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Abstract 

Lightning detection networks operating in the VLF/LF-regime have been traditionally designed to report cloud-
to-ground (CG) strokes with currents above ~5 kA while they suppress recording of all types of cloud discharges 
(IC) by special methods. Efficient detection and reporting of IC emission has been achieved mainly with VHF 
arrays. The Munich group studies VLF/LF radiation with methods equally sensitive to CG and IC signals and 
utilized a new 21-sensor network (LINET, lightning detection network) to obtain total lightning data by means of 
a single technique. Three important network features are i) the measurement of estimated currents as low as ~1 
kA, a range which has attracted little experimental attention in the past, ii) discrimination of IC events from CG 
strokes by means of a special 3D-feature in the location algorithm, and (iii) the reporting of IC emission heights. 
In accordance with general expectations, high IC event rates have been found at low amplitudes. Typical IC’s 
exhibit multi-polar pulse-trains which defy assignment of a clear-cut sign for the amplitude; however, there is 
also a large portion of IC events which are sufficiently mono-polar to allow classification as having positive or 
negative polarity. In most storm cells an excess of positive polarity IC (IC+) events is found; together with nega-
tive polarity IC (IC-) events promising information is obtained about discharge types, identification of storm cells 
and of the onset of super-cell storms and severe weather conditions. 
 

Index Terms 
Lightning Detection, Total Lightning, Cloud Discharges, VLF/LF-Network, Severe Weather. 
 

1 INTRODUCTION 

In many countries lightning detection is routinely per-
formed by means of VLF/LF-networks. One prominent 
feature of these systems is that they cover large areas in 
a continuous mode so that quite a complete picture 
about the entire lightning activity is obtained in real 
time. Prominent examples are the NLDN (National 
Lightning Detection Network) in the United States [10, 
11, 33, 59] and the technically almost identical 
EUCLID (European Cooperation for Lightning Detec-
tion) network in Europe. For historical reasons the net-
work output was focused on the reporting of cloud-to-
ground strokes (CG), while all types of cloud events 
(IC) are either not listed or only partially reported. For 
example, during some 15 years of operation the NLDN 
provided only CG strokes; in late 2005 it announced to 
begin delivery of limited cloud lightning information in 

2006 [12, 31]. Since IC discharges often radiate in the 
VLF/LF range all customary antennae are as sensitive 
to these IC signals as to CG strokes. For this reason, and 
because one finds a large range where respective signal 
amplitudes overlap, identification of IC events requires 
application of specific discrimination procedures. The 
usually employed method utilizes differences in the 
shapes of the recorded time-dependent waveforms. As a 
result, lightning maps and distributions of normalized 
current amplitudes have been provided and published 
widely for CG strokes, but correspondingly comprehen-
sive statistical information on IC events in the VLF/LF 
range was extremely sparse. Furthermore, operational 
networks report only the stronger strokes above 5 kA or 
even higher currents, so that median current values lie 
sometimes around, but mostly well above 10 kA. Due to 
the lack of sensitivity in the low-current range where 
the majority of IC activity occurs, a highly interesting 
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and easily accessible class of IC events has not been 
located and analyzed comprehensively by VLF/LF net-
works. 

In the radio frequency range advanced techniques 
have been developed for the detection of IC sources, 
with remarkable applications for both research and op-
erational purposes. After the pioneering work of Proctor 
[37] continued progress was achieved. For example, the 
ONERA team presented the interferometric system 
named SAFIR [40-42], and the New Mexico group de-
veloped LMA, a time-of-arrival Lightning Mapping 
Array [47, 54]. Likewise, the VHF system LDAR 
(Lightning Detection and Ranging, operated at the Ken-
nedy Space center, Florida) provides extensive data on 
cloud lightning. These systems succeed to map flashes 
in surprisingly fine details; especially when based on 
high-precision time-of-arrival (TOA) techniques with 
an inherent timing accuracy of 50 ns, IC radio sources 
became detectable with a spatial resolution which may 
reach down to 50 m. Due to a tremendous number of 
located source points, many branches of cloud flashes 
can be traced as well as those parts of CG strokes which 
radiate in the VHF range (such as preliminary break-
down, stepped leader phase). However, due to short 
sensor baselines, the need to select sensor locations with 
small RF noise levels (still producing up to 1,000 trig-
gers per second in the absence of lightning [54]), limita-
tions of wave propagation (line of sight) and very large 
data rates it remains a challenging task to monitor con-
tinuously complete storms occurring over large geo-
graphical areas and to deliver results in real time. 

Undoubtedly, the attainable level of information from 
VHF-arrays is extremely useful for basic studies of dis-
charge processes. It is a different matter, though, to col-
lect total lightning data for practical routine purposes, 
such as serving the needs of operational weather ser-
vices, where this high level of information is not re-
quired; usually, cloud activity is sufficiently described 
by reporting time and (2- or 3-dimensional) location of 
IC events, which occur separated in time and space, 
provided that the system produces adequate detection 
efficiency and a time resolution of, say, 1 ms. With re-
spect to reporting of total lightning it may be added that 
the necessary CG data is more difficult to obtain from 
VHF systems. Although 3D-networks can map channels 
extending down to ground, the required reliability to 
confirm a CG stroke and, thus, to provide total light-
ning, is not readily attained; for example, the distinction 
between channels connecting to ground and attempted 
leaders remains difficult and positive leader channels 

are not readily detected. For this reason, SAFIR systems 
add an independent VLF/LF sensor at each site aimed at 
obtaining higher sensitivity for CG strokes. When sys-
tems of this kind are used for research purposes, em-
ployment of two different frequency ranges is advanta-
geous: it allows to obtain complementary information 
about the discharge processes, because different parts of 
flashes are traced which may occur at different micro-
physical time intervals. LINET, by comparison, pro-
vides total lightning by utilizing solely VLF/LF sources, 
and reports events not commonly used in the past, but it 
produces fewer details about IC processes. 

Ample data exists on electric and magnetic field re-
cords for CG strokes and much effort has been spent to 
describe successfully the decisive steps of the discharge 
processes. The main stages in the evolution of a CG 
stroke have been detailed in standard literature and 
textbooks [29, 39, 55], comprising excellent descrip-
tions of initial in-cloud activity with break-down proc-
esses, development of a stepped leader, attachment and, 
finally, the return stroke. For many decades various 
technical methods have been efficiently applied to ob-
tain electrical and magnetic field records which can be 
used to demonstrate the validity of the quoted principal 
discharge mechanism. 

By comparison, occurrence of IC events in the VLF 
regime has received less attention though field records 
contain both CG and IC signals. One of the reasons for 
this lies in the difficulty to take measurements with the 
corresponding information on discharge locations [39, 
46]. Of course, electric field pulses in cloud lightning 
discharges have been recorded and used to determine 
pulse occurrence statistics and wave-shape characteris-
tics [57]. Chaotic pulse trains generated by lightning 
flashes have been reported by Gomes et al. [21], and 
signatures of IC electric field pulses have been pre-
sented by Sharma et al. [46]. All authors agree that IC 
events inherently exhibit more variability than CG 
strokes. Our experimental findings on IC events with 
different characteristics are compatible with these pre-
vious observations, and we can add information about 
the statistics of their production during entire storms. 
Interestingly, a class of IC events exhibits waveforms 
which are less complex and look similar to CG strokes. 
Although much knowledge has been accumulated about 
the general occurrence of IC discharges [39], detailed 
explanations of the various IC types observed in the 
VLF/LF regime, pulse shapes of single events and pulse 
trains, frequency of occurrence and repeated similarities 
to CG strokes are not yet at hand. 
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Very large amplitude IC events have received more 
attention, namely the relatively short pulses which rep-
resent a particular and quite uncommon class of IC 
events, usually termed as narrow bipolar events (NBE) 
and observed along with strong VHF pulses [16, 28, 
48]. We will explain later that this class of rare events, 
though covered by our measurements, is different from 
the bulk of IC events reported in this paper. 

For more than 10 years the Munich group has de-
tected large numbers of low-current events in the 
VLF/LF regime [4-5, 17] but was unable to provide a 
clear identification of the origin. In the meantime, tech-
nical progress was achieved and the Munich network  
has been expanded to LINET, an operational European 
lightning detection network, which allows reliable 
measurements of total lightning in the VLF/LF regime. 
Although it is generally known that weak IC discharges 
exist abundantly and that IC discharges in general are 
of meteorological significance, among others for the 
recognition of severe weather conditions, conventional 
operational VLF/LF networks do not yet exploit these 
low-amplitude events. By contrast, we use LINET in its 
continuous mode for monitoring of thunderstorms and 
present statistically significant information about the 
occurrence of both CG strokes and IC signals in the 
VLF/LF range. For storms in the observation area the 
entire IC event activity is reported in terms of coordi-
nates, emission height and current. In general, the ob-
served IC events show higher abundance and lower 
strength as compared to CG strokes, but some features 
are similar to the ones known from flashes containing 
return strokes, so that IC-CG distinction often becomes 
a tedious task. As regards theoretical descriptions, 
lightning parameters of the reported kind appear to be 
useful as input for numerical cloud models aimed at an 
improved understanding of the mechanisms governing 
discharge processes in convective clouds. 

2    MUNICH LIGHTNING DETECTION NETWORK 
LINET 

Fig. 1 shows the network configuration used to moni-
tor the thunderstorms of 2005 in the South of Germany. 
In total 21 identical sensors are distributed over an area 
of ~300 x 400 km and connected by internet to a central 
processing unit. Six of the sensors were part of the 
DLR-operated network which was utilized in Brazil in 
early 2005 [45], in the Darwin area in Australia in late 
2005 and early 2006, and moved in May 2006 to Benin 
for observations of the African monsoon. A relatively 
short sensor baseline of ~25 km was chosen in the Mu-

nich area with the intention of observing signals simul-
taneously at a large number of narrowly spaced sensor 
stations to provide highly redundant information espe-
cially for the investigation of the low-current range. 
This configuration accommodates the conditions neces-
sary to achieve three goals: 

1) detection of very small signals, search for physi-
cally caused peaks in the IC and CG current distri-
butions, and quantitative investigation of the differ-
ences between IC and CG amplitude distributions; 

2) CG-IC discrimination with maximum reliability and 
a minimum of adjustable parameters; 

3) check of locating accuracy and data consistency: 
inside the dense part of the network an optimum lo-
cation accuracy is feasible which reflects the inher-
ent quality of the network components and analysis 
procedures. Furthermore, the performance of the 
customary ‘operational’ network with much larger 
baselines can be evaluated by comparison with an 
additional data analysis which utilizes all sensors in 
the presently described network. 

 
Fig. 1. Network configuration for the thunderstorm season 2005 in 
Southern Germany. In total, 21 sensors have been used with base-
lines around 25 km in the Munich area and some 120 km otherwise. 
Sensor sites are indicated by triangles. 

The sensor technology and measurement procedures 
have been described in several previous contributions 
[6, 44]. In brief, LINET measures continuously the 
components of the magnetic induction without any 
deadtime and records full waveforms for all analyzed 
signals with a digitizing rate of 1 MHz and a GPS-
timing error of less than 0.1 µs. It is important to note 
that a favorable signal-to-noise ratio is achieved also for 
signals just above the noise level due to the fact that the 
magnetic induction is sensed directly rather than the 
time derivative of the field, i.e. no integrating circuit is 
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needed. Stroke locating is performed by means of time-
of-arrival and – to some extent – direction finding, 
while IC-CG event discrimination is executed with a 3D 
analysis [7] specially developed for application in 
VLF/LF networks. This procedure utilizes the fortunate 
circumstance that all four types of return strokes (with 
negative and positive downward and upward leader, 
respectively, as defined by MacGorman and Rust [29], 
Fig. 5.9) emit the maximum VLF/LF radiation near 
ground level. This remarkable fact becomes also obvi-
ous from the observation that multiple ground connec-
tions for different strokes in a flash can be distinguished 
in VLF/LF measurements even when the higher lying 
main part of the channel is the same for all strokes. By 
contrast, any IC event emits necessarily from a high 
altitude and, thus, IC signals reach a sensor with a time 
delay as compared to emission near ground, occurring 
at the same time and at the same 2D coordinates. This 
delay amounts to more than 1 µs for typical IC events 
which radiate from a height of 8 km and are observed at 
distances of less than 100 km. For reasonably well iden-
tified signals our network exhibits an effective event-
time resolution of ~ 0.2 µs, enabled by accurate distance 
calculations and consideration of propagation speeds 
approximately corrected for dispersion and typical 
ground conductivities [58]. As a consequence, reliable 
discrimination becomes feasible inside the network for 
distances up to ~100 km between lightning and closest 
sensor; accordingly, the network baseline should not be 
much larger than 200 km. Along these lines, the choice 
of very low sensors distances in the South of the net-
work is not absolutely necessary, but serves the purpose 
to remove any ambiguity with respect to the detection 
of the quoted time delays, in the attempt to achieve 
highly reliable IC-CG discrimination. 

The network is equally sensitive to IC and CG signals 
so that a good indication of total lightning can be ob-
tained in the range of detectable VLF/LF lightning cur-
rent amplitudes. Most important, the short baselines and 
over-determined data sets for each discharge not only 
provide a reliable basis for the discrimination required 
in view of the large number of detected and located sig-
nals, but also enable measurement of very weak IC 
events with normalized currents down to ~1 kA. Con-
cerning goal 3, inside the network a statistical average 
2D-location accuracy for CG strokes is attained which 
reaches values of ~100 m, consistent with the quoted 
small residual time errors, and as deduced from com-
parison with several well documented strike locations 
(damaged buildings). Due to natural conditions and un-

avoidable systematic errors, this high level of accuracy 
is not always attained and it would be unrealistic to try 
for further improvements. 

As is typical, many storms developed during the 2005 
season; on July 25 and 29 extremely heavy storms cov-
ered large parts of the observation area and resulted in 
more than 100,000 and 700,000 localized CG strokes 
and IC events, respectively. Sensor responses of up to 
100 events/second were frequent and in rare cases 5-
minute total lightning rates above 12,000 localized 
events were reported in real-time. Fig. 2 presents an 
example of observations obtained during a 5-minute 
time interval for one of the storms producing very in-
tense cells. One can discern event clusters that appear to 
have dimensions similar to the cells of a multi-cell 
storm. In the shown segment, the number of IC events 
exceeds the number of CG strokes by roughly an order 
of magnitude, though some of the weaker IC events 
may have been misclassified as CG strokes. 

 
Fig. 2. Lightning map for a cell with strong convection during a 
thunderstorm on July 29, 2005, for the 5-minute period from 17:00 
to 17:05 UTC. Vertical and horizontal axis refer to latitude and lon-
gitude, respectively. In the shown segment, points identify 7,760 IC 
events and  1,060 CG strokes. Some very weak IC events with cur-
rents below 3 kA may have been misclassified as CG strokes. In the 
entire observation area (Fig. 1) 12,600 lightning events have been 
localized within the 5 minute interval. Sensor sites are indicated by 
triangles. 

3     OCCURENCE AND LOCATING OF IC EVENTS 

To our knowledge and in line with statements by Ra-
kov and Uman [39] IC discharges have been less well 
studied than CG flashes because of (i) the difficulty of 
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securing photographic records of IC channels and (ii) 
the inability to measure directly the currents and charge 
transfers associated with IC flashes, as has been done 
on towers for ground discharges. When this statement 
is applied to the VLF/LF part of IC discharges we may 
add that (iii) for relatively weak channel currents it is 
more difficult to measure and locate the bulk of IC 
events. Let us explain why LINET succeeds to measure 
IC’s with high efficiency even for low amplitudes. 
There are mainly three reasons: first, small signals just 
above the noise level can be handled (see preceding 
section). Second, each signal is treated independent of 
its waveform so that any IC event, whether of chaotic 
form or more CG-like, has a high chance to be identi-
fied and located by the 3D-algorithm. Third, the base-
line of the employed network configuration was rela-
tively small. As a result, IC events could be recorded 
quite comprehensively. The IC-related field records 
often differ from the ones for CG strokes, but in many 
cases there are similarities in the respective waveforms 
which render a discrimination on the basis of signal 
shapes quite difficult. We observe different classes of 
IC events which will be detailed below; interestingly, in 
many cases IC events are not correlated with CG 
strokes – note that during a storm IC often outnumbers 
CG – and are sufficiently prominent to give the impres-
sion that lightning discharges can end up not only with 
a return stroke, but as well with an IC event of the types 
discussed here. Among those, one particular though 
small class of IC pulses consists of NBE’s. 

An IC flash produces substantial electric cloud activ-
ity for a time span often extending to about 1 second, a 
process which comprises a number of different steps 
described, for example, by Rakov and Uman [39]. They 
distinguish an early (active) stage, where most of the 
activity is observed, followed by a late (final) stage, 
involving initial breakdown with the inclusion of NBE, 
stepped leader, J- and K-, and a variety of transient 
processes. It may be added that more recent findings 
describe NBE’s as isolated processes, not associated 
with ordinary lightning [25]. The K-processes are often 
called recoils streamers or, according to Proctor [38], Q-
streamers; Volland [58] describes the prominent cloud 
events as K-strokes. With the exception of NBE’s, the 
named steps of a discharge can also occur when a CG 
stroke becomes an intermediate or final part of the flash, 
but they are very different from a return stroke; most 
important, the associated movement of the involved 
charges takes place over relatively short distances so 
that mainly, though not exclusively, VHF signals are 

emitted. By contrast, VLF/LF radiation signifies bridg-
ing of longer distances, well known from return strokes. 
The distinct IC events in the VLF/LF regime, some-
times observed with substantial currents comparable to 
the ones of CG strokes, are thought to represent spa-
tially extensive discharge steps with channel lengths in 
the km range. Both vertically and horizontally oriented 
channels are expected to be observed, but both a dis-
tinction between different orientations from recorded 
waveforms and a more detailed description of the dif-
ferences among the respective radiation patterns are not 
attempted here.  

Let us now turn to LINET characteristics which allow 
recording and localization of IC events and CG strokes. 
At each lightning sensor the data stream is monitored 
and whenever the signal exceeds a threshold value a 
512 µs time window is analyzed without interrupting 
data collection. The largest peaks are marked and serve 
as input for the locating algorithm in the central proc-
essing unit. Each time window of length 512 µs can 
lead to the report of one event. In case of return strokes 
and for most IC activities this length of time is suffi-
cient to identify just one event, well separated by pre-
ceding and subsequent pulses. In some cases, though, 
IC signals do not drop to the noise level within ~ 0.5 
ms; then, the analyzed window is extended but the IC 
count remains limited to one event for the entire pulse 
train. Similar findings have been reported by Gomes et 
al. [21] who give examples for ‘chaotic’ pulse trains 
generated by lightning flashes which exhibit a most 
probable duration of ~500 µs and may reach much 
longer time spans, mostly associated with subsequent 
return strokes, caused by a physical process not yet 
identified. 

An IC discharge can produce one or significantly 
more VLF/LF signals which we measure as IC events 
well isolated in time from other and similar events. 
Since we observe fast field records and apply no wave-
form analysis the discrimination between IC and CG is 
performed later-on in the central processing unit. This 
implies that each sensor station initially treats all pulses 
alike, no matter whether they turn out to be IC or CG, 
negative or positive. It is worthwhile to note that ampli-
tude distributions of IC signals and CG strokes overlap, 
so that an individual IC-CG discrimination for a given 
signal is not efficiently possible on the basis of meas-
ured normalized event currents, despite the fact that IC 
event amplitudes are generally lower than CG stroke 
amplitudes. 
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After having established the described network ge-
ometry, we examined the lightning data for internal 
consistency and found that inside and near the inner part 
of the network the employed 3D-technique for IC-CG 
discrimination works sufficiently well so that few 
doubts remain on the classification of analyzed signal 
types. The location analysis yields an emission height 
which is either near zero (CG stroke) or above a few km 
(IC event). A closer inspection can be performed as fol-
lows: for each event reported by a sufficient number of 
sensors the location algorithm tries to find the best 
strike coordinates. Hereby, the solution is first calcu-
lated for the 2D-case which assumes a CG stroke, and 
becomes accepted when the normalized χ²-value re-
mains below a pre-selected limit which may be set to 3 
(the statistical average value is unity). For larger χ²-
values a 3D-solution is attempted which assumes an IC 
event and becomes likewise accepted when the new χ²-
value falls below 3, but we also demand that the indi-
vidually resulting height error lies below 15%, which 
corresponds to approximately 1.5 km uncertainty in the 
vertical dimension. When the decision between the CG 
and IC-event solution becomes uncertain, while at least 
one of the χ²-values remains below 6 and ensures ac-
ceptable 2D-coordinates, we assign a third status ‘unde-
termined’. Otherwise, a final solution is completely re-
jected; in this way misclassifications are minimized and 
we achieve a high probability for not producing grossly 
erroneous locations. As a further result, storm cells 
mostly exhibit quite compact shapes. 

Fortunately, it turned out that the choice of the quoted 
adjustable limits for χ²-values is not very critical. In 
fact, the typical results are as follows: for a CG stroke 
the first χ²-analysis leads to acceptance; by contrast, for 
an IC-event the first (2D) χ²-value lies totally outside 
any acceptable range while the second (3D) χ²-value 
leads to acceptance. In some cases an ambiguous situa-
tion may arise, caused by two reasons: first, reported 
event time values can be in error so that no satisfactory 
solution can be attained. Second, the distance between 
lightning and the closest sensor may be too large to 
produce the necessary difference of the two χ²-values. 
Naturally, a situation of this kind arises when the light-
ning occurs well outside or near the borders of the net-
work area. Due to the unsymmetrical network geometry 
there is a border area in the North-West (see Fig. 1) 
where the discrimination can become uncertain; the 
considered storms, though, did not cover this area. As a 
result of favorable sensor geometry in most parts of the 
network the number of questionable location solutions 

was almost negligible, i.e. assignment of the type ‘unde-
termined’ or ‘no solution’ was rare and of little statisti-
cal significance. This implies that in the vast majority of 
cases the type assignment does not depend on details of 
the acceptance criteria. All together, reliable CG-IC dis-
crimination power turns out to persist up to distances of 
~100 km between lightning and closest sensor, in line 
with our estimate from above. It is important to stress 
that IC-CG separation and high 2D-location accuracy 
are inherently connected and depend directly on the 
quoted timing accuracy; in case that the latter would not 
be reached, the 3D-discrimination technique could not 
work effectively. Comprehensive statistical descriptions 
of successful CG-IC discrimination, specific network 
detection efficiency, assignment of IC classes, and de-
tailed comparisons with CG waveforms and current dis-
tributions will be published separately. 

 
Fig. 3. Waveforms of IC activity and subsequent return stroke. Parts 
a) - c) reproduce the signals detected at three sensor sites with dis-
tances to the lightning which amount to 83 km, 91 km and 155 km, 
respectively. In each plot, the two curves represent the two orthogo-
nal components of the measured magnetic induction; d.u. indicates 
“digitizer units”. The zero point of the horizontal axis is labelled 
with the corresponding time (UTC). LINET automatically identifies 
the first wave train as an IC event radiating from a height of 8 km, 
and the second pulse as a CG stroke. 

In accordance with longstanding observations 
VLF/LF waveforms of IC events have no unique signa-
ture but exhibit a variety of patterns. Fig. 3 reproduces 
the field record for a return stroke with preceding IC 
activity; similar pulse patterns are observed at different 
sensor sites. The corresponding location analysis classi-
fied the first feature as an IC event with an emission 
height of ~8 km, and the second pulse as a CG return 
stroke. In this example, the time interval between the IC 
pulse train and the subsequent CG stroke is too short to 
interpret the IC signal as last stage of preliminary break-
down, although the waveform is typical for such a proc-
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ess [56]. In our data, the stepped leader process prior to 
a CG stroke is not always discernible, and IC signals 
display various typical pulse shapes. Fig. 4 reproduces 
three frequently observed types which may result from 
different parts of electrical discharge processes: 

1) multi-polar signal trains, sometimes followed by a 
return stroke; 

2) signals with one prominent peak and some similar-
ity to CG strokes; 

3) series of distinct signals which cannot be termed 
multi-polar as in case 1 and are mostly of a bipolar 
nature. They show some similarity to return 
strokes, but appear in more or less pronounced se-
quences untypical for return strokes. 

 
Fig. 4. Three examples for IC event waveforms. The multi-polar 
pulse (top) is easily understood as an IC event, while the bipolar 
signals (mid, bottom) show some similarity to CG strokes. LINET 
clearly assigns IC character to all the shown signals. In each plot, 
the two curves represent the two components of the measured mag-
netic induction. 

As a consequence of complex wave-forms, particular 
efforts must be spent in attempts to match the various 
signals from different sensors to the same lightning 
event, necessary to extract event times of sufficient pre-
cision for both IC-CG discrimination and flash locating 
by TOA techniques. For this reason, in each waveform 
more than one peak value is time-stamped so that there 
is an improved chance for the central processing algo-
rithm to find the group with matching time marks. In 
general, large or unacceptable χ²-value signify the use 
of inconsistent time marks. Despite all precautions, 
some systematic errors persist such as asymmetric ra-
diation patterns due to non-vertical channels or the well-
known change of wave trains with distance which re-
sults from frequency-dependent signal attenuation. Util-
izing the described LINET 3D-analysis procedure, all 

the pulses shown in Fig. 4 have been clearly identified 
as IC events with emission heights around 8 km above 
ground level.  

 
Fig. 5. Series of magnetic field records in a 200 ms time window 
(top). The largest 16 signals were recorded at several sensor sites 
and reflect normalized lightning currents above 1.5 kA. In all cases 
the location algorithm identified IC events. Enlarged scales show 
the signal group containing pulses #6 to #10 (bottom, left: time span 
7 ms), and #7 and #8 (bottom, right: time span 1 ms). In each plot, 
the two curves represent the two components of the measured mag-
netic induction. 

 
Fig. 6. Spatial distribution of 16 consecutive IC events identified in 
Fig. 5. The 2D zero coordinate point corresponds to longitude and 
latitude of 11.2° and 47.9°, respectively. The flash may be divided 
into two groups of events which occur almost 10 km apart but over-
lap in time. 

In Figs. 5 and 6 we exploit the power of the IC identi-
fication procedure a step further and show an example 
for a series of events which occurred in rapid succes-
sion. Display of the waveforms on different time scales 
illuminates a complex structure. Out of a 180 ms time 
interval, a duration not untypical for an IC flash, we 
select the signals with amplitudes corresponding to cur-
rents larger than 1.5 kA; these are 16 prominent events 
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for which the location algorithm returns identification 
as IC. The extracted emission heights are sufficiently 
accurate to display the results in Fig. 6 with respect to 
longitude, latitude and altitude. The 16 discharges 
(numbered in order of event time) occur mainly in two 
spatial areas and in varying heights. Events #6 to #12 
proceed within 30 ms and show an interesting feature: 
the effective emission height increases successively 
from 7.8 km for event #6 to 10.9 km for #11; only #12 
yields 10.4 km, slightly out of trend, but inside the 
mean error of ~1.5 km. Among the 16 events most are 
of positive polarity, except for #4, #12, #13 and #14. In 
line with the sign-discussion from above, we do not 
want to over-interpret this detail, because the sign of IC 
events is not always determined without ambiguity. To 
better understand the event series and assess its signifi-
cance it will be necessary to inspect our data pool more 
extensively with the inclusion of different storms. In the 
past, acquisition of detailed IC height information was 
restricted to the employment of VHF measurements, 
which can map radio source emission with much higher 
resolution, but at the expense of increased experimental 
efforts [3]. 

 
Fig. 7. Range normalized current amplitude distribution of IC 
events detected on July 29, 2005 in southern Germany (bin size 0.5 
kA). The IC- distribution exhibits a peak near 2.5 kA. In the IC+ 
distribution no physically caused peak is found because the de-
crease of the curve is caused by deteriorating detection efficiency 
below ~1.5 kA.  Among all VLF/LF signals IC+ dominates, espe-
cially in the very low current range where almost no CG strokes 
occur. Above ~5 kA CG strokes become dominant (not shown 
here). 

In all storms studied we confirmed earlier statistical 
observation that amplitudes of series of subsequent re-
turn strokes within a flash do not depend strongly on the 
stroke order [15, 45]. The same trend is observed for IC 
event series grouped to flashes. Sufficiently charged 
zones are readily available for subsequent events which 

occur after a preceding event within a time interval too 
short to separate charges anew. Tentatively, this finding 
leads to the conclusion that a single event does not de-
plete large volumes out of charge; it is more likely that 
lightning neutralizes only relatively small volumes with 
separated charges. Apparently, there are large charge 
reservoirs in extended cloud regions not removed by 
typical discharge events, and neutralization by lightning 
may have to be complemented by additional ‘silent’ 
recombination processes. At present, we have no infor-
mation about the quantitative importance of this effect. 

A statistical analysis of current distributions from the 
data collected on July 29, 2005 is presented in Fig. 7. 
Regarding the determination of currents in IC lightning 
channels we apply the same procedure as for subse-
quent CG strokes. This needs some justification: since 
VLF/LF-signals are detected with wavelengths of about 
30 km it seems justified to assume that the observed 
discharges occur inside reasonably long channels. As a 
consequence, the physical transport of substantial 
amounts of charge is expected to proceed similarly to 
the one taking place during return strokes in channels 
contacting the ground. Of course, the relevant velocities 
of the current waves for IC discharges must be known 
which enter the well-known relation between primary 
discharge current and measured EM field amplitude. 
For CG return strokes a wide interval of velocities is 
observed (2.9-24x107 m/s [24, 60]); it is reasonable to 
assume that relevant velocities for IC events fall into the 
same range. For example, Eack [16] reported influential 
discharge wave front velocities near 15x107 m/s, though 
initial leader velocities may be much lower [3]. Current 
determination based on measured and range normalized 
signal strengths is further complicated due to frequent 
occurrence of non-vertical IC channels and spatial ani-
sotropies especially in the near-field range. For these 
reasons one must reckon with differing detection effi-
ciencies for vertical and horizontal discharges. Thus, the 
determined current values contain some degree of un-
certainty. Nevertheless, it seems justified to argue that 
the present results are reasonably meaningful, because 
their interpretation and use for further scientific evalua-
tions does not depend on precise current values.  

In a practical approach we define the polarity of an 
event by the part of the waveform where the maximum 
amplitude occurs. A customary alternative consists in 
utilization of the initial polarity, but this definition often 
leads to inconsistencies, especially for small and chaotic 
pulse trains, so that we discarded this procedure. Still, 
as is evident from Fig. 3 (left part) and Fig. 4a, a class 
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of multi-polar pulses cannot be classified unambigu-
ously into positive or negative events. Similarly, bipolar 
signals are difficult to classify, especially when the first 
peak is not much larger than the second one, or when 
one of the peaks is not the dominant one at all sensor 
sites. Consequently, for a non-negligible class of events 
the sign-assignment assumes a largely random charac-
ter. By contrast, the simpler pulse types such as the ones 
shown in Fig. 4c can be classified with a significance 
which is comparable to the one obtained for CG strokes. 
As a result, a large part of IC events can be divided into 
positive and negative signals. In these cases, in analogy 
to CG+ and CG- strokes, it seems fair to assume that the 
measured IC+ and IC- events lower positive and nega-
tive charge downwards, respectively. As a further result 
we find that the relative occurrence of IC+ and IC- turns 
out not to be random at all; for example, for the storm 
data shown in Fig. 7 we find a clear excess of IC+ 
events which would be even more prominent if the 
many ambiguous cases were left out. Of course, the re-
lation between IC+ and IC- numbers is not necessarily 
unique and may vary for other storm cells and geo-
graphical regions.  

In the low-current range we find mostly IC+ events 
(Fig. 7) with a trend to increase further towards even 
smaller currents. We note, though, that the underlying 
number of cells studied is too small to allow for gener-
alization. The maximum found near 1.5 kA is certainly 
not real but enforced by the limits of network detection 
efficiency. By contrast, the IC- distribution peaks near 
the larger value of ~2.5 kA so that the decrease towards 
smaller currents must be viewed as significant. The IC+ 
distribution shows a small shoulder near 2.5 kA which 
indicates an incomplete separation of IC+ and IC- sig-
nals; this is not surprising when one considers the par-
tial complexity of the waveforms. Measurements of 
low-current IC events and their sign offer several oppor-
tunities because the types of IC events presented here 
occur abundantly and characterize cloud activities. Of 
course, more studies are required to establish the sig-
nificance of IC+ and IC- numbers in different storms or 
life cycles of convective cells. Our detection system is 
capable of locating the majority of prominent VLF/LF-
IC events observed even during very strong storms 
when sensor rates rise to several hundred IC events/ 
second. Thus, LINET might be useful for a variety of 
both scientific storm studies and operational meteoro-
logical applications. 

 
Fig. 8. Field records of four sensors closest to an NBE with ampli-
tude 17.4 kA, which was detected on July 16, 2005, 01:33:46:496 
UTC at 12.193°/48.599°. The height determination from the 3D-
analysis of the main peaks yielded 7.8 km, in reasonable agreement 
with the value from the two reflections (IC- and  ionospheric height 
amount to 8 km and 90 km, respectively).  

 
Fig. 9. CG return stroke observed at 12 sensor sites on July 16, 
2005, 15:57:51:128 UTC, with a single sky-wave reflection. The 
structure of the reflection reproduces the one of the main peak, but a 
second reflection with a further time lag of about 50 µs is absent, 
confirming the CG nature of the stroke. 

Since our data is expected to include NBE’s a first 
visual search among waveforms was undertaken and 
revealed possible candidates. As an example, Fig. 8 dis-
plays the four closest sensor responses to an event 
which we interpret as an NBE candidate, because it oc-
curred isolated in time from other signals and exhibits 
the typical structure. The signals contain the well-
known two peaks due to sky-wave reflection paths with 
characteristic time delays indicative of an IC lightning 
source origin [49]. Utilization of this feature in the field 
records allowed independent determination of the IC 
emission height: here, the derived height amounts to 8 
km (for a ionospheric altitude of 90 km) and turns out to 
be compatible with the 3D-height localization of 7.8 
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km; the current amplitude was 17.4 kA. For compari-
son, Fig. 9 depicts a relatively strong signal which also 
shows the typical waveform of a CG stroke; in this case, 
the 3D-analysis with up to 12 participating sensors 
identified a CG stroke, compatible with the fact that the 
wave train shows only one sky-wave reflection while a 
possible second one with a further time delay of some 
50 µs, expected for an IC event in typical heights, is 
absent. At present, we cannot comment on the abun-
dance of real NBE-type signals because a systematic 
search for these events has not yet been carried out. In 
any case, NBE’s are rare among the entire class of IC 
events. 

4   COUNTING IC EVENTS AND COMPARIOSN WITH 
CG STROKES 

In many publications numerical information on the 
number of IC flashes is given and sometimes IC/GC or 
IC/(IC+CG) ratios have been quantified [18, 53].  Un-
doubtedly, numerical data of this kind is particularly 
helpful for a variety of purposes such as, for example, 
recognition of severe weather or attempts to determine 
absolute lightning-induced NOx production [18, 36]. 
For many purposes, measurement of the time-variation 
of IC activity satisfies the needs; then, the efficiency of 
the detection system is relatively unimportant. In other 
circumstances, it is sufficient to give the flash numbers, 
ignoring the fine structure and event numbers within the 
discharges. By contrast, when quantitative IC activity or 
comparison with CG strokes are aimed at, or when re-
sults from different observation techniques are com-
pared, well defined counting becomes necessary and the 
underlying procedures need to be discussed. 

In a first approximation one may count IC and CG 
flashes. Obviously, an IC flash is a complete discharge 
process which does not contain any CG stroke, while a 
CG flash contains at least one ground stroke, irrespec-
tive of the (possibly large) number of associated IC 
events. CG flashes are well defined by the requirement 
that the discharge – whatever its complexity – touches 
ground at some time. In principle, thus, a CG flash 
count should not be difficult. However, when compar-
ing counts from different systems, one must consider 
the effect of varying signal thresholds and criteria for 
detection of lightning events. In many systems, theses 
influential parameters are not easily available because 
ground truth data is difficult to obtain. Employment of 
independent networks helps to resolve the issue, but is 
no easy task. For example, during the international 
TROCCINOX campaign in Brazil, where a major focus 

concerned counting of lightning events in order to de-
rive estimates for lightning induced NOx production, a 
LINET system was temporally installed [45] and com-
pared with the local RINDAT network, which also op-
erates in the VLF/LF range and is similar to NLDN [34-
35]. For currents above ~12 kA both systems delivered 
comparable stroke counts, but for lightning with lower 
amplitudes LINET detected an order of magnitude more 
events. According to our 3D-analysis inside the central 
area where LINET was highly effective, the additional 
signals contained dominantly IC events but also showed 
a substantial number of weak subsequent and, to a 
lesser amount, first CG strokes. This example illustrates 
the differences between detection systems and the prac-
tical hurdles to arrive at true lightning counts. 

At a first glance, IC flash counting too appears as an 
easy task, because it suffices to catch at least one part of 
the flash activity. In a closer view, though, it might not 
be straightforward to distinguish between different 
flashes during heavy activity, when many branches de-
velop and both in-cloud and intra-cloud discharges oc-
cur within overlapping time intervals, or to exclude 
flashes which finally produce a weak return stroke and, 
thus, should be counted as CG flash. Also, it is known 
that VHF systems do not respond as effectively to posi-
tively as to negatively charged channels or leaders. 

In the present paper we prefer an event count proce-
dure, i.e. we count all time-separated IC events and all 
first and subsequent return strokes, independent of 
grouping to flashes. As long as the same observation 
technique (VLF/LF) is used for the detection of both IC 
events and return strokes, a well-defined and consistent 
counting becomes possible. As regards counting effi-
ciency, thresholds are influential (see Fig. 5 where only 
16 out of many more signals have been located), but it 
is advantageous that only one count is obtained per 
VLF/LF-event. The counted events reflect similar elec-
tromagnetic emission effects though the underlying dis-
charge processes and their initiation may be very differ-
ent for IC events and CG strokes. Since LINET exhibits 
comparable efficiency for both IC- and CG detection, 
count numbers and ratios become meaningful and can 
be used for further analysis such as calculation of light-
ning-induced NOx production [23]; we do not dwell on 
the open question to what extent specific processes in a 
flash contribute to NOx. Still, one principal shortcom-
ing must be mentioned: due to the abundance of weak-
current IC events their detection is limited by the sensor 
baseline in the considered network area; the larger the 
baseline, the fewer low-amplitude IC events will be 
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captured. Consequently, ‘true’ IC event fractions hardly 
exist and comparisons of IC event counts in different 
environments must take into account the respective col-
lection efficiencies. In addition, there may be cloud ac-
tivity which does not give rise to substantial VLF/LF 
emission. 

Use of different techniques for the determination of 
‘total’ lightning, e.g. by means of simultaneous VHF 
and VLF/LF observations for the detection of IC events 
and CG strokes, respectively, encounter some problems. 
First of all, VHF mapping produces source points which 
must be grouped to ‘larger’ discharge steps and associ-
ated channels, not necessarily related to VLF/LF events; 
of course, the VHF technique must be truly 3-dimen-
sional in order to relate, for example, a stepped-leader 
source-point series to either IC activity or a subsequent 
return stroke. Second, VHF and VLF/LF observations 
are sensitive to different steps in the breakdown proc-
esses and, thus, produce inherently incompatible event 
numbers. Third, the detection efficiency of the em-
ployed technologies must be known. As an example, 
VHF mapping systems such as some versions of the 
SAFIR system are limited to signal rates of 100 IC 
source points/second and 20 CG signals/second from 
the attached VLF sensor (used as CG indicator) and, 
thus, may miss significant parts of intensive discharges 
[2, 19]. Likewise, VLF/LF detection procedures are lim-
ited to event amplitudes above a certain threshold which 
depends on network geometry and details of signal han-
dling. 

All together, both relative and absolute IC-CG event 
numbers are important for a variety of applications. Ab-
solute numbers are difficult to determine and quotation 
requires an accurate description of the employed detec-
tion techniques. Relative and incomplete numbers, 
which may result from partially ineffective networks or 
the use of different techniques, remain useful for an as-
sessment of time-evolutions of event rates. 

5 IC DISCHARGES AND SEVERE WEATHER 

It is well known that IC activity and especially short-
time large increases of the IC flash rate often correlate 
with the advent of severe weather [62]. Heavy thunder-
storms have been investigated thoroughly by Lang et al. 
[27], who give also an overview of the well-known 
STEPS field campaign; further details can be found in 
Wiens et al. [30, 43, 61]. As regards the special class of 
strong and bipolar IC (NBE) lightning, meteorological 
significance for the recognition of strong convection is 

expected [25, 52], but it is not yet known how often 
and under what circumstances these events are pro-
duced. In a significant number of storms particularly 
massive convection rapidly develops and, in rare cases, 
leads to supercells. 

 
Fig. 10a. IC event and CG stroke rates of lightning representing a 
very strong cell observed on July 25, 2005. IC event rates dominate 
from 11:15 to 13:15 UTC. 

 
Fig. 10b. Density of IC and CG lightning for the strong cell from 
Fig. 10a. The large difference in IC and CG densities results from 
the differing spatial extension of the respective emission areas. 

A typical example of strong convection is depicted in 
Fig. 10a for the storm on July 25, 2005; both the flash 
rate and the density of the lightning increase steeply at 
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11:30 UTC and reach a maximum at 12:30 UTC. The 
number of IC events becomes much larger than the one 
for CG strokes. The German Weather Service reported 
for this area in the quoted time interval strong winds 
and micro-bursts, heavy rain and hailstones on the 
ground with sizes up to 2 cm. The density of events is 
depicted in Fig. 10b; since the storm covered a larger 
area (500 x 150 km) and the massive IC events oc-
curred within a more compact area (100 x 50 km), the 
IC and CG densities differ greatly and may be viewed 
as not fully compatible, but for practical reasons the 
chosen data representation enhances the chance to rec-
ognize unusual cell developments. For the sake of 
completeness we add that the polarities of the involved 
CG strokes were mostly negative and did not show any 
trend to reverse. Our data in Fig. 10b is similar to basic 
features of lightning source density plots derived from 
the North Alabama Lightning Mapping Array [20]. 

We add the observation that the commercially operat-
ing VLF/LF lightning detection network in Germany, 
which – according to its design – reports primarily CG 
strokes and limited numbers of IC discharges for cur-
rents above ~5 kA (median ~10 kA), was unable to de-
tect the extreme increase of the IC activity for the case 
from above. Thus, effective recognition of IC dis-
charges, along with the reporting of CG strokes in a 
current range above ~2 kA, is a feature of LINET not 
commonly available before. Of course, CG strokes with 
currents above ~10 kA are detected in both networks 
with practically the same efficiency. In a further at-
tempt to support nowcasting of thunderstorms, the ‘to-
tal lightning’ ability of LINET has been used to de-
velop a cell-tracking module which allows to monitor 
both the total lightning density and the fraction of IC 
events relative to CG strokes. The high detection effi-
ciency and accurate locating capability of LINET are 
particularly advantageous to achieve fast identification 
of cells, cell contours, and cell propagation, and to ex-
tract information on life cycles. First results indicate 
that the tool is helpful when decisions have to be made 
with respect to the definition of warning levels for se-
vere weather conditions. 

Fig. 11a displays the distribution of observed emis-
sion heights for another, similarly strong cell observed 
on July 29, 2005; IC+ emission is centered around 8 km 
height, and  IC- events peak at slightly higher altitudes, 
although the small difference is hardly significant. In 
line with the height observations shown in Fig. 6 one 

must realize that IC emissions can occur within the en-
tire  updraft region so that no distinct maximum is to be 

 
Fig. 11a. Distribution of 8,245 emission heights from IC events 
radiated from a strong-convection cell on July 29, 2005, in the area 
11°-11.5°/47.6°-48.1°, corresponding to an area of more than 2,000 
km² (height bin size 0.5 km). No significant difference of emission 
heights for IC+ and IC- is discernible. During the entire storm 
LINET localized more than 700,000 lightning events. 

 
Fig. 11b. Distribution of 381,000 emission heights from IC events 
located within the observation area on July 29, 2005 (height bin size 
0.5 km). Since large time intervals and space regions are summed it 
is not possible to discern fine details of emission heights as depicted 
in Fig. 6. High-altitude emission is detected but awaits an explana-
tion. 

found when data are accumulated over large areas and 
time intervals. For comparison, Fig. 11b shows the ac-
cumulated height distribution for all IC discharges lo-
cated in the observation area on July 29, 2005. No 
emission height below 2 km is obtained, although the 
evaluation procedure could give rise to any positive 
height value. By contrast, very high emission altitudes 
are repeatedly produced by the locating algorithm, 
which extend above typical cloud tops of severe storms 
(12-15 km above mean sea level, see Fig. 13) and, thus, 
are difficult to accept. At a first glance one may attrib-
ute the effect to increasing statistical height errors, es-
pecially of the weaker events which are detected by a 



Betz et al: Cloud Lightning: Detection and Utilization for total lightning measured in the VLF/LF regime   
Volume 2, 2007, pages 1-17  © JOLR 2007 (www.jolr.org) 

 

13

more limited number of sensors. Although errors of this 
kind must be expected the internal consistency of the 
TOA-results is too high to fully explain the problematic 
heights along these lines. In a forthcoming contribution 
a further possibility for systematic errors will be exam-
ined which relates to differing propagation conditions 
for high- altitude and ground emission within the near-
field region and may lead to an overestimate of the lar-
ger height values. 

 

 

 

 

 

 

 

 

 
 
Fig. 12. Reflectivity scan by the DLR research radar (POLDIRAD) 
for a storm cell on July 8, 2004, 16:11 UTC. Prominent areas of 
higher and lower reflectivity exhibit dominant IC events (white 
dots) and CG strokes (green and red dots), respectively. The radar 
site is situated in the South-West of Munich (11.28° / 48.06°, see 
Fig. 1). 

 

 

 

 

 

 

 

 

 
 
 
 
 
Fig. 13. Reflectivity from a vertical scan of the POLDIRAD radar at 
an azimuth of 100° from DLR for a storm cell on June 29, 2005, 
13:22-13:24 UTC. It can be seen that IC events (red dots) occur 
right in the area and height region with high reflectivity. CG strokes 
are shown in the bottom part (green dots). 

In this connection, it may be mentioned that Smith et 
al. [49] report VLF/LF emission heights up to 30 km 

for NBE’s. However, these are strong events with am-
plitudes above ~15 kA which represent, in the author’s 
analysis,  only ~1% of all detected waveforms. The au-
thors suggest that the surprisingly high altitudes may be 
associated with discharges between the upper charge 
layer of a storm and a screening layer of charge above 
the storm. More recently, the NBE’s in question are 
believed to reflect cosmic-ray induced discharges 
which differ from ordinary lightning [25] and may be 
related to severe weather. 

We can not yet tell in what way the measured 
VLF/LF emission heights are geometrically related to 
the corresponding channel; while for CG strokes the 
contacted ground provides a fixed boundary condition, 
IC channels develop ‘electrodeless’ in the clouds in be-
tween relevant charge regions. For this reason, the most 
simple assumption is to attribute the emission heights to 
the geometrical center of the channel, but at present it 
can not be completely ruled out that, depending on the 
detailed breakdown process, one or the other end of the 
channel emits dominant VLF/LF radiation; in analogy 
to the asymmetric situation for CG strokes one may 
speculate that this part of an IC channel dominates 
where the detected current wave starts to flow. Clearly, 
this topic needs further attention. Along these lines the 
question arises whether there is a statistical correlation 
between channel length and observed current. There is 
some hope that these issues can be investigated by our 
ongoing endeavor for simultaneous observations utiliz-
ing LINET and high-resolution 3D-VHF arrangements. 

It is elucidating to consider overlays between light-
ning and radar images; this method is quite common in 
severe weather observation and allows better assess-
ment of acquired data  [43]. Fig. 12 presents a compari-
son between LINET lightning locations and 2D radar 
observations of a storm cell scanned on July 8, 2004, 
16:11 UTC, utilizing high-resolution instrumentation 
(POLDIRAD) at the DLR research laboratory in the 
southwest of Munich. Two cell regions are discernible: 
the one in the southwest shows moderate reflectivity 
and contains mainly CG strokes, while the second cell 
in the North-East exhibits very high reflectivity and 
contains mainly IC events. In Fig. 13 the reflectivity is 
depicted as a function of the height (100° azimuth) for 
a storm cell observed on June 29, 2005, during the 2-
minute time interval 13:22 – 13:24 UTC. It can be seen 
that the IC events occur right inside the volume with 
highest reflectivity in altitudes between 5 and 9 km. 
Clearly, the combination between radar images and 
lightning locations offers valuable insight into the evo-
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lution of storm cells and proves the usefulness of com-
bined observation techniques. 

6   CONCLUSION AND PERSPECTIVES 

In the past, emphasis in VLF/LF lightning detection 
was put on the measurement of CG return strokes while 
the potential of IC discharges in this frequency domain 
was not greatly exploited. With LINET we provide an 
additional tool for quantitative detection of IC activity 
and, together with the equally efficient CG identifica-
tion, for total lightning observations in real time and in 
large surveillance areas. For a number of applications, 
thus, VLF/LF detection of ‘total lightning’ represents an 
alternative to VHF systems. For the sake of clarity we 
note that the presently described dense part of the net-
work is not vital to obtain the quoted advantages. Excel-
lent IC-CG discrimination remains possible inside the 
network area as long as sensor baselines do not exceed 
~200 km. Of course, larger baselines necessarily raise 
the lower amplitude threshold for detectable events and 
increase the height error. With the given dense network, 
it is shown that large numbers of IC signals can be 
measured especially in the low-current range down to 
~1 kA. We demonstrated that there is a large class of IC 
radiation which allow meaningful definition of the sign 
of recorded amplitudes. In addition, for each located IC 
event an emission height can be determined which re-
flects a yet unknown part of the discharge channel. 
Event rates, current distributions and height information 
are well suited to provide benefit for numerical thunder-
cloud models with respect to all involved electrification 
processes; the adjustment of model input parameters is 
facilitated by a comparison between quantitative model 
output and corresponding experimental results. Theo-
retical cloud models for ordinary lightning such as, for 
example, EMTM (Explicit Microphysics Thunderstorm 
Model, [32, 50-51]) with lightning parameterization 
could be used for a quantitative calculation of charge 
separation and subsequent neutralization processes. 
Among many microphysical output quantities charge 
density, electric field and charge in the lightning chan-
nels are computed and the actually observed IC rates 
could be exploited for adjustment of influential input 
parameters. In particular, the separate observation of a 
group of IC+ and IC- events and the associated current 
distributions may represent useful scaling data for nu-
merical model calculations of the evolution of electrifi-
cation and lightning processes.  

Another application of the increased LINET detection 
efficiency refers, for example, to the determination of 

lightning-induced NOx production. The recent EU 
campaign TROCCINOX – Tropical Convection, Cirrus 
and Nitrogen Oxides – in Brazil is now under evalua-
tion; lightning measurements have been described [45] 
and comprehensive results in atmospheric chemistry 
may be expected, especially on NOx-production based 
on airborne measurements and generalized on the basis 
of lightning event counts [13, 23]. Since LINET has 
been utilized for a variety of research projects in Ger-
many, Brazil, Australia, Africa, and started a permanent 
operation in thirteen European countries in 2006 [8], 
lightning data of almost identical quality has become 
available in different climate regimes. This enables in-
teresting comparisons between the respective lightning 
parameters of thunderstorms [22]. In addition, results 
from local networks can be studied and compared with 
LINET data. A challenging task is given by the scaling 
of global lightning detection networks by means of 
LINET. A first attempt was pursued regarding ZEUS, a 
long-range lightning detection system with 5 sensors in 
Europe [1]. Since ZEUS, just as other global networks, 
does not report signal amplitudes, sign, IC-CG dis-
crimination, and exhibits limited location accuracy, it is 
not known how many and what kind of events are actu-
ally measured. In order to shed light on the perform-
ance of ZEUS, a detailed comparison with LINET in 
Germany was carried out [14]. Again, it was advanta-
geous to use LINET because of its high efficiency, ‘to-
tal-lightning’ capability, location accuracy, and the IC-
CG discrimination power. Further work concerns the 
global scaling of NOx production based on a number of 
local measurements and scaled by means of LINET-
calibrated global networks [13]. 

Finally, it is worthwhile to draw attention to practical 
and operational applications of total lightning. We ob-
serve various types of IC waveforms in line with nu-
merous previous findings by many authors, but auto-
mated the detection procedure for continuous observa-
tion. Together with the high network efficiency for the 
reporting of low-amplitude signals we provide statisti-
cally significant signal classifications, representative 
for the larger part of actually occurring IC events. 
Among other applications, the described network fea-
tures lead to easier and faster recognition of storm cells, 
and allow relatively simple cell-tracking and some 
nowcasting of storm evolutions. Furthermore, registra-
tion of fast changes of IC event rates, including IC+ 

and IC- components, and their relation to CG stroke 
rates offer additional decision criteria for identification 
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of severe weather conditions and definition of warning 
levels. 
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