few days to a year. The results of this study have been summarized in Table 2.587

As expected, we found a positive relationship between the AE index and omnidi-588

rectional electron fluxes, i.e., as substorm activity increases so do fluxes especially at the589

outermost L-shells. We also found moderate positive correlation between fluxes and light-590

ning activity, suggesting that electron fluxes increase with increasing lightning activity591

which was not expected. We note that the eventual effect of lightning activity on elec-592

tron fluxes is difficult to separate from that of the AE index, and sometimes of the same593

order of magnitude even at lower L-shells. Although in some cases the correlations be-594

tween these values are close or below 0.5, a clear trend is seen in most cases suggesting595

that the effect of lightning activity is still present.596

This effect is more clear at the expected energies, globally below E ∼ 200 keV.597

The influence varies depending on several criteria, suggesting that the conditions of the598

ionosphere and magnetosphere in general, and the AE index highly regulate how light-599

ning activity will influence trapped electron fluxes. We found that across a year, the ef-600
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fect of the number of lightning strokes seems more important than that of their average601

daily energy. However, this can be subject to change depending on the conditions con-602

sidered. In cases where the mean lightning radiated energy clearly increased while strokes603

number remained fairly stable, the effect of lightning activity is seen more clearly. Sub-604

storm activity plays a role in how lightning impacts upon the fluxes. This result is par-605

ticularly noticeable when we consider correlation changes as a function of the seasons,606

in particular for seasons showing moderate to high substorm activity. In cases where sub-607

storm activity is not as marked, the effect of lightning is more pronounced suggesting608

that the variations of electron fluxes are mostly due to lightning activity. However, we609

are currently unable to definitively quantify and separate the exact role played by either610

lightning or substorm activity on the long term. At times of higher substorm activity,611

the correlation between AE and the electron fluxes is of the same order as that from light-612

ning. Further study of the exact effect of each of these parameters should be considered,613

perhaps using different mathematical techniques.614

Since we have one flux point per day, we can also consider that the correlation be-615

tween lightning and electron fluxes could also be stronger in a more local region. Ad-616

ditionally, the longitudinal asymmetry of the geomagnetic field also plays a role in the617

amount of particles scattered into the loss cone. Usually, west of the South Atlantic Anomaly618

in the Americas, electrons are more easily scattered into the loss cone than at European619

longitudes. We can also point out that the lack of a high correlation for radiated light-620

ning energy could be caused by inaccuracy in the WWLLN-estimated energy. A time621

lag of a few days is known to exist between substorm enhancements and MeV electron622

fluxes. Additional cross-correlation analysis to consider this effect has been performed,623

however because of the length of the current study they will be the subject of a sepa-624

rate paper. Preliminary results show that correlation values increase in most cases for625

a time lag between 5 to 10 days. We conclude that even though our results demonstrate626

a relationship between lightning activity and electron fluxes, over the long term this link-627

age is not as effective as theoretical studies have suggested. Finally, It would be worth-628

while to consider doing a similar analysis using other lightning detection networks, such629

as the UK Met Office ATDnet system or the GLD360 network, as these global networks630

differ in their characteristics, such as spatial coverage, processing techniques, etc.631
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Appendix A WWLLN Energy Values Appendix632

We have compared the WWLLN (World Wide Lightning Location Network) light-633

ning database to the NZLDN (New Zealand Lightning Detection Network) lightning database634

in order to test the quality of the WWLLN energy values. We have compared the two635

networks in the temporal range; 15 April 2009 through to 31 December 2013.636

The WWLLN strokes were limited to within 250 km of an NZLDN station, exclud-637

ing part of the Northern Cape and the South-West Coast of New Zealand (where NZLDN638

has a reduced detection efficiency). The WWLLN strokes were determined to be the same639

event as an NZLDN stroke if the temporal difference of the two strokes was < 10 ms640

and the spatial difference was < 30 km. As NZLDN only detects ground lightning and641

WWLLN can detect both cloud and ground lightning, we are able to distinguish between642

the two types of lightning and create data-sets of only ground lightning and only cloud643

lightning. Lightning strikes observed by both WWLLN and NZLDN make up the ground644

lightning data-set and those lightning strikes observed solely by WWLLN form the cloud645

lightning data-set. Overall WWLLN detects 22% of the lightning strikes found by the646

NZLDN network and under the filtering conditions outlined above this reduces to 19%647

detection. However, the probability that WWLLN will detect a lightning strike observed648

by NZLDN increases as the current of the lightning strike increases.649

We found the best agreement between the WWLLN energy values and the NZLDN650

current values when applying the following filter to the WWLLN energy values: 1. At651

least 3 WWLLN stations must contribute to the energy calculation, and 2. The relative652

error of the energy value must be < 70%.653
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