
General Comments  
This work is a quan�ta�ve, detailed effort to explain the physical mechanisms contribu�ng to site errors 
in magne�c direc�on finders used to locate lightning. The authors provide a clear, logical, and well-
organized presenta�on of the physical “steps” leading to the unwanted magne�c field seen by a near-
ground sensor that is produced by buried cables associated with the sensor. Briefly, these steps include 
propaga�on of the lightning-produced EM signal over lossy ground, coupling of the resul�ng field onto 
the buried cables producing current in the cables, and the resul�ng magne�c field produced by this 
cable current and sensed by the instrument. This all leads to angle-dependent errors in both the 
magnitude and inferred direc�on of the observed lightning magne�c field wavefront.  

The authors model all the steps in this process and evaluate their behavior in terms of the physical 
proper�es that influence site errors. The cable proper�es include cable length, depth, diameter, 
electrical proper�es, and grounding methods. Ground electrical conduc�vity is separately 
parameterized for the propaga�on path from the lightning discharge to the sensor, and for the local 
condi�ons at the site. The geometrical rela�onship between the conductors (assumed to terminate at 
the sensor) and the sensing loops of the sensor is parameterized in terms of separa�on distance and 
conductor depth in the ground. All-in-all, this is the first in-depth explora�on of cable-caused site errors 
that this reviewer has seen, and it is a clear and poignant scien�fic and technical contribu�on for those 
who strive to understand or improve the performance of lightning loca�ng systems employing 
magne�c direc�on finding.  

I have no major concerns/issues with the approach taken in this work or with the findings, but I do 
have some ques�ons, comments and “issues” that I would like to convey to the authors. I also have a 
number of minor and editorial comments and sugges�ons. These are enumerated in separate sec�ons 
below. I have seen the comments by the other reviewer (Mar�n Murphy), so I do not include issues 
that he iden�fied. 

The authors are thankful for the very posi�ve first assessment. In par�cular, they wish to thank Kenneth 
Cummins for the me�culous inspec�on and the careful lis�ng of the issues and comments. Based on 
this valuable input, the manuscript has been improved and re-examined once more with respect to the 
plausibility of individual steps, the selec�on of parameters, and the overall rigor of the methodology. 

Scien�fic/Technical Ques�ons/Comments/Issues 
1. One over-arching issue for this reviewer is the number of analyses that were carried-out before 

providing results for a simple “bare wire” case in Fig. 14. It is my understanding that that it is 
common prac�ce to place a bare wire 20-30 cm directly above the insulated power and 
communica�ons cables, to serve as lightning protec�on for these cables. Given the clear 
benefit of this for also reducing site errors, it was surprising that the analyses for field-to-cable 
coupling and scatered field values did not include this condi�on. The authors may have 
reasons for this. 

Indeed, this prac�ce was not always followed. Ini�ally, it was considered for many of the sensor 
supplies, but a�er re-loca�ng sensors, it may have been omited due to �me constraints, cost 
reduc�on, or simply for the sake of simplicity. Further, the most interes�ng sensor inves�gated for its 
site-error behavior (see Fig. 19) also does not have a bare wire above it. The authors were aware from 
the outset, that even the very simple scenario of induced currents and site-errors for a straight sensor 
supply cable, whose diameter is assumed according to the shield diameter including the jacket 
(insula�on), respec�vely a simple bare-wire in comparison, would already cons�tute a very extensive 
study. More complicated scenarios, such as the one with a protec�ve conductor on top of an insulated 



supply cable, would have made the paper significantly longer. This is because addi�onal factors would 
have to be considered, such as the coupling between the bare conductor and the power supply cable 
(shield), the termina�ng condi�ons, and the resul�ng reflec�ons due to addi�onal current paths. 
However, as the impact on the results is of considerable interest, this scenario is planned to be treated 
in a future study. 

2. A ques�on for the authors: do you know if the case of a bare wire above the insulated cables 
will produce the same coupling behaviors as a bare wire by itself? I am not sure about this. 

This is a very interes�ng ques�on, which will definitely be addressed in a future study due to its 
per�nence in the applica�on. However, as stated in our answer to your Ques�on 1, this was not 
considered in the simula�ons yet. Thus, we are not able to give a defini�ve answer to this ques�on at 
this �me. Since the present study demonstrated that the overall simula�on methodology is capable of 
reproducing site errors in very good agreement with reality for a sensor that is very specific in its 
installa�on (sensor supplied by a 600-m long supply cable in open terrain with a grounded cable shield 
at the sensor-side), a future study can focus on the details of specific installa�on schemes. These may 
include configura�ons with a protec�ve bare wire of various lengths, nearby metallic structures, or 
addi�onal supply cables of various lengths, as well as more complex real-life scenarios such as supply 
cable paths devia�ng from a purely straight geometry (see Ques�on 3). 

3. The s�mula�ng content in this study has caused me to think about unusual geometries for the 
underground cables to the sensors. What about a long cable coming towards the sensor, but 
offset laterally by about 6-8m. Then, at the appropriate distance, the cables could make a ~90-
degree turn to go to the sensor? The long cable would be far enough away to produce a 
minimal site error (see your Fig. 16), and then the short cable near the sensor would have much 
less coupled current and its site-error would be out-of-phase with the long cable’s contribu�on. 
Comments?  

Excellent ques�on. This is actually a very common sensor-supply scenario. In one case in Austria, a 
sensor was re-located in a way that the supply cable made a 90° turn and had an even larger offset 
from the longer part of the cable than the 6-8 m discussed here. This led to significantly higher site 
errors (according to Wolfgang Schulz). The simula�on of such a scenario will need to take into 
considera�on: the addi�onal coupling of the short cable segment (in addi�on to the induc�on along 
the long part of the cable), linear superposi�on of all individual induced current components, the 
mutual inductance near the 90° turn, etc., and the contribu�on of all current elements to the magne�c 
field at the sensor head according to Biot-Savart’s law. Even though the induced current for the short 
segment itself may be small (for a very short “stub”), the induced current of the long cable will s�ll flow 
around the corner and exhibit equally large values (unless the shield is disconnected from ground at 
the sensor-end of the cable). This scenario therefore needs special considera�ons, in par�cular in the 
simula�on code, and could be inves�gated alongside the future study on the coupling in presence of a 
parallel protec�ve conductor (bare wire). 

4. Frequent use of 0.001 and 0.0001 S/m conduc�vity may not align well with typical LLS 
loca�ons. Star�ng with Fig. 7, many of the simula�ons employ this very-low local near-surface 
electrical conduc�vity. It would be appropriate to jus�fy this early in the manuscript. In my 
experience, this value only exists for dry or non-porous rock.  

Thank you for the comment. It is indeed important to clarify the choice of the ground conduc�vi�es, 
which where typically chosen in the range of 0.1·10-3 - 1·10-3 S/m. This choice is based on ITU-R Ground 
Conduc�vity Atlas (htps://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.832-3-201202-S!!PDF-E.pdf) 
where most sensor loca�ons in Austria exhibit ground conduc�vi�es within this range. Some parts of 
Austria exhibit higher average conduc�vi�es, exceeding 1·10-3 S/m and reaching values of 10·10-3 S/m. 
However, wave propaga�on paths across Austria o�en cross rocky terrain  with low conduc�vi�es (see 
footnote on page 11 for Germany in the Atlas), and the mountainous terrain further disperses the 
fields. The Finnish sensor considered for the results of Fig. 19 is also located in an area with 0.3-1·10-3 

https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.832-3-201202-S!!PDF-E.pdf


S/m conduc�vity. Swampy areas can exhibit ground conduc�vi�es of around σ=10·10-3 S/m 
(respec�vely a resis�vity of around ρ=100 Ωm), depending on soil moisture, depth, and seasonal 
conditions (see, e.g., Coelho et al., 2015: Sciencedirect Link). Even higher  values of about σ=100·10-

3 S/m (ρ = 10 Ωm) or higher have been reported in certain environments, such as Sumatra 
peatlands (this manuscript) measured using the Electrical Resis�vity Tomography (ERT) technique (see 
also page 120  in this manuscript (Link) for a survey of a sludge deposit. In contrast, a survey of a garden 
field in Burmingham, UK (page 118 of the same manuscript) shows resis�vi�es in the range we 
considered, though with pronounced inhomogenei�es). Since our study focuses on various geographic 
areas, a range of conduc�vi�es should be taken into account in our simula�on scenarios. The 
manuscript now addresses the choice of the ground conduc�vity value(s) at the end of Sec�on 2.1 as 
follows: Since σloc has a significant influence on the horizontal E-field, the coupling mechanism and, 
ultimately, the resulting LLS sensor site errors, values on the order of the expected (local) ground 
conductivities should be assumed when simulating a particular site. Although strong variations in local 
ground conductivities are generally expected even within small volumes near the cable (see for example 
(Rizki Ramdhani et al., 2020) or (Loke, 2001)), regional ranges of estimated ground electrical 
conductivity values are available in the World Atlas of Ground Conductivities (ITU 
Radiocommunication Assembly, 1999). 

5. The simulations typically used a fixed propagation distance and then varied the path 
electrical conductivity. It might be helpful to state that for a path with fairly uniform 
electrical conductivity, shortening the path length by some percentage is 
approximately the same as decreasing the electrical conductivity in the same 
proportion. SO – nearby lightning will have more high-frequency content than distant 
lightning. This should therefore change the site error magnitude as a function of 
distance, given the right mix of conditions. Might this be worth stating?  

Thank you for the sugges�on. This was added to the document in Sec�on 3.1 (addi�on highlighted in 
orange): As can be seen, the higher the conductivity, the lower the attenuation and dispersion. Lower 
values for the ground conductivity lead to more attenuated and dispersed fields with longer rise times 
(about 2 μs, 4 μs and 10 μs for the orange, green and red curve, respectively). It is worth noting that the 
frequency-dependent attenuation function (1) is also a function of distance: the farther the field 
propagates, the greater the attenuation and dispersion. Thus, for closer lightning strikes, the fields retain 
more of the high-frequency content and exhibit shorter rise times, e.g., at 50 km compared to those 
depicted in Fig. 7  for 100 km. 

 

6. I am confused about Fig. 11, although I may have figured out some of the issues. In 
both panels in Fig. 11, the legends say “L = nnn”, but I think that it should be “x = nnn”. 
If these are really positions along the line, then it should be stated in the caption or 
the body of the manuscript. Also, the text states that the peak current at the line end 
in Fig. 11(a) is 82 mA, but it looks like 100 mA. For both Fig. 11 a &b, I am unable to 
reconcile the 15-20 microsecond periodicity in the current waveforms. Why does this 
periodicity exist for the cable grounded at both ends (11a)? This period also seems 
quite long, given that the round-trip time to one end and back, at the speed of light, is 
about 3 microseconds. A discussion of this would be helpful.  

Thank you for the important input and the ques�ons – the legend naming was indeed confusing and 
should read x=… which was corrected in the revised version, and the figure cap�on was adapted to 
”Shield currents of an insulated cable of 450 m length at various locations x responding to a distant 
(100 km) lightning-incident field, as shown in Fig. 7 for σp = 10·10-3 S/m, σloc = 10·10-3 S/m. Burial depth 
d = 1 m.”. The peak current value of 82 mA at the line end was a remnant of a previous graph generated 
with a different set of parameters and was not updated to match the new graphs. Thank you for 
catching this! Regarding the second ques�on, how the significant changes in the current waveform and 
the periodici�es, it is important to highlight that the propaga�on speed is not the speed of light but 
rather the velocity of an EM field propaga�ng in the ground with a rela�ve permi�vity of εrg=10, i.e., 

https://www.sciencedirect.com/science/article/pii/S037877961400282X?via%3Dihub
https://ejournal.aptklhi.org/index.php/ijfr/article/view/468/131
https://sites.ualberta.ca/%7Eunsworth/UA-classes/223/loke_course_notes.pdf


approximately c0/√10 which is about one third of the speed of light. This velocity is further reduced by 
the dielectric proper�es of the insula�on (cable jacket), with higher rela�ve permi�vity causing greater 
reduc�on. As reported by Bridges, 1992, the wave vector k, and thus the velocity, is further perturbed 
by losses, i.e., with changing electric ground conduc�vity σg. When interpre�ng the propaga�ng fields, 
two factors must be considered: (1) This effec�ve propaga�on velocity, and (2), depending on the line 
length, the frequency content of the impinging field (sharp versus smooth transient fields). Under 
certain condi�ons, the superposi�on of forward- and backward-travelling wave components may 
become difficult to dis�nguish in the resul�ng waveform, in par�cular when atenua�on due to losses 
cause significant dispersion.  

 
Figure 1: Z1 = 0 Ω (short circuit) and Z2 = 1e6 Ω (open end), σg = 10-5 S/m. d = 10 cm, εrd = 3, εrg = 10. 

We can demonstrate this in this document by presen�ng a plot for a very sharp transient (with sub-
microsecond rise�me) illumina�ng a cable that is located close to the surface (10 cm below ground), 
in a very low conduc�vity soil (σg = 10-5 S/m). In this case, current dispersion during propaga�on is 
minimal (see Figure 1). Further, to highlight reflec�on phenomena, the line length is chosen to be L = 
1000 m, terminated by Z1 = 0 Ω (short circuit) and Z2 = 1e6 Ω (open circuit). The current profile is 
sampled every 100 m. Under these condi�ons, the effects of the two traveling waves (forward and 
backward) and their reflec�ons can be clearly dis�nguished in the current waveforms at different 
distances. For the simula�on results shown in Fig. 11, such dis�nc�on is no longer possible due to the 
longer rise�me, the chosen ground and line parameters, and the resul�ng dispersion/atenua�on. 
Nevertheless, some reflec�on effects of the main travelling wave(s) are s�ll visible in Fig. 11, for 
example, at about 10 μs at x=450 m, where the current drops from 90 mA to 40 mA. 



7. It seems that there is a difference between the insulted wire current waveforms for 
L=100 in Fig. 12 (red waveform) and Fig. 14a (blue waveform). The amplitudes, fall 
time, and subtitles in the shape all differ.  

Yes, the difference lies in the chosen set of parameters. Instead of ρp = 10·10-3 S/m as in Fig. 12, a value 
of ρp = 1·10-3 S/m was used. For ρp = 10·10-3 S/m, the waveform would have approximately matched 
with the L=100m case of Fig. 12, though not fully, since in Fig. 14, the incident angle was φ = 30° rela�ve 
to the cable (aligned in x-direc�on), instead 0°. More informa�on on the parameters was added to the 
figure cap�on. 

8. Figures 17 &18 are very nice illustrations, but the parameter domains may not be 
ideal. The “short” risetime associated with 0.001 S/m does not provide the likely 
subsequent stroke risetimes seen at 100-200 km, and the “long” risetime case 
seems unrealistic. Also, inclusion of 0.00001 S/m in the domain for the local 
conductivity is probably unnecessary, and produces unstable behaviors.  

All the fields were computed assuming typical subsequent RS waveform shown in Fig. 4, which is 
frequently employed in the literature. The “short rise �me case” of Fig. 17 associated with 0.001 S/m 
(i.e., about 4 μs) equals approximately the median rise �me that the sensors measure in Austria for 
subsequent RSs. In general, we see litle difference between subsequent RSs (median 5.3 μs) and first 
RSs (median 6.2 μs). The “case-study” sensor in Finland, whose site error was reproduced, even exhibits 
a median rise �me of 8-9 μs, as stated in the cap�on of Fig. 19. Thus, the two rise�me cases inves�gated 
in Fig. 17 and 18 align well with empirical data. The inclusion of 10-5 S/m covers environments where 
rocky terrain dominates the sensor’s, a scenario once observed in Mallorca, where a mountaintop 
sensor exhibited +/- 40° site errors. In that case, numerous metallic structures surrounded the sensor. 
Further, the authors do not think that instability is an issue. The purpose of Fig. 9 was to show that the 
computa�onal codes that evaluate the ground penetra�on yield correct results (valida�on by means 
of FDTD simula�ons). The coupling code itself is also stable and was tested against the results from 
Tesche et al.’s book: EMC Analysis Methods and Computa�onal Models, Chapter 8.6. It faithfully 
reproduces the currents for the case of 10-5 S/m and a 100 m long line, see Figure 2. 



 

 
Figure 2: Code validation for the computation of field-to-transmission line coupling. Top graph: reproduces the results of 
the bottom graph (Tesche for 10-5 S/m 

 

 

Minor/Editorial Comments/Sugges�ons  
9. Line 29: suggest changing “are network of sensors” to “include a network of 

sensors”, since an LLS is more than just sensors. Changed 
10. Line 33: misspelling of “Cooray”. Corrected. (Thank you – this misspelling was owed 

to a bad entry in the literature software, which was corrected hereby as well) 
11. Line 35: (picky point) - I note that Vaisala’s IMPACT LLS’s use the absolute time of 

arrival, relative to the estimated discharge time, rather than time-differences 
between sensors. Thank you for the comment – this information will however not be 
included in the paper. 

12. Line 48: suggest adding “additive” after “spurious”. Great idea! This was added. 



13. Lines 49-50: suggest eliminating “at the sampling instants”, since the spurious fields 
superimpose on the whole waveform. Removed as suggested 

14. Line 54: suggest adding “nearby” before “ground”. Added 
15. Line 69: suggest changing “serves as an estimator for” to “is used to produce the 

estimated” Adapted 
16. Line 72: The second half of this line, starting with “respectively”, does not seem to fit 

here. Wrote “as the results presented in Section 3.3 of the present study show” and 
removed it from the parenthesis 

17. Line 105: suggest changing “shield currents” to “cable currents” or something like 
this, since a bare wire is one of the conditions. Adapted 

18. Line 108: suggest changing “MDF techniques to locate lightning.” to “magnetic fields 
to locate lightning and/or estimate peak current.” Adapted 

19. Line 112: suggest adding “cable grounding method” to the list Thank you for the 
suggestion! Was added to the list 

20. Line 249: suggest changing “introduces an error to” to “adds a spurious term 
beyond”, or something like this, since it does not change the true incident field. 
Adapted 

21. Line 326: unnecessary line break after “shows”. Yes, this was owed to a graphic 
previously placed there. Thanks, the line break was removed. 

22. Line 329: should this be “line end”, and not “cable end” ? Better indeed! Was 
adapted 

23. Line 330: Should the percentage be 60%, rather than 75%? Thank you for pointing 
out this error. It should have indeed read 60%! 

24. Lines 336-7: suggest changing “local conductivity on the site reduces” to “local 
conductivity is lower”. Yes, this is better. Was adapted. Thank you! 

25. Line 351: suggest changing “distance of the MDF to” to ”vertical separation between 
the MDF antennae and”. Adapted  

26. Fig. 15: I cannot find the cable length that was used for this study Thank you for the 
note. It was L = 100 m. The info is now contained in the figure caption 

27. Caption for Fig. 13: The first line of the caption says “site errors”, but it is actually the 
magnetic fields Correct. Magnetic field is more accurate! 

28. Line 364: might want to say “contributes to H_sampled” rather than H_y, since the 
scattered field does not change H_y. Indeed, the wrong word was chosen. Correct 
would have been “is a y-component that adds to” instead of “contributes to”. 
Corrected! 

29. Lines 377 to 381: This might be a good place to note that there will also be high 
frequency content in the incident field when the propagation distance is short, as long 
as the sensor bandwidth accommodates the higher frequencies. Thank you for the 
suggestion, a sentence was added as follows (addition highlighted in orange): While 
incident fields with very high-frequency content (i.e., short rise times), combined with 
very low local ground conductivity σloc and long cables, may occur in reality, such 
scenarios are rare. Nevertheless, this possibility should not be overlooked, because, as 
explained in Section 3.1, lightning discharges occurring close to the sensor also contain 
high frequency content, and thus short measured rise times can be expected. 

30. Line 390: suggest changing “such as” to “including”, since this is what you have 
done.  Adapted 

31. Line 416: The text states “distance to the cable”, but it would be more precise to say 
“vertical distance to the cable.” This wording occurs in other places in the 
manuscript Adapted throughout the work 



32. Line 434: It would be clearer to say “propagation path ground conductivity” instead 
of “ground parameters” Partly adapted (only, if just σloc was concerned, but εr,g not) 

33. Line 443: does this simply repeat what is stated at the end of the previous 
paragraph? Good observation. There was indeed some repetition present. The 
sentences/paragraphs were merged and part of it removed. Having both ends 
grounded, where the largest currents can flow, represents the worst-case scenario for 
LLS sensor site errors. This analysis deliberately focuses on this worst-case scenario 
with the aim of understanding the primary interrelation between the influencing 
parameters. 

34. 467-469: Does this statement also apply to the bare conductor case? This is 
explained in the last bullet point 

35. Line 486: suggest adding “local” before “ground” (also in other places in the 
manuscript) Adapted 

36. Line 487: suggest changing “left to the peak” to “left of the peak” or “before the 
peak” Adapted 

37. Line 545: should probably say “above the cable”, rather than “from the cable”. This 
addresses my Comment 1 above! Might not be needed if you know the answer to my 
Comment 2. The sentence was slightly reformulated: Future studies should consider 
the impact of a follow-on bare wire, such as horizontal electrode placed in close 
distance above or next to the cable. In (Theethayi and Thottappillil, 2007), a follow-on 
bare wire in a horizontal distance of 10 cm was shown to significantly reduce the 
internal voltages between the core and the cable shield. 

38. Line 556: please add “local” before “conductivities” Adapted 
39. Lines 562-3: should this be clear about the difference between grounding at both 

ends, vs. just grounding at the end that is far from the sensor? You discuss this at 
Line 613-615, but it is not made clear as part of the study. “the difference between a 
grounded and a floating cable shield at the sensor end,” has been added to the list. 
Thank you for the note! 
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