Anonymous referee#1: The manuscript is well written even if some clarifications are required. | think some additional
parameters should be inserted in the figures. Please find below some specific comments.

-Line 19. One should not forget that the 3D structure of the flashes might be different in winter compared to the one in
summer. This is correctly pointed out by the referee and will be mentioned in the text as an additional potential
reason: “An obvious decrease is observed in the percentage of outliers during May-Sept, compared to the other
months of the year. This feature could be related to the fact that more sensor upgrades occur during winter or
because precipitation of winter thunderstorms is more difficult to detect with the weather radars. In addition, the 3D
structure of lightning flashes in winter compared to summer is somewhat different (Lépez et al., 2017), which could
increase the difficulty to locate those in winter accurately. [Full reference: Lépez J.A., Pineda N., Montanya J., van
der Velde O., Fabro F., Romero D.: Spatio-temporal dimension of lightning flashes based on three-dimensional
Lightning Mapping Array., Atmospheric Research, 197, 255-264, 2017].

-Line 38. Is there a missing word after “more”? Correct, the word “important” was missing.

-Lines 64-67. Why only these two regions? And not a larger domain covered by both EUCLID and the European radars?
The following will be added to the summary: “The latter two regions were chosen specifically for their difference in
topography and because high spatial and temporal resolution radar data were readily available. However, a similar
approach can be performed in the future on a larger spatial scale, based for instance on the radar composite
imagery produced by the Eumetnet Operational Programme for the Exchange of Weather Radar Information
(OPERA, Huuskonen et al. 2014) and related EUCLID domain” [Full reference: Huuskonen, A., E. Saltikoff, and I.
Holleman, 2014: The Operational Weather Radar Network in Europe, Bull. Amer. Meteor. Soc., 95, 897-907,
https://doi.org/10.1175/BAMS-D-12-00216.1]

-Line 98. Please provide some physical and/or technological explanations on your statement that “timing only sensors often
increase the number of outliers”. The following will be added to the text: “Timing only sensors often increase the
number of outliers if those are used in solutions determined by two or three sensors only.”

-Line 108. What do you mean by “overshooting beams”? Please rephrase. The text will include following explanation:
“Moreover, since the height of the radar beam above ground increases with increasing distance from the radar,
precipitation can be underestimated or even undetected at far range by overshooting when precipitation is
produced below the height of the lowest radar beam.”

-Lines 108-113. | suspect the precipitation product you have been using has been validated. It might be relevant to provide
some references on such validation in your paper. We agree completely with the referee. The radars used in this study
are well calibrated. This can be done in different ways using the internal test signal, intercomparison of multiple
radar observations in oberlapping areas, ... Most of those tests are part of the operational work done at RMI and
Austro Control and are not published. Anyway, the validation for Belgium of the product used in the manuscript is
presented in Goudenhoofdt and Delobbe (J. Hydromet., 2016) where it is referred to as the QPE1 product. The
product used for Belgium is not a quantitative precipitation product. It is actually a reflectivity product, with a
simple Z-R relation to produce rainfall rates. The product is used in this study to detect the presence of
precipitation and not to estimate the intensity. For more information on the validation of the Austrian composite,
the interested reader will be referred to Kaltenboeck and Steinheimer (2015).

-Line 109. Is the Marshall-Palmer relationship valid whatever the precipitation regime? | suspect in your case you are more
interested in low precipitation amount where potentially you might find the lightning outliers. So do you think that the radar
product used here is sensitive enough to deliver a reliable and accurate product for your investigation? Why did you choose
a radar-based precipitation product and not for example the reflectivity composite? Discharges are not only propagating
where precipitation occurs (e.g. spider lightning). So | wonder if your choice to use the radar-based precipitation product
does not lead to a larger uncertainty. Do you have any comment? As written above, the radar products used in this
work are actually reflectivity products, with a simple Z-R relation to produce rainfall rates. As a lower threshold a
reflectivity of 12dBZ is used, which translates to a rainfall rate of 0.2mm/h using the Marshall-Palmer relation. Note
that radars easily can measure much smaller values. However, to eliminate non-meteorological echoes the
threshold is set at 12dBZ. Precipitation associated with thunderstorms generally produces much larger reflectivity
values. We note that ‘bolts from the blue’ (which are rare events) will be classified as outliers by our method, but
will be so as well using for instance satellite products. Moreover, satellite information will introduce uncertainty as
well since cloud tops can shift by strong high altitude winds and layers of high clouds might overlay structures
below.

-Lines 116-127. How is the advection taken into account as a 5-min precipitation product is generated? And how do you take
into account the advection in your lightning data? At which altitude does the radar-based precipitation product correspond?
No advection correction is performed in Belgium and Austria. However, this is not an issue since different (2, 5, and
10 km) spatial tolerances are used for the distance between precipitation and lightning location. The height of the
radar-based precipitation product corresponds to 1500 m above sea level for Belgium. The product used in Austria
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is a vertically maximum surface projection, thus taking any signal into account at any height. This guarantees
convective cell detection in complex terrain such as the Alps.

-Lines 130-143. Same questions as for lines 116-127. How is the advection taken into account? At which altitude does the
radar-based precipitation product correspond? Is the precipitation product comparable in terms of accuracy for both domains
of interest? See previous comment + the spatial resolution of the radar product is 500m and 1000m in Belgium and
Austria, respectively.

-Line 146. How is the radar-based precipitation distributed in those two domains? Are they geographically uniformly
distributed? The precuipitation is not homogeneously distributed over those both areas. In both regions, precipitation is
not homogeneously distributed. More info can be found in Goudenhoofdt and Delobbe (2016) for Belgium and
Kaltenboeck and Steinheimer (2015).

-In Figure 4, you are giving the spatial distribution of the % of outliers. | would have added with iso-contours (in white) the
actual lightning distribution from where you computed the %. Very good idea. However, plotting iso-contours on top of
the spatial distribution of percentage of outliers turns out to make the figure hard to read. We therefore opt to
change the figure as follows, with on the left panels to total lightning density [[km2/year] and on the right the spatial
distribution of the percentage of outliers. For Belgium, densities vary between 0.8 and 11 strokes km?yr” with a
median value of 3.4 strokes km?yr" at 10km x 10km resolution. Overall the densities in Austria are somewhat
higher compared to Belgium resulting in a median value of 4.4 strokes km™yr™'. The highest total lightning densities
are found towards the southeast of Austria with a maximum of 22 strokes km?yr™.
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-Lines 148-149. Again how did you take into account the advection of the precipitation and of the lightning activity? The
radar product is provided per 5-min period. How did you select the lightning data within that 5 min period and how does it fit
with the way the radar product is built? We have taken the 5min lightning data corresponding to the start and end time
of the radar scan. The text will be slightly adapted to make this more clear: “Subsequently, CG strokes and IC
pulses with timestamps within the start and end time of the radar scan are superimposed on the corresponding 5-
min radar precipitation fields.”

-Lines 151-152. Again this suggests that precipitation at the ground is required to verify the lightning data. How are we sure
that precipitation is always required where lightning flashes occur? Please provide some arguments to strengthen your
methodology. | think a similar analysis using the reflectivity composite should be performed in order to identify cloud-free
outliers to in-cloud non-precipitation outliers. At which stage of the lightning flash do the lightning outliers correspond? We
do make use of “complete” composites, i.e. if one of the radars did not participate in a 5-min composite then this



composite is not used at all. Our methodology makes use of radar data, and thus precipitation/reflectivity is
required (but not at ground!, see answer related to your remark for Lines 116-127) to discriminate between the
outliers and well-located lightning events. However, we admit that lightning produced by “dry” thunderstorms or
bolts from the blue will be misclassified as outliers. Nevertheless, we believe that this particular phenomenon is
extremely limited. We think that a methodology based on satellite cloudiness products would not allow a proper
identification of outliers. Note that the majority of the lightning outliers are single-stroke flashes. The drawback of
the used method will now be mentioned in the summary.

-Line 153. | suspect you have projected the lightning data on the same temporal and spatial grid as the radar data, right?
This is Correct.

-Figure 3. Could you please plot as well the number of CG strokes and IC pulses in order to see how your dataset spreads
over the years. The following figure will be included in the manuscript. It plots the total (CG + IC) amount of
detections as a function of a) year and b) month in Belgium and Austria. With regard to the IC detections, one
notices a sharp increase in 2016 in Belgium and from 2015 in Austria. This increase is not climatological in nature,
but is attributed to the increased amount of LS700x sensors in EUCLID and its capability to detect IC pulses in the
low-frequency domain. Looking at the distribution of the total monthly stroke count, it is found that peak in activity
is observed in June and July for Belgium and Austria, respectively. For both regions about 95% of all the observed
lightning activity occurs between May and September.
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-Lines 161-163. Am | correct when | say that you did not try to associate the outliers with “correct” events based on a time
criteria for example? | wonder if a time criteria should not be added to your analysis in order to dissociate isolated events to
outliers mis-located from a group of events. Point well taken. The following figure, which will be added to the paper,
plots the distribution of the time difference between the outliers and its closest ‘ok’ event (in time) for a) Belgium
and b) Austria. We would argue that all the outliers lying within 1 second of an ‘ok’ event are simply badly located
lightning events (~65%-70%), whereas those larger than 1 second (~30-35%) are outliers in time and space or so-

called ghost outliers. We find that everything is quite independent of polarity and classification for Belgium and
Austria.
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-Line 185. See comment on Line 146 for Figure 4. Figure 4 has been changed: see above

-Lines 194-196 Could not we say as well that the October-to-April flashes might have different vertical and horizontal
structures that make them detected by EULCID sensors with more difficulties? One should not only criticize the radar
sensibility or the sensor upgrade. True, we will add this as an additional potential reason (see above).

-Lines 203- 204. | understood that the two geographical domains you have been studying should not really suffer of any long
range issue. Am | right? Correct, the domains are chosen specifically to reduce those kinds of effects to a minimum,
if any.

-Line 208. “which” instead of “wich”. OK, typo will be adapted in the text.

-Lines 212-214. | agree with you on the climatology point of view, but then it depends on the application you want to do with
your outliers data. Thanks for your comment. However, we feel this is exactly what is written in L212-213.

-Lines 217-219. This confirms the interest of considering a temporal criterion in your analysis in order to discriminate isolated
(in time and space) outliers to isolated in space only outliers. What do you think? Thanks for this idea (see fig. above)

-Figure 6. Without the actual number of events considered for each year, it is difficult to identify how statistically
representative is the dataset you are studied in Figure 6. Could you please add that information? We have added an
additional figure showing the number of events per month and per year for both domains (see fig. above)

-Line 228. What the % of outliers with an absolute current above 20 kA? “The percentage of CG outliers with absolute
peak currents above 20 kA is a factor of about three lower compared to the total percentage of outliers found within
|0-20| kA, and is a factor of 15 lower in case of IC. The larger drop in case of IC results from the lower amount of IC
events with absolute peak currents larger than 20 kA compared to CG events.”

-Line 238. | would add “positive current outliers” instead of “positive outliers”. Thanks for the comment. We will adapt to
the terminology of the negative event and write “positive IC and CG outliers”.

-Lines 228-238. | have a question about all those low current events. How confident are you in their detection and on their
classification not only in terms of IC or CG but also in terms of polarity? We do not present any data on polarity errors
because by comparing LLS data with independent E-field measurement data we have never observed such errors
since we started those measurements (see Schulz et al. 2016: The European lightning location system EUCLID:
Performance analysis and validation). With respect to the IC/CG classification, very recently Kohimann et al. looked
into the classification accuracy (CA) of EUCLID and found that CA varies between 89% and 97% for years 2012 and
2015 in Austria. [reference: H. Kohlmann, W. Schulz, and S. Pedeboy: Evaluation of EUCLID IC/CG classification
performance based on ground-truth data; to be presented during the International Symposium on Lightning
Protection SIPDA, October 2017]

-Lines 238-253. How accurate are the event locations when two lightning sensors are only used? Do you usually keep
flashes detected with only two EUCLID sensors? Have you plotted the same parameter but by range of current? | would like



to see how the number of lightning sensors influences the detection of the outliers according to their estimated current. You
could plot it with 2D cumulative distribution. It is clear that the more sensors participate in a solution, the more
accurately detected the lightning event will be. The percentage of events detected by only two sensors is ~10% and
~30% in case of CG and IC, respectively, as can be deduced from Fig. 8. Thus, the majority of the events are
detected by more than two sensors. Obviously, the higher the peak current of a lightning event, the higher the
number of sensors reporting the event. It is therefore clear that low number of sensors reporting is for low peak
currents.

-Line 257. Do you see any difference between IC and CG outliers separately? There is a slight difference, which was
mentioned in the same paragraph as follows: “Although not shown in this plot, it is found that the average SMA for
CG strokes is smaller by a factor of two compared to IC pulses. This is expected since more sensors participate in
a solution for CG strokes compared to IC pulses as discussed in Fig. 9.”

-Lines 256-259. Do you have a way to get the number of events that were rejected by the central processor for the period of
data you have studied? Thanks for your comment. However, we don’t see exactly what it will bring to our study.

-Figure 9. The number of samples per SMA range would provide an idea on the statically representativeness of the dataset
used here. Please add that parameter in Figure 9. We have added this information in the following plot:
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-Figure 9 (continued). Similarly to what | suggested for Lines 238-253, have you looked on how the SMA is distributed
according to the number of lightning sensors used to locate the different event categories? If yes, what are your main
conclusions? If not, please take a look on that plot and provide some information in response to the present comment. The
SMA is indirectly related to the number of sensors reporting. Thus, small SMA values are related to a high number
of sensors reporting. From the above plot, it means that ~ 30% and 40% of the outliers exhibit a SMA between [0-1]
km for Belgium and Austria, respectively, and are therefore detected by a high number of sensors.

-Lines 265-267. | do not understand your statement. Please explain it. To avoid any misunderstanding/confusion and
since no results are shown related to XZ anyway, we chose to simply remove L266-268 from the text.

-Lines 280-281. | would insert the actual numbers, i.e. outliers and total number of samples. The total number of
“samples” (as a function of year and month) is now included in an extra plot (see above) and will be mentioned in
the text related to the figure.

%%% End of review



K. Naccarato (Referee)

It is an interesting analysis of lightning solutions provided by the EUCLID network that sometimes
do not accurately match the precipitation patterns given by weather radar images. The manuscript
is well written, figures are clear and well explained and discussions are comprehensible. Anyway, |
have some comments on 3 specific points:

1) In line 84, I really do not understand the sentence: “Note that the latter values are impacted by

the strict location quality criteria and correct required stroke classification, i.e. CG versus CG, used
in the analysis, as well as temporary sensor outages during the measurements campaign . Please

clarify.

We would add following info to the text to clarify what we mean: "To retrieve the latter
values, only those strokes are used in the analysis that match certain quality criteria such as
¥2, a measure for the correspondence between the different sensor measurements, and semi-
major axis of the confidence ellipse, and received a correct stroke classification as CG by the
central processor. Those strict criteria, as well as temporary sensor outages during the
measur ements campaign, can impact the DE estimates given in Schulz et al. (2016). "

2) From line 193 to 213, the authors discuss the results of Figure 5 which mainly shows the
seasonal variation of the percentage of outliers. According to the data, clearly during the winter
time there is an increase in the number of outliers due to mainly 2 factors: (1) sensor upgrades that
provides only TOA solutions during the calibration period; (2) low reflectivity of the precipitating
systems due to their smaller size and depth. However, the discussion is confused and | cannot clear
understand the apparently 2 opposite effects and their importance (or not): (1) the higher percentage
of outliers during winter and (2) the higher absolute number of outliers during summer. This
discussion must be rewritten to improve clarity.

- Maybe the confusion was caused by the fact that in L193 (and in the caption of Fig. 5) was
written that the “number of outliers” is plotted as well. This is in fact not the true: the
absolute number of total detectionswas plotted. Related to a similar comment of referee 1, we
will add following figure to the text, showing the total (CG + IC) amount of detections as a
function of a) year and b) month in Belgium and Austria.
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Figure 3: Distribution of the a) annual and b) monthly CG and I C counts as observed within the areas indicated
over Belgium and Austriain Fig. 1.



In addition, the original Fig. 5 becomes now:
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Figure 6: Monthly distribution of the total (CG + IC) percentage of outliersin a) Belgium and b) Austria, for
search radii of 2, 5, and 10 km, respectively.

- In order to removethe confusion, we plan to make some changes to the paragraph related to
the monthly distribution of outliers as follows: “Fig. 6 illustrates the monthly variation of the
percentage of outliers. An obvious decrease is observed in the percentage of outliers during
May-Sept, compar ed to the other months of the year. This feature could be related to the fact
that more sensor upgrades occur during winter or because precipitation of winter
thunderstorms is more difficult to detect with the weather radars. In addition, the 3D
structure of lightning flashes in winter compared to summer is somewhat different (Lopez et
al., 2017), which could increase the difficulty to locate those in winter accurately. Regarding
the sensor upgrades, those often result in disabled angle information because systematic angle
errors, i.e. siteerrors, are at first unknown and the correction takes a while because lightning
data is necessary. Consequently, upgraded sensors start operation with disabled angle
information during winter months. With respect to the observation of precipitation, during
summer most of the storms are associated with large amounts of precipitation in vertically
extended clouds, meaning that those storms are always very well detected by the radars. In
contrast, winter storms are generally associated with less intense precipitation cells and with
smaller vertical extensions. | n some cases winter storms are not detected by theradarsat long
range. In that case, lightning produced by such undetected winter storms are wrongly
classified as outliers. Vice versa, an incorrect classification may also occur when a wrong
detection appears by chance in a precipitation area detected by the radar. In this case, a
wrong lightning detection is classified as a correct detection. Since radars generally detect less
precipitation in winter than in summer (e.g. Hazenberg et al., 2011) such misclassification
occurslessin winter than in summer, which meansthat the classification method will produce
more outliersin winter. Thus, the reduced efficiency of precipitation detected by the weather
radars in winter is an additional possible source of the observed increase of outlier
classificationsin winter. Note that Poelman et al. (2016) showed that on average peak current
estimates of winter lightning are higher than in summer. One would therefore expect that on
average in winter more sensors participate in a lightning event compared to summer,
resulting in a good location accuracy. Nevertheless, the absolute number of outliers during
winter is much smaller compared to summer, as can be deduced from Fig. 3b. Thus, the
increasein percentage of outliersmay not betoo important for the majority of applications.”

3) From Figures 7, 8 and 9, | ask to the authors: all those outliers cannot be considered simply IC
discharges misclassified by the network? Note that they mostly present the typical behavior of IC



flashes:(1) low peak current values (because they are in majority weaker than the CGs); (2) usually
are detected with larger SMA (because are detected by less sensors and has long horizontal
extensions inside the clouds leading to major errors in their location (i.e., projection over ground);
and (3) present (in a such way) “random polarity since the ICs can move upward and downward

inside the clouds. I’d like to hear more from the authors about this point based on the presented
results.

We add a small paragraph at the end of Sect. 3 related to the above question raised: “Looking
at Fig. 7 to 9 one could wonder whether those CG outliers could be simply considered as IC
discharges misclassified by the network, since IC discharges have on average lower peak
currents, hence lower number of contributing sensors and therefore smaller SMA. Although
this can be partly true, still a considerable fraction of the CG outliers are found to have large
peak currents. It istherefore unlikely that all the CG outliers found with this method are in
fact misclassified IC discharges.”
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Abstract. Lightning data as observed by the European Cooperation fbtnling Detection network
EUCLID are used in combination with radar data to retrieve the temporaspaiil behaviouof
lightning outliers, i.e. discharges located on a wrong place, a%eyear period from 2011 to 2016.
Cloud+to-ground stroke and intracloud pulse data are superimposed on correspomdingrasiar
precipitation fields in two topographically different areas, beingiBeigand Austria, in order to extract
lightning outliers based on the distance between each lightning awveiithe nearest precipitation. It is
shown that the percentage of outliers is sensitive to changes iettharkiand to the location algorithm
itself. The total percentage of outliers for both regions vanies the years between 0.8% and 1.7% for
a distance to the nearest precipitation &2 with an average of approximately 1.2% in Belgium and
Austria. Outside the European summer thunderstorm season the percéwtztjers tends to increase
somewhat. The majority of all the outliers are low peak curreants with absolute values falling
between @o 10 kA. More specifically, positive clou-ground strokes are more likely to be classified
as outliers compared to all other type of discharGeghermore, it turns out that the number of sensors
participating in locating a lightning discharge is different for eutliversus correctly located events
with outliers having the least amount of sensors participating. Iti@udt is shown that in most cases
the semi-major axis assigned to a lightning discharge as a corideficator in the location accuracy

is smaller for correctly located events compared to the s&jur axis of outliers.
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1 Introduction

Present-day lightning location systems (LLS) are the resultmifremus development over the years
with improved location accuracy, peak current estimation and type classiiidor each observed
lightning event. However, despite the great progress made to deterngagtbperties amongst others,
occasionally some events remain poorly determined by the Eb&Sinstance, the uncertainty of the
measurements related to a low peak current discharge tenditgdyethan it is for a high peak current
event In addition, it is still common practice to categorize positive clauground (CG) strokes with
estimated peak currents smaller than 5 or 10 kA as IC pulses sosz @ahe more likely to be of
intracloud (IC) nature (Cummins et al., 1998; Wacker and Orville, 199%&rauld et al., 2005, Orville
et al., 2002; Cummins et al., 2006; Biagi et 2007). However, not all the properties are of equal
importance for the different users of lightning data. Depending ocustemes’ application of the LLS

data, different performance features bre more important, whilesoséinerless important, e.g. power

utilities normally do not care about the IC detection efficielf)(of an LLS, whereas the quality of
the CG data is of utmost importance. On the other hand, aviatitrolcand meteorological services
which often trigger warning messages based on LLS data favwrdaRE of CG as well as IC events
coupledto a minimum of events located on a completely wrong position.titeiefore a necessity to
gain a thorough knowledge of the LLS at hand.

During recent years the performancelLafS got more and more attention (Nag et 2015. A direct
method to determine the quality of a network, and thereforealies assigned to each lightning event,
is by comparing the data against so-called ground-truth observatibnse Tobservations provide
valuable information on the DE, location accuracy (LA) and inesa@ases even the peak current
estimates retrieved from an LLS. This is done for instance bmiekay direct lightning strikes to
instrumented towers (Diendorfer et al., 200280(; Pavanello et al., 2009; Romero et al., 2011;
Schulz et al., 2012; Schulz et al., 2013; Cramer and Cumgtig, Azadifar et al.2016), through the
use of rocket triggered lightning (Jerauld et al., 2005; Nag et al., 20l et al., 2012; Mallick et al.,
2014a, 2014b, 2014ckand/or by recording lightning strikes with high-speed video and |&-fie
measurements in open field (Biagi et al., 2007; Chen et al., Z@Elman et al., 2013a, Schulz et al.,

2016. Although best practice to retrieve robusformation on a networks’ performance, the
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aforementioned methods are quite labor intensive in order to acquémgea enough dataset far
stdistically reliable output. Other methods exist, such as intercompaiffagedt LLS within regions of
overlapping coverage (Said et al., 2010; Pohjola and Mé&keld, 20&Bn&oet al., 2013b). However,
the main disadvantage of those studies is the asgumyf one network as being “ground-truth . In
reality this is hardly the case for any existing LLS, excepthmafpr the short-baseline lightning
mapping arrays (Rison et al., 1999; Thomas et al., 2004, van der Velde et3| DatEr et al., 2015).

In this paper lightning data are combined with radar precipitation oltegrvdo analye the temporal
and spatial behavior of lightning outliers in two topographicallfediit regions in Europe. Lightning
outliers are sometimes also referred to in the literaturakesdr ghost strokes and can be the result of
signal interferences from power lines, radio frequencies or eiteespecific disturbances or are simply
misplaced events by the location algorithm. The results preséetedare obtained by combining
lightning observations from the European Cooperation for Lightning Betecetwork EUCLID with
radar precipitation data in Belgium and Austria, as described in Section gstlhis of the analysis are

presented in Section 3 and summarized in Section 4.

2 Data and M ethodology
2.1 Lightning location data

The European Cooperation for Lightning Detection network EUCLID has dygenmational since 2001
and processes as of January 2017 in real-time d&té4afensors to provide European wide lightnin
observations of high and nearly homogeneous quality (Schulz 2046; Poelman et a016. All of
the sensors operate over the same low-frequency (LF) rangpr@avide amongst others timing and
angle information. The individual raw sensor data are sent irineafto a single processor, calculating
the electrical activity at any given moment. The locations of th€IHD sensors are displayed in Fig.
1. The network has been tested continuously over the years against-guhndata from direct
lightning current measurements at the Gaisberg Tower in Austria (Schalz 2016), Peisserberg
Tower in Germany (Heidler and Schulz, 2016) and Santis Tower in SwitdefRomero et al., 2011;
Azadifar et al., 2016) and data from E-field and video recordingAuistria, France and Belgium



(Schulz et al., 2016). The latest comprehensive performancgsanaf the EUCLID network based on
80 those measurements revealed that the flash and stroke DiedativeCG discharges in different
regions of the EUCLID network are greater than 93% and 84%, tesbgcwhile for positive events
those are greater than 87% and 84 %, respectively (Schulz 20E). fTo retrieve the latter values,
only those strokes are used in the analysis that match certain qrigitia such ag? a measure for
the agreement between the different sensor measurements, asinih@ajor axis of the confidence
85 ellipse, and received a correct stroke classification as CG hyetiieal processor. Those strict criteria,

as well as temporary sensor outages during the measurements cargraignpact the DE estimates

given in Schulz et al. (2016). In addition, Schulz et al. (2016) shdvetdhe LA dropped steadily over —( comment [DP2]: Referees: please clarity |

the years down to the present LA in the range of 100 m within the magbtitg network. Note thani
Schulz et al. (2016) ground truth observations are collected in AusttiBelgium, the same regions of
90 the EUCLID network which are studied in this paper.
During the time period under consideration, significant changes of thé&.IBU@twork regarding DE
and LA were made (Schulz et a2016. Those are related to new sensor technology, timing error
corrections and a new location algorithm which can influence theeobiihavior. One would think
sensor upgrades have always a positive influence on a networks pederridéhile this is generally
95 true in the long run, the upgrades can cause temporary problemsggtheing since those sensors are
awaiting calibrationThis is especially true for some sensors in Italy in 2014. From thefdhe setup
till the sensors were calibrated those sensors were configured to provide itfungation only.

However, timing only sensors often increase the number of oulfiehose are used in solutions

determined by two or three sensors only. Comment [DP3]: Referee 1: provide the physic
and/or technical explanation for this

100 Figure 2a plots the annual distribution of the total stroke count inee years 2011until 2016, as
observed within the red boxes in Fig. 1. As expected, the CG distributioriemqesr a natural annual
variability in Belgium as well as in Austria. With regard to thed€ections, one notices a sharp
increase in 2015 and 2016. This increase is not climatological in nature alitibigted to the increased
amount of LS700x sensors in EUCLID and its capability to detect IGeputs the low-frequency

105 domain. The distribution of the total monthly stroke count is shown in FigAZizak in activity is
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observed in June and July for Belgium and Austria, respectivelybdtb regions about 95% of all the

observed lightning activity occsibetween May and September. Comment [DP4]: Refercel: we've added a new
Figure 2 in the paper.

2.2 Weather radar data

Weather radar data of the Royal Meteorological InstituteedgiBm (RMIB) and of Austro Control in

Austria are used in this study. Fig. 1 shows the locations (white starspaerage (dashed lines) of the
individual radars, as well as the limit of the compoagéhe outer contour of all the radars (solid lines)
The use of radar composites is preferred over the individuat cdd&rvations since individual radar
observations can be hampered by shielding effects. This isgpeeially in mountainous regions such
as the Alps in Austria, limiting the detection range where the @ataris still considered of sufficient
quality. Additionally, since the height of the radar beam above groimmeases with increasing

distance from the radar, precipitation can be underestimatedeor @wetected at far range by

overshooting when precipitation is produced below the height of the Iowesttrax—im] Therefore, to {Comment[DPS]: Referee 1: include more info}

"""""""""""""""" on ‘overshooting beams’.

eliminate the latter effect, the two geographical areas in thidy sire limited to the red boxes

indicated in Fig. 1.
The composite radar reflectivity threshold is set at 12 dBZ. Wollp the Z = 200*R" relationslip
from Marshall and Palmer (1948), with Z being the reflectivity anth® rain rate, this threshold

Comment [DP6]: Referee 1: added this senten
to emphasis that we limit it to remove any long-
range issues with the radar

corresponds to a rain radé 0.2 mm/h below which the rain rates are set to zero in iy Sthis low
reflectivity threshold helps to detect convective clouds relef@niightning generation even in weak

cell cores from winter events or upper areas of thunderstdrfasranges from the radar site

2.2.1 Belgium

The radar composite used at RMIB consists out of three rd&lsli8 owns and operates two of them;
the radar at Wideumont in the southeast of Belgium and theiradabbeke located near the west coast
which became only operational since 20T8e third weather radar at the center of the composite is
located at the airport in Zaventem near Brussels and is operaBeldmcontrol, in charge of the safety
of civil aviation. All of the radars are C-band Doppler radamstforming a multiple elevation

reflectivity scan every 5 minutes with a resolution of one degrezimuth and 500 m in range for
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Jabbeke and Zaventem and 250 m in range for Wideumont. The maxangenis 300 km for Jabbeke
and 250 km for Zaventem and WideumohtDoppler filter for clutter elimination is used for the three
radars and an additional polarimetric fuzzy logic filter is usedJ&bbeke. For each radar, a 2D
precipitation product is derived from the volume reflectivity déta. Thehbhed§ those individual

products corresponds to 1500 m above sea |level. A composite isjseiie produced from these 2D {Comment[DP7]: Referee’: wanted to know at}

which height the product corresponds

products taking for each pixel the maximum value of the radars iogvéhnis pixel.]For more
information on the validation of the Belgian composite, the interestedeme&s referred to
Goudenhoofdt and Delobbe (2016).

Comment [DP8]: Refereel: added reference
concerning validation of the composite used in
Belgium

2.2.2 Austria

Austro Contro] the Austrian civil air service provider is operating five C-band EEC pothimppler
weather radars in Austria, of which four of them are used in thidysfTwo of the radar sites are
located on the foothills of the Alps close to Vienna and Salzburg (RauctieanwaFeldkirchen) and
the other two radar sites are situated in the west and south of Aatstniauntain tops above 2000 m
close to Innsbruck and Klagenfurt (Patscherkofel and Zirbitzkogel). The undexlginghe scan
contains 16 elevations ranging between -1.5° and 67° up to a ta2@d km. Doppler and statistical
clutter filters are applied before creating maximum surfaceegtiopn of reflectivity which combines
strongest return from each elevation level. Resulting Austoanposite uses maximum reflectivity in
horizontal extent which is provided by one of the 4 radars to avoiddsigeeffects of the Alps.
Temporal and spatial resolution is 5 minutes and 1 km, respgctit#er more details, the interesting
reader is referred to Kalteabck and Steinheimer (2015) and Kalteetk (2012a, 2012b). It is
important to note that the Austrian weather radar network was upgdoatieden 2011 and 2013, during
which the individual radar gains were modified. This adaptation ofalve could easily influence to

some degree the findings in this paper.
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2.3 Methodology

To account for border effects of the radar observations asamed in Sect. 2|2, only lightning events —( Comment [DP9]: added )

within the red boxes as indicated in Fig. 1 are used. Those regiaspond approximately to the area
where two or more radars participate in the radar image with isufficlistance from the border

\Subsequently, CG strokes and IC pulses with timestamps, that fall withstart and end time of the

radar scan, are superimposed on the corresponding 5-min radait@ienigdields.| In order to have Comment [DP10]: refereel: text adapted slight
""""""""""""""""""""" to show how we selected the lightning data

overall homogeneous coverage of the weather radar data, otinéhsteps were used for which all the [ corresponding to the radar images.

radars within the composites were in operation. An event is thegocaed as an outlier when no
precipitation within a certain distance has been observed. The distamoielaan event is classified as
outlier is somewhat chosen arbitrary. Different runs are performedliagal distancér of 2, 5, and 10
km. An example of this method is visualized in FigA8 the lightning events are superimposed as
black dots, whereas the retrieved outliers are in red for clatdie that this method is supposed to give
a lower limit of the percentage of outliers because someeobutiers will, by chance, be placed in a
region with radar reflectivity larger than 12 dBZ. In the remairafethe paper, explanation of the

results is based on the findings ficsearch radius Ar of 2 km, unless otherwise stated explicitly.

3 Results

The overall annual percentage of outliers for CG strokes and ICspelisgive to the total number of
events, as a function afr between the event location and the nearest precipitation, isdpiotigg. 4
for Belgium and Austria. There are several similarities and difte® between the two areas. For
example, the total percentage of outliers is of the same ofdeagnitude for both regions and varies
between 0.8% and 1.7% throughout the years for an adéptefl2 km. It is clear that choosing a
largerAr decreases the percentage of outliers, and vice versa, while mathi@isame annual trend.
The percentage of the total outliers averaged over six yed@elgium and Austrias approximately
1.2%. In Belgium on average3 of the outliers are of type CG and this value increases up%oif.
case of IC, whereas in Austria the level of CG outliers is only sjifiigher than that of IC outliers, i.e.

0.8% for CG with respect to 0.5% in case of IC. Shorter baselméustria compared to Belgium

7
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could be a reason for this discrepancy. The significant higher muoflmitliers in Belgium in 2011
compared to Austria can be attributed to a timing only sensor locateda/Bségium (Den Haag) and
another sensor in the Netherlands which was moved and afterwardedgderaa longer time period
with deactivated angle information (Roermond). From our experienceprsepsoviding only time
information often cause additional outliers. For the vast majoritgeo§ensors which provide angle and
time information those measurements have to be consistent siheesigce between the latter two
reduces the number of outliers. The level of outliers from 2012-20bdighly the same for both areas.
The lowest level of CG outliers is found in 2016 in both areas. Iniaddit is worth mentioning that in
Belgium and Austria the majority of the CG outliers are single stilakbes, while only a minority of
the CG outliers belong to a flash with multiplicity larger than @ee could say that assuming a stable
radar network, the variation in the percentage of outliers tweryears reflects the status of the
lightning location network in a certain area. Hence, continuous monitofirige outliers has the
possibility to pick up potential problems in the network, which can beaetefor future automatic
forecast applications.

[The left panels in Figure 5 display the 6-year mean annual ligtahing event (CG strokes + IC
pulses) density on a 10 x 10 kgrid in Belgium and Austria. For Belgium, densities vary between 0.8
and 11 eventsm?yr with a median value of 3.4 everisi?yr* at 10km x 10km resolutiorOverall
the densities in Austria are somewhat higher compared to Belgium resultmgnedian value of 4.4
eventskm?yr. The highest total lightning densities are found towards the southeasswia with a
maximum of 22 eventem?yr™. Fig. 5¢c and 5d reveal the spatial distribution of the peagentf total

outliers as observed in between 2011 and 2016. In Belgium, values frang 0.2% to 3.3%. The Comment [DP11]: refereel: changed a bit the
text to account for the change in the figure.

distribution of outliers within Belgium is rather uniform with here and thsvenewhat higher
percentage values. The latter are mainly caused by IC sutligice those contribute the most to the
overall outlier percentage in each grid cell. In Austria, grid cetiggegages range from 0.1% up to 33%.
The majority of the grid cells have low outlier percentageeslexcept in the southwest corner. This is
exactly the place where the Alps disturb the radar observations lgadamgincrease in outliers with

the employed method. From Fig. 5a and 5b we conclude that thegeréml correlation between the

total lightning event density and the spatial distribution of outliers. Comment [DP12]: Refereel: | add this to
account for the change in the figure.
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\Fig. 6 illustrates the monthly variation of the percentagmﬂfers.\ An obvious decrease is observed in

[ Comment [DP13]: Referee3 ]

the percentage of outliers during May-Sept, compared to the oth@hsnof the year. This feature
could be related to the fact that more sensor upgrades occur during avilecause precipitation of
winter thunderstorms is more difficult to detect with the weatherrsddiaaddition, the 3D structure of
lightning flashes in winter compared to summer is somewhat differenéfletpal., 2017), which could

increase the difficulty to locate those in winter accurately. Regatiimgensor upgrades, those often

result in disabled angle information because systematic angle eeosste errors, are at first unknown
and the correction takes a while because lightning data is necessasgqGently, upgraded sensors
start operation with disabled angle information during winter months. M4ttect to the observation of
precipitation, during summer most of the storms are associated withalargents of precipitation in
vertically extended clouds, meaning that those storms are alwaysvergetected by the radars. In
contrast, winter storms are generally associated with less irtessigitation cells and with smaller
vertical extensions. In some cases winter storms are not delscteé radars at long range. In that
case, lightning produced by such undetected winter storms are wroagbified as outliersVice
versa, an incorrect classification may also occur when a wrotegtibe appears by chance in a
precipitation area detected by the radar. In this case, a wrong ligldetagtion is classified as a
correct detection. Since radars generally detect less precipitatiovinter than in summer (e.g
the classification method will produce more outliers in winter. Thus, the rédeffeciency of
precipitation detected by the weather radars in winter is an addiposaible source of the observed

increase of outlier classifications in winter. Note that Poelman. ¢2@16) showed that on average

peak current estimates of winter lightning are higher than in sun@nerwould therefore expect that

on average in winter more sensors participate in a lightning event mongasummer, resulting in a

Comment [DP14]: Refereel: Added the extra
possible reason of the increase of outliers in wint

{ Comment [DP15]: Refereel: “which instead of }
“wich

Comment [DP16]: This paragraph was change
slightly to the comments of referee 3.

good location accuracWevertheIess, the absolute number of outliers during winter is much smalle

compared to summer, as can be deduced from3Bidrhus, the increase in percentage of outliers may
not be too important for the majority of applications.

[ Comment [DP17]: Referee3 J

Fig. 7 plots the outlier percentages related to each indivighoaip e.g. percentage of negative IC is

related to the total number of negative IC. Proportionally, theedegf occurrence of positive and
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negative outliers is of the same level, except for 2011, alflmlvE the annual variation as in Fig. 4
Positive CG strokes exhibit the highest percentage of outlierslgiuBeand Austria. This could be
related to the fact that positive CG strokes are often accoetpamith significantIC activity
complicating the transmitted electromagnetic fields (Fuga8$2 Saba et al., 2009). It is therefore
harder to detect and locate correctly such strokes, resulting irgheerhpercentage of outliers
Furthermore, the percentage of negative CG outliers is rouglilpfriat of the positive CG outliers
for the years 2011-201Zhe opposite is found in case of IC pulses, where the percentaggativee
IC outliers is higher compared to the positive counterpart. Howewedjffierence between positive and
negative CG outliers and/or IC pulses decreases in 2015 andTHif.the percentage of outliers is
more or less unrelated to the polarity of the event. In 2016, it is obviauththoutlier percentages of
the individual types are more or less in line with each othés dould also be a result of the improved
performance of the latest adopted location algorithm.

In Fig. 8, the percentage of outliers for peak current inteiya to+/- 20 KA is plotted, calculated with
respect to the total amount of discharges within each peak cutiemiinit is seen that the distribution
corresponds well between Belgium and Austria. Because positive CG strokgsealiticurrents below
5 KA are categorized as IC, no data for positive CG below 5 kA ekiss$ of all, the majority of the
outliers for positive CG and IC discharges are found in betwgel0] kA and [0, 5KA, respectively,
with a decline towards the larger peak current intervals. Thig isunprising since the higher the peak
current, the more sensors participate on average in locatingehe @his is also true for negative IC
outliers, whereas negative CG outliers have the highest pegeentéhe [-10, -5] kKA range. Except for

the[-5, 0] kA interval, the percentages are similar between negative IC and Cé&rsullhis is not the

case for the positive IC and GG outlidrs. In addition to what iepldn Fig. 8, it is found that éh (. Comment [DP18]: Referee 1 )

percentage of CG outliers with absolute peak currents above 20 kfatoa of about three lower
compared to the total percentage of outliers found within |0-204hké a factor of 15 lower in case of

IC. The larger drop in case of IC results from the lower amoul@ ef/ents with absolute peak currents

larger than 20 kA compared to CG events. {Comment[DPlQ]: Referee 1: What is the%o}

outliers with an absolute current above 20 kA?

Fig. 9 reveals the cumulative distribution of the number of sensofiipating in a solution as a

function of event type. First of all, one notices that in case®&€okes more sensors participate in a
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solution compared to IC events. This is attributed to the facirttiae LF range the amplitude of even
the largest IC pulses is significantly lower compared to tha€®freturn strokes (Weidman et al.,
1981). The amplitude difference between CG strokes and IC pulses sasresven further with
increasing propagation distance between the source and the lightning €easray et al., 2000)
Hence, more sensors will detect the radiation from a single CG discbampared to an IC pulsEhe
resemblance in distribution between Belgium and Austria is not surprisingtistightning sensors in
EUCLID are quite homogeneously distributed across the network. In additaye, sensors participate
in the location of discharges that are correctly locatiean is the case of CG as well as IC outlier
events. For instance, 85% of the IC outliers are locateddnBZensors, whereas this drops to 50% for
correctly located IC pulses. For CG strokes on the other loahd20% of the outliers are located with
more than 6 participating sensors, whereas this is the case fothanré0% for the CG strokes within
2 km of the nearest precipitatiowe find that the median amount of sensors participating in a@oluti
for correctly located CG and IC is 8 and 3, respectively, and this doo3 and 2 sensors participating
in case of CG and IC outliers.

The central processor assigns to each lightning event a value sétti-major axis (SMA) of the 50%
confidence ellipse. This value can be used as a quality indicatbe dbcation accuracy, with smaller
values indicating a larger confidence in the assigned location efséré. The distribution of SMA for
all the events (CG + IC) is plotted in Figj0, separated into and normalized to outlier and correctly

located events%. In addition, the total number of events per SMA ihterv8elgium and Austria is

indicated. Note that events with an SMA larger th&hkin do not exist in the data since those events {Comment[DPZO]: Refereel: asked to include}

the amount per SMA interval in the figure
are regarded as bad quality events and hence rejected byatieni@gorithm First of all, it is striking ( Comment [DP21]: Sentence siightly rephrased|

that the SMA distribution is almost equal for Belgium and Austria. The majoritykofevents, i.e.
75%, have SMA values falling in the 0-1 km rangdereas this drops to 40% in case of outliers. The
average and median value of the SMA for OK events is 775 m2@0dm, respectively, and this
increases to 1.83 km and 1.48 km in case of outliers. Although not showis rot, it is found that the
average SMA for CG strokes is smaller by a factor of two cosapt IC pulses. This is expected since

more sensors participate in a solution for CG strokes compared to |G psldéscussed in Fig.|9. Comment [DP22]: Referee 1: It was decided tc
""""""" delete the sentence about Xi2 because it was
confusing and anyway we are not showing any re
of it in the paper.
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\Looking at Fig. 8 tal0 one could wonder whethéine CG outliers could be simply considered as IC
discharges misclassified by the network, since IC discharges drawverage lower peak currents,
hence lower number of contributing sensors and therefore smaller SMAugtittbis can be partly

true, still a considerable fraction of the CG outliers are foundve fzage peak currents. It is therefore

unlikely that all the CG outliers are in fact misclassified IC disctsrge

\Up to now, lightning discharges have been classified into eitherctigriecated strokes or outliers
based on their distance to the nearest precipitation. However, usexdgdéional time criterion it is

possible to further dissociate the outliers into isolated outliers in spaceéme from those that are just
wrongly located from a group of correctly located eventg. Eil plots the distribution of the time
difference between the outliers and its closest (in time) corréotigted event. Once more, the
distribution is found to be similar in Belgium and Austria. The majority obtitéers occur within one

second of a correctly located event. One could argue that tleesemgly bad located lightning events,
whereas those that take place later than one second are sogbalé outliers, i.e. outliers in time and
space. Furthermore, from this plot it is found that the outliers behaeeimpependent of polarity and

classification in Belgium and Austria.

4 Summary

In this study all lightning events detected by the EUCLID network during 2011 a6di2aifall within

selected areas in and around Belgium and Austria are classfiedtleers or correctly located events

based on their distanc& to the nearest precipitation. The latter two regions were chosen specificall

for their difference in topography and because high spatial and tahrpsolution radar data were
readily available. A similar approach can be performed inuhed on a larger spatial scale based for
instance on the radar composite imagery produced by the Eun@jeestional Programme for the
Exchange of Weather Radar Information (OPERA, Huuskonen et al. 2014)ekted EUCLID

domainl.

fThe applied methodology makes use of radar data with an adopted é&flgetivity threshold of 12
dBZ. Hence, precipitation is required to discriminate between tHersuand well-located lightning

events. Thereforeightning produced by “dry thunderstorms or bolts from the blue will be
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misclassified as outliers. Howevehese particular phenomena are extremely limited and would not
influence to a large extent the results presented in this study. M¥eebihat a methodology based on
satellite cloudiness products would not allow a proper identification of outliecs sioudiness in

Belgium and Austria is mostly not associated with thunderstorms. Comment [DP26]: Referee 1: related the
comment that precipitation at ground is required t

Categorizing the lightning events based on radar reflectivity datacamgaring the results from vy g Gy

different geographical regions is not a straightforward task. 8asoris potential calibration issues in
the different radar networks with maybe even different technologyomadl beam blockage problems
especially in the mountainous regions in Austria. A workaround, atflmagte last problem, is to use
composite radar data. Despite those difficulties the overlltsein both regions agree quite well. The
overall percentage of outliers for both regions varies annbatlyeen 0.8% and 1.7% for a distadce
to the nearest precipitation ofkn and drops further when a more relaxed Ar is chosen. These values
are lower limits since it is possible that an outlier is located iaran with rainThe percentage of
outliers is quite small having in mind thatAr of 2 km is already a quite strict criteri Outside the
European summer thunderstorm season the percentage of outlier®tedease somewhat. Amongst
some of the sources responsible for this increase is the fagntinatsensor upgrades occur during
winter or that the radar underestimates to some extent precipitati@udition, the 3D structure of
flashes is somewhat different in winter compared to summer, which ciogieéase the difficulty to

locate those accurately The majority of all the outliers are low pemaént events with absolute values —{ Comment [DP27]: Referee 1: rewrote this here
bit to account for the extra reason (3D flash

falling between 0 to 10 kA. More specifically, positive CG strokesnaoee likely to be classified as SUEINE) 1 WIS,

outliers compared to all other type of discharges. Furthermoreng ot that the number of sensors
participating in locating a lightning discharge is different for euliversus correctly located events,
with outliers having the least amount of sensors participating. Iti@udt is found that in general the

SMA of non-outliers is much smaller compared to the SMA belonging to @utlie
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Figure 1: The locations of the EUCLID sensors in the domain are indicated (black dots), as well as the positions of the radars

(white stars) together with the respective collective detection range in Belgium and Austria. Thered boxes indicate the two areas
that are used in this study.
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Figure 2: Distribution of the a) annual and b) monthly CG and | C counts as observed within the areas indicated over Belgium and
Austriain Fig. 1.
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