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Abstract— The purpose of the paper is to investigate charge 

transfer modes in upward lightning flashes by means of numerical 
simulation constrained by concurrent observations of 
electromagnetic fields and currents. In particular, we focus on 
different types of pulses occurring in upward negative flashes. The 
MTLE return stroke model is used to compute the electric fields 
associated with return strokes and mixed-mode pulses, while the 
M-component model of Rakov et al. (1995) is used to compute 
electric fields associated with M-components and M-component-
type ICC pulses. The simulation results are constrained by 
experimental data consisting of simultaneous records of lightning 
currents and electric fields associated with upward flashes at the 
Säntis tower. The inferred velocities for M-component and M-
component-type ICC pulses range from 2.0x107 m/s to 9.0x107 m/s, 
and the corresponding junction point heights range from 1.0 km 
to 2.0 km. The inferred pulse velocities for return strokes and 
mixed-mode pulses range from 1.3x108 m/s to 1.65x108 m/s. The 
inferred current attenuation constants of the MTLE model 
obtained in this study range from 0.3 km to 0.8 km, lower than the 
value of 2.0 km suggested in previous studies. The obtained results 
confirm the similarity of mixed-mode charge transfer to ground 
with return strokes on the one hand, and of the M-component-type 
ICC with classical M-components mode of charge transfer on the 
other hand.  
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I.  INTRODUCTION  
M-component is a transient process occurring during the 

continuing current of a cloud-to-ground lightning discharge and 
it has been studied for more than seven decades (e.g. [1]-[3]). M-
components have distinct characteristics in terms of current 
peak, rise-time and the associated E-field waveform, 
significantly different from the mechanisms of charge transfer in 
return strokes [2].  

Recently, He et al. [4] identified four types of pulses in 
upward negative flashes observed at the Säntis Tower, namely 
(i) return strokes, which occur after the extinction of the initial 
continuous current (ICC) and are preceded by a no-current 
interval, (ii) the so-called mixed-mode pulses [5], which are fast 
pulses superimposed on the ICC presumably due to the 
reactivation of a decayed branch or the connection of a newly-
created channel to the ICC-carrying channel at low junction 
heights, with similar characteristics as return strokes [6], (iii) M-
component mode pulses superimposed on the continuing current 
after some return strokes, and (iv) M-component-type ICC 
pulses, presumably associated with the reactivation of a decayed 
branch or the connection of a newly-created channel to the ICC-
carrying channel at high junction heights [5]. 

In this study, we present simulation results for these four 
different types of pulses occurring in upward negative flashes. 
The simulations are compared with experimental data associated 
with upward flashes at the Säntis tower. The paper is organized 
as follows. Section II presents briefly the instrumentation at the 
Säntis tower and the considered dataset. The adopted 
computational models are presented in Section III. Model-
predicted results and their comparison with experimental data 
are presented and discussed in Section IV. The paper ends with 
a summary and conclusions in Section V.  

II. INSTRUMENTATION AND DATASET 

A. Lightning Current Measurement System 
The Säntis Tower was instrumented in May 2010 with 

accurate and modern equipment to measure the lightning 
channel-base current and its time derivative. It contains two sets 
of measuring equipment, each including a Rogowski coil and a 
multi-gap B-Dot sensor mounted at two heights along the tower, 
24 m and 82 m above ground level [7][8].  
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B. E-field Measurement System 
The electric field measurement system is located 14.7 km 

away from the Säntis Tower, installed on the roof of a 25-m tall 
building in Herisau. It comprises a flat plate antenna and an 
analog integrator with an overall frequency bandwidth of 30 Hz 
to 2 MHz. The signal is digitized and recorded using a PCI 5122 
National Instruments card with sampling rate of 5 MS/s and a 
time window of 4 s. 

C. Dataset 
The dataset is composed of simultaneous records of currents 

and E-field waveforms associated with pulses belonging to two 
upward negative flashes initiated from the Säntis Tower on 
August 4, 2016, at 23:52 and at 23:57 (Local Time). Two events 
were considered for each category of pulses, namely return 
strokes, mixed-mode pulses, M-components, and M-
component-type ICC pulses. 

It should be noted that the GPS system was not working 
properly during these two flashes. Therefore, we synchronized 
the current pulses and the associated electric field pulses 
manually by aligning the current peak and the associated field 
peak of the last return stroke for each flash. The error of the 
alignment was quantified to be in the order of a few 
microseconds [6]. 

III. MODELING 
The vertical electric field is calculated assuming a vertical 

channel above a perfectly-conducting ground. The field 
expression is given by [9] [10], 

 

 

 

 

 

 

in which i(z’,t) is the current as a function of z’ and time t, c is 
the speed of light, d is the horizontal distance between the Säntis 
Tower and the observation point, which in our measurement 
setup is d=14.7 km, R=(d2+z¢2)1/2, H1(t) and H2(t) are the 
extremities of the radiating channel length. Based on the results 
of [11], an overall field enhancement factor of 2.0 due to the 
presence of the 124-m tower and the irregular mountainous 
terrain was taken into account in the simulations. The presence 
of the tower and possible transient processes excited in it were 
not considered in the simulations. 

A. Current Distribution in Return Stroke and Mixed Charge 
Transfer Modes 
As discussed in [6], the characteristics of mixed-mode pulses 

are very similar to those of return strokes. In this study, we use 
the same model for calculating the fields of return strokes and 
mixed mode pulses. The adopted model is the modified 
transmission line model with exponential current decay with 
height (MTLE) [12], [13], in which the current distribution is 
expressed as, 

 

 
where v is the return stroke speed and l is the attenuation 
constant. 

B. Current Distribution in M-component and M-component-
type ICC Pulse Charge Transfer Modes 
M-components and M-component-type ICC pulses are 

modeled by a superposition of two current waves propagating 
without distortion: a downward incident current and an upward 
current reflected at the bottom of the lightning channel ([2] and 
[14]). The distribution of the M-component mode current along 
the ICC or continuing-current-carrying channel is expressed as 
follows.     

 

 

 

where is the velocity of the M-components/M-component-
type ICC pulse current wave, hm is the height of the junction 
point between the leader and the ICC/CC carrying channel and 
rg is the reflection coefficient at the ground.  

IV. SIMULATION RESULTS AND COMPARISON WITH 
EXPERIMENTAL DATA  

Figs. 1 to 8 present the simulation results (red curves) and 
measured data (blue curves). For each pulse, the measured 
current was represented analytically by the sum of two Heidler’s 
functions with parameters evaluated using a genetic algorithm 
[15]. The parameters of the models, namely v and l for return 
strokes and mixed-mode pulses, and nm, hm, and rg for M-
components and M-component-type ICC pulses, were adjusted 
to match the simulation results with the experimental data. 

A.  Return Strokes and Mixed-Mode Pulses 
Fig. 1 (b) to Fig. 4 (b) present the simulation results for two 
return strokes and two mixed-mode pulses. From these figures, 
one can see that the calculated fields for both return strokes and 
mixed-mode pulses are in excellent agreement with the 
measured waveforms.  For the simulations presented in Fig. 1 
(b) to Fig. 4 (b), the parameters v and l (see Table I) were 
adjusted to obtain a good qualitative fit with the measured 
fields. It should be noted that the waveforms of Fig. 2 are 
affected by some oscillations whose origin is currently 
unknown. 
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Fig. 1 Current (a) and electric field (b) waveforms produced 
by a mixed-mode pulse (MM1) of a flash that occurred on 

August 4, 2016 at 23:57 local time.  

a) 

b) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The model parameters providing the best match to measured 
fields for each pulse are given in Table 1. The velocities of the 
four pulses range from 1.3x108 m/s to 1.65x108 m/s, which is in 
the range of the experimentally-observed return stroke speeds 
(e.g., [16] and [17]). However, the exponential attenuation 
height constants l for the four pulses are from 0.3 km to 0.8 km, 
lower than the value of 2.0 km suggested in [18] and [12]. 

The good agreement between the vertical electric fields 
predicted by the MTLE return stroke model and the measured 
field waveforms for mixed-mode pulses supports the hypothesis 
that the charge transfer mode resulting in mixed-mode pulses is 
similar to that of return strokes.  

B. M-Components and M-Component-Type ICC Pulses 
Fig. 5 (b) to Fig. 8 (b) present the simulation results for M-

components and M-component-type ICC pulses, which are 
believed to be manifestations of the same mode of charge 
transfer to ground. Model parameters (nm, hm, and rg) providing 
the best match between computed and measured fields are given 
in Fig. 5 (b) to Fig. 8 (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2 Current (a) and electric field (b) waveforms produced 
by a mixed-mode pulse (MM2) of the flash that occurred on 

August 4, 2016 at 23:57 local time.  
 

a) 

b) 

  
Fig. 4 Current (a) and electric field (b) waveforms produced 
by a return stroke (RS2) of the flash that occurred on August 

4, 2016 at 23:52 local time.  
 

a) 

b) 

 
Fig. 3 Current (a) and electric field (b) waveforms produced 
by a return stroke (RS1) of a flash that occurred on August 4, 

2016 at 23:52 local time.  
 

a) 

b) 

 
Fig. 5 Current (a) and electric field (b) waveforms produced by 
an M-component (MC1) of the flash that occurred on August 

4, 2016 at 23:52 local time.  

 
Fig. 6 Current (a) and electric field (b) waveforms produced by an 

M-component (MC2) of the flash that occurred at 23:57 on 
August 4, 2016 local time. 

 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From Fig. 5 (b) and Fig. 6 (b), one can see that the simulated 
fields for M-component pulses are in good agreement with the 
corresponding measured fields. Although there are slight 
deviations in the trailing edge of the waveforms (after about 650 
µs for MICC1 and after 1250 µs for MICC2, see Fig. 7 (b) and 
Fig. 8 (b)), the simulated fields and the corresponding measured 
waveforms for M-component-type ICC pulses are also in good 
agreement with each other. 

The model parameters providing the best match to measured 
fields for each pulse are shown in Table 1. The propagation 
speeds for the four pulses range from 2.0x107 m/s to 9.0x107 
m/s, which are in the range of speeds expected for M-
components in [2] and [19]. The junction point heights for M-
components and M-component-type ICC pulses range from 1.0 
km to 2.0 km which are consistent with the study presented in 

[5]. Note that the value of the ground reflection coefficient (0.7) 
is smaller than the value suggested by Rakov et al. [2]. However, 
it can be justified by the fact that upward-moving 

 

 

 

 

current pulses along the tower suffer attenuation that can be 
represented by an equivalent, lower value for the ground 
reflection coefficient [20]. 

The good agreement between the vertical electric fields 
predicted by the M-component model and the measured field 
waveforms for M-component-type ICC pulses supports the 
assumption that their charge transfer mode is similar to that of 
M-components. 

V.  CONCLUSIONS 
In this paper, we presented simulation results for different 

types of pulses occurring in upward negative flashes. The MTLE 
return stroke model was used to compute electric fields 
associated with return strokes and mixed-mode pulses, while the 
M-component model of Rakov et al. [2] was used to compute 
electric fields associated with M-components and M-
component-type ICC pulses. The simulation results were 
compared with experimental data consisting of simultaneous 
records of lightning currents and electric fields associated with 
upward flashes at the Säntis Tower. 

The inferred velocities for M-components and M-
component-type ICC pulses range from 2.0x107 m/s to 9.0x107 
m/s, and the corresponding junction point heights range from 1.0 
km to 2.0 km. The inferred pulse velocities for return strokes and 
mixed-mode pulses range from 1.3x108 m/s to 1.65x108 m/s. 
The inferred current attenuation constants of the MTLE model 
obtained in this study range from 0.3 km to 0.8 km, lower than 
the value of 2.0 km suggested for return strokes in previous 
studies.  

The obtained results support the assumption that the mode of 
charge transfer to ground giving rise to mixed-mode pulses is 
similar to that of return strokes. The results are also in support 
of generally assumed similarity between M-component-type 
ICC pulses and classical M-components.  
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