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Response to Anonymous Referee #1

Review for NHESS-2017-105

Title: Comparison of lightning activity in the two 1 most active areas of the Congo Basin
Authors: Kigotsi et al.

General comments: This manuscript presents an exploratory analysis of lightning activity
over two distinct areas of Congo Basin: 1) the area where the maximum annual

lightning flash rate density (FRD) is observed (west of the mountains that delineate

the Rift Valley), hereinafter called Area_max, and 2) the area just west of Area_max,

where very high but less pronounced FRD is observed, hereinafter called Area_sec.

The manuscript is of the interest to the audience of this journal but needs a few adjustments.
| recommend its acceptance only after addressing the issues described

below.

Response of the authors

The authors thank the reviewer for her/his careful work to evaluate the paper. We
appreciate the comments and the remarks that helpt o improve the paper. The paper
required a major revision and we hope to have made corrections enough to make the

paper clearer and more relevant paper.

Substantial modifications are made, especially a figure is added to have a wider view
of the data and justify some choices. The study is systematically extended to 2012

data, to have a more robust comparison between both areas, which is the goal of the
paper. We delete a figure and add a new graph and a  new figure to show one case of
distribution of a strong daily lightning activity. We add information about the WWLLN

data and network.

The interpretation is developed when possible. For example we now highlight an
interpretation for the difference between both area s by using the paper by Jackson

about MCS location over equatorial Africa: both are  as (Area-max and Area_sec) are
included in one of the four maximums described in J ackson et al.. They explain this
large maximum is due to the AEJ-S, while two other maximums were explained by the
orography and another by the Lake Victoria. We dist  inguish two maximums in this

large maximum, from which Area_max combines the pre sence of AEJ-S with local

orography and Lake Kivu.
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We make most of the corrections suggested by there  viewers and we answer to the

comments in the following.

Major remarks:
Data: a) Soula et al. (2016) did an excellent job in calculating WWLLN detection efficiency
(DE) for each year (2005-2013). This work should leverage from Soula’s work
and correct 2012 (DE=4.44%) and 2013 (DE=5.90%) data before doing the analysis.
The subtle differences from 2012 to 2012 shown here could be an artifact of the different
DE.
First of all, we have to say the comparison is made between two areas with a large
flash rate density (FRD) in Congo Basin and not fro  m one year to the next.
These areas (Area_max and Area_sec) correspond to t he maximums pointed out in
Soula et al. (2016) and as the reviewer noted itin  a comment, to the areas surrounding
most hotspots in Africa noted by Albrecht et al. (2 016). Area_max includes 6 out of the
10 hotspots (1,2,3,5,8 and 10) found in Albrecht et al., while Area_sec includes 2 out of
the 10 hotspots (6 and 7).
The DE is considered in Soula et al. (2016) and it was calculated relatively to the LIS
data that cumulate cloud-to-ground and intracloud f lashes. Thus, the DE values found
in Soula et al. are low for the whole study area, 5 .9% and 4.4% for 2013 and 2012,
respectively. However, the DE can depend on the reg  ion since the study area in Soula
et al. was very large (25° x 25°). Soula et al. (20 16) have clearly highlighted the
increase of DE between 2012 and 2013, the rate of w hich can be estimated at
about 34%.
We noted also the DE was not constant in the whole study area considered in Soula et
al. (2016). Thus, the values 4.44% and 5.90% are av erage values for the whole area. We
consider now the specific values of DE for both are as Area_max and Area_sec. The
new figure 1 is made to show different parameters f  or each area from 2005 to 2013:

the lightning activity issued from LIS

the lightning activity issued from WWLLN

the DE estimation calculated according to the metho dology presented in Soula
et al.
We see DE was stronger in Area_sec from 2005 to 200 9 and in Area_max from 2010 to
2013. The question to correct the data by applying DE can be asked. We choose to let

the data without any corrections for several reason S:
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the correction can be applied only globally for a g iven area, it does not change
the comparison of the parameters we compare between both areas when we use
proportions (proportion of lightning versus month)

the DE is calculated for one year and for a given a rea. To take into account an
eventual correction we have to add flashes uniforml y in each month, in each 1-hour
time interval, in each day... It seems too artificial to correct all flash numbers at such
small scales as 1-hour window, day, month...

The correction could be made at the scale of the ye  ar for the number of flashes.

b) Also, why is it relevant to compare 2013 to 20127 Also, was there something

different in terms of atmospheric conditions (such as significant droughts, rainier year,

El Nino, La Nina, etc.)? My suggestion is to make it simple and combine the years, you

may be inserting a lot of uncertainties in your analysis.

Figure 1 can be a response to the comment because i t provides an overview of LIS
and WWLLN data over the 9-year period. The two year s 2012 and 2013 are selected
because they correspond to the strongest detection efficiency (DE) from the years we
have in our database.

In Soula et al. (2016) the LIS data were used to co mpare the activity from one year to
the next. The difference for the whole region was|  ow since the maximum was found in
2009 (195,316 flashes detected) and the minimum was  found in 2012 (182,560 flashes
detected), which provides a difference of 6.5%. Con  sidering 2013, LIS data provides
192,443 flashes detected which represents an increa  se of about 5% from 2012. The
interannual variability was found low by considerin g LIS data. Now we consider for
this work of comparison the DE at the scale of each area (Area-max and Area_sec) and
the LIS data at each area too. The new information allows better describing the
WWLLN data used in this study.

Session 3.3: ¢) | really don't think that the analysis of number of days within classes
of flash counts is considered an “Annual variability”.

Done, we use now Day-to-day variability

d) Also, why use only 2013?
We use 2012 and 2013 for a study more robust.



107 e) L146-147: “The number of days without any flash (CLO) is much larger for Area_sec than
108 for Area_max (7 and 0O, respectively).”. A difference of only 7 days is not representative
109 of annual variability.

110 We change the first class because we now think iti s not necessary to separate days
111 without any flash and days with very low flash numb ers (some cases have less than
112 10 flashes). Thus we consider now a first class cor  responding to a very low flash rate
113 (< 100 flashes per day in an area).

114

115 Session 3.4:

116 f) In essence, Fig.3 and Fig. 4 show the same results. Also, the results

117 presented are really confusing making me not to get the relevance of this session.

118 Section 3.4 is deleted.

119

120 Session 3.5:

121 g) Did your really expect a correlation between daily number of flashes

122 in each area? This is a very weak way to show that thunderstorms are different within
123 each area and you should rethink how to approach this issue.

124  We explain at the beginning the approach that consi st in comparing the lightning
125 activity day by day. It allows us to show the stron g lightning activity is often local,
126 even if the conditions favourable for storm develop ments are present in larger areas.
127  Figure 7 shows an example of daily lightning flash rate density.

128

129 Session 3.6:

130 h) Very confusing: : : first of all, “monthly proportions” to what? To total

131 number of lightning in each year? If the objective is to show “monthly activity”, why not
132  show flash counts by months? Or is it also the objective to show seasonal contrasts?
133 Please explain better.

134  The section aims to present the annual distribution of the lightning activity, at the
135 scale of the month. We call it now “Month-to-month variability”. We add a figure to
136 show the annual cycle at the scale of the season de  fined by DJF, MAM, JJA and SON,
137 asin Christian et al. (2003).

138

139 i) Again, what is the relevance of comparing 2012 to 2013?

140 We do not compare 2012 to 2013, the reason for cons  idering two years is to have a
141  more robust comparison between two areas.

142
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Minor remarks:
In general, review the significant figures (or digits) of all your numbers.
E.g.: - L 99: ratios of 1.941 and 2.585, shoulb have only one significant digit —

We agree and correct. Two digits after dot are fine . 0.01 over 1 is about 1%.

L 106: 15.33 flashes km-2 <yr-1>, should have no significant digit after “point”, while 8.22
and 8.62 should be 8.2 and 8.6 (considering that lightning strokes are a single unit)

For the values around 8 for the flash density, effe  ctively one digit after dot seems
enough because 0.02 over 8 is about 0.25%. Conseque ntly, one digit for 15.33 seems

also enough, it would be 15.3.

L 9-23: Avoid using abbreviations in the Abstract text, such as Area_max and
Area_Sec, except if explicitly explained in the Abstract.

At the beginning of abstract (first sentence), Area  _max and Area_sec are explained.

L 28-29: As a reference, Albrecht et al. (2016) show the impact of resolution (0.10,
0.250, 0.50) while ranking the lightning hotspots. Please see Table ES4 of supplemental
material: https://doi.org/10.1175/BAMS-D-14-00193.2.

Thank you for this comment about the very instructi ve table. The initial comment we

made in the paper was essentially related to the sh  ape of the maximum area in the
Congo basin. We note the reference to illustrate th e effect of the spatial resolution on
the maximum value of FRD and on its location and we develop the comments related

to this aspect.

L 50-52: Table ES4 of supplemental material (https://doi.org/10.1175/BAMS-D-14-
00193.2) also shows the persistence of DRC as the second Earth’s lightning hotspot.

The response in the previous point includes the res ponse to this comment.

L 69-88: Please, make it clear that WWLLN detects only cloud-to-ground (CG) lightning
and that it does not detect intracloud (IC) lightning, which, in general, is the majority of
lightning produced by a thunderstorm. This is also one of the reasons why your values
in Fig. 1a differ from those of Albrecht et al. (2016).

We do not compare the values of the FRD in our pape r with those in Albrecht et al.
(2016) since they are not comparable. However, acco rding to several references the

WWLLN can detect IC flash strokes but with a lower detection efficiency. The system
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does not exclude the IC strokes, which could be mad e probably with a recognition of
form.

For example, Rodgers et al. (2005) say :” The detec tion efficiency of the WWLL is also
considered. In the selected region the WWLL detecte  d _13% of the total lightning,
suggesting a 26% CG detection efficiency and a 10%  IC detection efficiency.”

Abarca et al. (2011) says: “The network detects CG  and intracloud (IC) flashes with the
same efficiency as long as they have the same curre  nt magnitude and channel length
(Lay et al. 2004; Rodger et al. 2005, 2006; Jacobso n et al. 2006); however, CG DE is
about twice the IC DE (Abarca et al. 2010) because CG flashes tend to have higher
peak currents.”

We note the WWLLN is less efficient for IC flash de  tection.

Abarca, S.F., Corbosiero, K.L., Vollaro D., 2011. T he World Wide Lightning Location Network
and convective activity in tropical cyclones. Mon. Weather Rev. 139, 175-191.

Rodger, C.J., Brundell, J.B., Dowden, R.L., 2005. L  ocation accuracy of long distance VLF
lightning location network: post algorithm upgrade. Ann. Geophys. 23, 277-290.

L 91, Figure 1: Although your analysis considers full years, the most adequate unit is
“flash km-2 yr-1", and it should be called “flash rate density”.

Done

L 93: “: : : days of year with thunderstorm activity: : :”. Since WWLLN detects CG lightning
only, you should substitute “thunderstorm activity” by “lightning activity”.
The WWLLN detects also IC flashes, so thunderstorm activity can be used but

lightning activity can be well adapted.

L 98-99: “On the contrary, the flash <rate> density <in an individual 0.050 resolution
point> is very different : : :..” . Is that correct?

We compare the ratio between the maxima flash (rate ) densities in both areas,
calculated in 2012 and in 2013 (Table 1). The ratio  for one year can be different in one

year and in the other.

L 104-105: “By comparing with the values reported by Soula et al. (2016) for a resolution

of 0.1_, : : ;" which are???
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The sentence that follows in the text gives these v alues. Maybe we are not clear, we

try to improve it.

L 115-116: Please give scientific references for this affirmation, or you should state

that this is a speculative affirmation.

It was noted in Soula et al. (2016). We note the nu  mber of flashes per stormy day is
larger in the region of the main maximum. To have m  ore flashes during a day of storm,
there are three possible explanations: more storms, storms more active, storms more

stationary. It can be also a combination of several of the three explanations.

L 127: “Both areas exhibit the same type of <diurnal lightning activity> evolution with a
large: : "

Done

L130: Please annotate that Local Standard Time (or Solar Time) is the same as UTC
(i.e., LST =UTC -0)

We note this sentence at the beginning of the secti  on: “The time is indicated in UTC,
which is two hours late compared to Local Time (LT = UTC + 2).” Be careful, the local
time is different in western DRC and eastern DRC an  d local time is different from solar
time that needs a calculation. Local time istheti  me used in the eastern part of the

country (DRC) including both areas (Area_sec and Ar  ea_max).

L 137-154: You should show only Figure 3 or Table 2, they are redundant. The same

is valid for Figure 4 and Table 3.

Tables are rearranged. Table 3 is deleted and the n  ew table 2 includes now 2012 and
2013 data. Figure 4 is deleted and the new figure 4  includes 2012 (a) and 2013 (b). The
table provides the number of days for each class an  d the percentage of the total
number of days. The figure has its usefulness for t he tendency of the evolution in

each area and their comparison.

L160-161: Please define the specific day (or months) regarding the 179 and 92 days
span.
Deleted

L 189-190: “This observation is consistent with the fact that the lightning activity is more

spread during the day in Area_sec as indicated in Figure 2.”. This may be due to the
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contribution of nocturnal lightning by MCSs or isolated storms that develop later in the
afternoon if compared to Area_max. If you take a closer look in Albrecht et al. (2016)
Figure 3, you will see that there is more lightning during the night for the hotspots that

are in Area_sec (i.e., 6th and 7th Africa’s hotspots).

Good point. We add this comment: “This may be duet o the contribution of nocturnal
lightning by MCSs or isolated storms that develop | ater in the afternoon if compared to
Area_max. Indeed, the work by Albrecht et al. (2016 ) shows in their Figure 3 that
during the night, the hotspots located in Area_sec (i.e, 6th and 7th Africa’s hotspots)

exhibit a larger contribution to the daily lightnin g activity.

L 219: " : : different locations of our areas”. Not really. The daily cycles shown in
Albrecht et al. (2016) consider a 1 degree box around the hotspots, and 6 out of

10 Africa’s hotspots are within your Area_max and 2 hotspots (Africa’s 6th and 7th
positions) are within your Area_sec (vide Albrecht’s Figs. 2 and 3).

We agree and the sentence did not express correctly what we wanted to say. We say

now : “for several hotspots located in our areas”

L 219-220: “They found also a more pronounced daily cycle: : :". This is because they
considered a smaller area (a 1 degree box around the hotspots).
We change the sentence to say our results are consi  stent with those from Albrecht et

al.

Tables 2 and 3: “Number of days”, plural in the first line of the tables.

Done

Table 3: explain what (%) means, i.e., proportion to what? The sum of % Is 100% in
each column?
Deleted

Figure 4: Explain “proportaion of day”
Figure 4 is deleted but the proportion is still use d. We now explain the proportion of

days in the caption of the new figure 4 and in the caption of Table 2.



284 Response to the Review of “Comparison of lightningctivity in the two
285 most active areas of the Congo Basin” by J.K. Kigat, S. Soula and J.-F.

286 Georgis

287 This paper takes a look at lightning activity i tibark Continent” that also happens to be
288 (often) the leading contributor to global lightningccordingly, shedding light on the

289 darkness is a valuable endeavor, and eventualiyptiper deserves to be published. The most
290 important single need is to identify up front tleasons for the analyses selected, and then to
291 make more detailed physical interpretation of wéraerges from the analysis. Several

292 additional areas are identified where improvemeatsbe made below. These substantive
293 issues are followed by detailed comments on thie tex

294 Summary: Consider for publication after major revision

295

296 Response of the authors

297 The authors thank Earle Williams for his detailedna useful work to evaluate the paper.
298 We appreciate the comments and the remarks thaphel improve the paper. The paper
299 required a major revision and we hope to make catrens enough to obtain a clearer and
300 more relevant paper.

301 Substantial modifications are made, especially guie is added to have a wider and more
302 precise view of the data and justify some choidd& add information about the WWLLN
303 data and network. The study is also extended to26@ata, to have more robust results from
304 the comparison between both areas, which is thelgdahe paper. We delete a figure and
305 add a new graph and a new figure to show one casdightning distribution during a
306 strong daily lightning activity. The interpretatioms developed when possible. For example
307 we now highlight an interpretation for the differeze between both areas by using the paper
308 by Jackson about MCS location over equatorial Afaic both areas (Area-max and
309 Area_sec) are included in one of the four maximundgscribed in Jackson et al.. They
310 explain this large maximum is due to the AEJ-S, whitwo other maximums were
311 explained by the orography and another by the Lakéctoria. We distinguish two
312 maximums in this large maximum, from which Area_maombines the presence of AEJ-S
313 with local orography and Lake Kivu.

314 We make most of the corrections suggested by th@eweers and we answer to the
315 comments in the following.

316



317 Substantive Issues:

318 (1) WWLLN documentation

319 The WWLLN information is the mainstay of this studfccordingly, more details about

320 WWLLN are needed in the context of the two yeateced for study. If differences are

321 documented in selected parameters (Table 1), onddviike to know how much of the

322 differenced comes from the detection system andrmaoeh is real interannual variability.
323 (That influences the physical interpretation.) iformation on the number of receiving

324  stations operating in both years during the peobidterest would be helpful. It is widely
325 Dbelieved that Africa is generally in third placetive ranking of tropical lightning “chimneys”
326 and that is simply because WWLLN has rather feweirgog stations in that part of the world.
327 (In contrast, the other global VLF network, GLD3&0getting Africa much more

328 prominently, but unfortunately Vaisala keeps it®@rmation about station numbers and

329 locations secret.) See additional info on thissasp Williams and Mareev (Atmos. Res.,
330 2009). And toward justifying the scale for gridgiaf the data, estimates of the accuracy of
331 stroke location are also appropriate. A mentiofcohtinuous increase in detection

332 efficiency” appears in line 77 but without furtratails. In the Franklin Lecture on

333 “Lightning and Climate” (2012, AGU website), Wilhas has addressed the problem of the
334 changing detection efficiency in using WWLLN and @260 observations as a diagnostic for
335 climate change.

336 Response of the authors:

337 First of all, we have to say the comparison is mdoetween two areas with a large flash
338 rate density (FRD) in the Congo basin. These ar¢Asea max and Area_sec) correspond
339 to the maximums pointed out in Soula et al. (201&)d to the areas surrounding the
340 hotspots in Africa noted by Albrecht et al. (2016)rea_max includes 6 out of the 10
341 hotspots (1,2,3,5,8 and 10) found in Albrecht et, avhile Area_sec includes 2 out of the 10
342 hotspots (6 and 7). The comparison is not made frome year to another. The two years
343 2012 and 2013 are selected because they corresporiie strongest detection efficiency
344 (DE) from the years we have in our database. The BEconsidered in Soula et al. (2016)
345 and it was calculated relatively to the LIS data ath cumulate cloud-to-ground and
346 intracloud flashes. Thus, the DE values found in @a et al. are low for the whole study
347 area, 5.9% and 4.4% for 2013 and 2012, respectiveigwever, the DE can depend on the
348 region since the study area in Soula et al. wasykarge (25° x 25°). It is difficult to have a
349 report on the WWLLN status during these two yeafsyway, Soula et al. (2016) have

10
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clearly highlighted the increase of DE between 20a@d 2013, the rate of which can be
estimated at about 34%.

In Soula et al. (2016) the LIS data were used targmare the activity from one year to the
next. The difference for the whole region was lomee the maximum was found in 2009
(195,316 flashes detected) and the minimum was fbum 2012 (182,560 flashes detected),
which provides a difference of 6.5%. Consideringld) LIS data provides 192,443 flashes
detected which represents an increase of about $&tnf 2012. The interannual variability
was found low by considering LIS data. Now, for hcomparison study, we consider the
DE at the scale of each area (Area-max and Area )saad the LIS data are used in each
area (see Figure 1 in the new version of the paperhe new information allows better
describing the WWLLN data used in this studg. new graph in Figure 1 displays the
annual count of lightning flashes from LIS and WWLN for each area and during the
whole data period (2005-2013), and the DE valuekukated in each area with the method
used by Soula et al. (2016). The years 2013 and22@dve the larger values of DE, which
can justify to take these two years of reference tlle comparison between both Area_max
and Area_sec.

(2) Surface temperature documentation
In other studies, tropical lightning activity hasem shown to vary with surface air
temperature, also related to CAPE (instability). Rbmps has also shown recently that
tropical CAPE may be scaling with the Clausius-€lapn relationship, and so there one has
a predicted temperature dependence of CAPE. Mewer has already made inquiry with
the second author about this thermodynamic aspetthe same question is appropriate here.
Are surface meteorological observations availabkng location in the DRC and in particular
for the two areas targeted in this study? Thatldvbe a most welcome addition to the
physical analysis and interpretation in this papene authors need to consider that virtually
no additional information is provided about theface conditions of the two areas they have
selected for study.
Response of the authors:
It is difficult to find surface temperature data ithe region considered in the study.
Anyway, to use the temperature in the study regaitke knowledge of its values in several

locations of the areas and the consideration of thiditude. We look for differences of the

11



383 storm characteristics between two regions. The aweristics investigated are, the daily
384 cycle, the distribution of the FRD, the annual cychonth by month and season by season,
385 the distribution of the number of flashes produceédring a day. The highlighting of

386 differences has to be interpreted in physical coptwith the available information.

387

388

389 (3) Expectations for seasonal variations

390 The semiannual variation of temperature, rainfatl Aghtning activity in the climatology
391 of the Congo is well recognized (Christian et2003; Williams and Satori, 2004) but is
392 not mentioned in the interpretation of the Figure I& a single year of lightning

393 observations with a detection system that is dedydeefficient, the semiannual variation
394 may not be so robust, but there are hints of thisigure 6 already. For example, note the
395 maxima in April in Figure 6b and the local maximaHigure 6a for October. Also, since
396 the two selected areas are displaced south ofjiret@r, one expects to have an annual
397 phase with maximum in NH winter, also consisterthwigure 6. Place what has been
398 found for localized areas in the broader contexxmufwledge about Africa.

399 Response of the authors:

400 In Soula et al. (2016) the DE values for the WWLLMere already noted as low and

401 discussed. First, we have to keep in mind the DEasculated relatively to the LIS sensor
402 that detects all flashes (intracloud and cloud-teegind). Since the WWLLN detects

403 principally the CG flashes (but also some IC flaghesee references added in the paper as
404 Abarca et al., 2011 and Rodgers et al., 2005),thkies of DE are obviously low. Thus, the
405 DE values are indicative and what is interestingtesfollow the DE values year after year.
406 A major result found in Soula et al. is that accardy to the high flash rate within this

407 region, a low proportion of flashes detected is repentative of the climatology. It is true
408 also in the present study.

409 Concerning the semiannual variability of the monthrate, it has been found in Soula et al.
410 it can be large at the scale of the Congo basinn€equently, the variability is large for the
411 restricted areas considered in the present studys bf course arbitrary to consider month
412 by month to analyze the semiannual variability diet lightning activity. It is also possible to
413 consider the 3-month averaged flash proportion to@oth the effect of a specific month.
414 The reference to choose the 3-month period is basedypical periods considered in other
415 studies in the region (Christian et al., 2003; Jasin et al., 2009) and from Soula et al.

12



416 (2016) that made an average annual cycle from 9nged hus, the four periods are DJF,
417 MAM, JJA and SON. We add this approach in the nelgure 6 to point out the semiannual
418 variation. It is now commented for a complete anontinuous cycle of three years. We
419 discuss the result for this figure in the context the knowledge about Africa.

420

421

422 (4) Positive correlation between lightning areas

423 My understanding of developments in the Congoas difiten convection in the elevated
424 terrain on the eastern boundary develops coldawsfithat then go out to the west to
425 stimulate/initiate new convection there. This cbioé a basis for correlation. Ground
426 conditions are cited, but better would be to citteaedent rainfall conditions over a large
427 domain that will influence the nature of the corti@t on subsequent days. | would also
428 strongly recommend another correlation calculatiith an area that is immediately

429 adjacent to the primary area, as presently theselected areas are separate. It would be
430 helpful to show that you have greater correlatidremwan area immediately adjacent is
431 analyzed.

432 Response of the authors:

433 This correlation study was made to check if the dayith activity can correspond

434 between two areas, in such a way that the condiidavorable for storms could affect
435 both areas. We have chosen the areas because thegspond to the study. The result
436 is a weak correlation. We have to keep in mind tteerelation is evaluated between the
437 daily numbers of flashes in each area. It is a qudative correlation. After analyzing
438 some case studies in this region, we can see ttungtflash rate density is always very
439 localized in a restricted zone, that is to say #teng activity is not extended. It can

440 explain or help to understand the weak correlatibetween the flash numbers in each
441 5° x 5° area. At the scale of one day the largesflarate/density (and strong rainfall for
442 example) is local. We explain that and we show aample of day with strong activity
443 in both areas (Figure 7). It shows also that evdrihe areas are adjacent, the

444 correlation can be weak.

445

446

447 Role of Lake Kivu
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The lake effect is mentioned only briefly (linesdl&nd 249) and may deserve some
expansion. It is now known that Lake Victoria igdhda (near to the region of interest)
and Lake Maracaibo in Venezuela have dramatic &fi@e lightning activity. (See for
example the recent work by Albrecht et al. on ttaplightning hot spots, already
mentioned.) So more should be said about the phlyile of this lake, with possible

inclusion of information on its size and about otbeidies of that role.

Response of the authors:

We have discussed the possible effect of the lake&oula et al. (2016). We add some
comments. We can use the figure 2 to show the ¢ftéd.ake Victoria, especially on the
number of days. We can see a clear enhancement albg lake. This enhancement is
less visible for the lightning flash rate densityt means the number of flashes per day
of storm is lower than in other parts of the are@he storms are therefore frequent

above the lake Victoria, but not very active inttes of lightning flash production.

(5) The MCS issue

In the last paragraph of the Discussion sectiaactintribution of mesoscale convective
systems is invoked. My big problem with this sesfipn is that the authors have already
documented the traditional 4 pm maxima in the hgig activity, and that is strongly
suggestive of local (solar-stimulated) convectiass(sted by cold outflow boundaries)
rather than MCS activity that generally maximizatet in the diurnal cycle (and hence the
greater prevalence of sprites later in the diucyale, about which the second author is
well aware, plus the fact that Africa is the leadfohimney” for sprite activity globally
according to ISUAL satellite observations). San iaclined to agree with what is stated
in line 279. But expanded discussion on this etsiseneeded. The authors should also
consult TRMM work by Karen Mohr on African convemnti  And given that Zipser et al.
(2006) is invoked, the diurnal phase of superlatigivity in that study should also be

examined and reported here.

Response of the authors:

We agree with the reviewer that the reference Zipkas to be more commented. The
work is supposed to point out differences betwewmw tareas and the diurnal cycle
appears different in both areas. Since it is moreopounced in Area_max it indicates

more activity issued from local conditions, what $sid (presence of mountains, lake

14



481 Kivu). The influence of MCS can be more obvious whéehe daily cycle is less

482 pronounced. Furthermore, Zipser et al. found larggroportion of intense convection
483 in the region corresponding to Area_sec. We rewritee end of the discussion by
484 referring to the work made by Zipser et al. (2008gckson et al. (2009). We think the
485 differences between both areas can be explainedcbysidering Area_max combines
486 two conditions favorable to thunderstorm developrhetihe convergence associated to
487 the AEJ-S (Jackson et al., 2009) and the local effef orography and lake.

488

489

490 (6) Observations with little if any interpretation

491 The paper has many analyses and observationsréhabaccompanied by physical

492 interpretation. The Abstract for example contaiagphysical interpretations at all.

493 Table 3, Figures 3, 4 and 5 are in a similar categ@his aspect needs major

494 improvement. It is helpful if every proposed arsaéyhas a specific scientific purpose,
495 and so also warrants an interpretation.

496 Response of the authors:

497 An effort of development or addition of interpretan is made in abstract, discussion
498 and conclusion. See the last sentence of the aluitra

499

500

501 Detailed comments/edits on the text:

502 The authors are not native English speakers atigese are many edits needed to clean
503 up the text:

504 Line 18 Suggest dropping “very”

505 Done

506 Line 20 “days”

507 Done

508 Line 27 Suggest adding Williams and Satori (2004)

509 Done

510

511 Line 28 suggest changing “space” to “spatial”

512 Done

513 Line 30 change “instance” to “example”; delete “tHérom the Lightning...”
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514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546

Done
Line 31 “resolution”

Done

Page 2

Line 32 “larger dynamic”? Meaning?

Modified

Line 34 “maxima”

Done

Line 35 change “both” to “neither”

Done

Line 36 change to “maxima remains throughout tre yie considering the lightning
activity with 3-month seasons”

Done

Line 37 what is physical interpretation of “vetyasp and localized maximum”
Done

Line 38 “in the eastern Demaocratic...”

Done

Line 42 “scattered over a large area”

Done

Line 43 “maximum activity could...”

Done

Line 43 “linear scale for flash density was...”
Done

Line 46 “maximum activity”

Done

Line 48 change “whole” to “entire”

Done

Line 49 “most of them quantified”

Done

Line 51 “maximum in flash density”

Done
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547 Line 53 “The geographical extent of this region”

548 Done

549 Line 57 “high spatial resolution”; “allowed a battiocalization and specification of its
550 shape”

551 Done

552 Line 62 “contrasting from year to year”

553 Done

554 Line 63 “extends roughly”

555 Done

556 Page 3

557 Line 66 “maximum activity”

558 Done

559 Line 70 change “dimension” to “area”

560 Done

561 Line 77 Attributable to what? (see earlier discoski

562 Done

563

564 The paragraph is modified and developed.

565 Line 78 “the last two years”

566 Done

567 Line 81 “radiation”

568 Doneline 84 delete the first “the”

569 Done

570 Line 85 quantify “very little attenuation”; it isot small and for this reason large
571 numbers of sensors are needed for global survedlan

572 Done

573 Line 87 Why report this for 2014 when it is 20X#1&2013 that are used for analysis?
574 Done

575 line 91 This would be 5 km resolution. You shibjulstify that in terms of the accuracy
576 of the stroke location in Africa.

577 Done

578 line 94 “with the same”

579 Done
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580 Page 4

581 Done

582 Line 95 “the flash count”

583 Done

584 Line 96 “the maximum flash density for both arend #or each year”

585 Done

586 Line 97 “exhibit total flash counts”

587 Done

588 Line 97-98 “indicates a stable situation from oearyto the next. In contrast, the ratio...”
589 Done

590 Line 99 “one year to the next” 4 digits heseverkill on precision

591 Modified

592 Line 101 “localized”; “one year to the next”; “Rbhermore, the spatial density...”
593 Done

594 Line 103 “depends on the spatial resolution”

595 Done

596 Line 104 “at a resolution”

597 Done

598 Line 105 “maximum of flash density”

599 Done

600 Line 109 “clearly appears”

601 Done

602 Line 114 “thunderstorms, which means that the nurob#lashes per day is larger...”
603 Done

604 Lines 115-116 These two factors could be disistged with WWLLN observations but
605 you need to check the temporal development.

606 Done

607 Line 117 I hope the authors disclose “specific Eoal conditions”

608 Done

609 Line 119 Which side and why?

610 Done

611 Line 120 “increases markedly”

612 Done

18



613 Line 124 “daily cycle of flashes detected by the \WW”
614 Done

615

616 Line 125 “These flash counts are calculated...”
617 Done

618 Line 126 “so that the flashes are associated \ugh t.”
619 Done

620

621 Page 5

622 Line 129 “for the minima in the morning...”

623 Done

624 Line 130 “and for the maxima in the afternoon...”
625 Done

626 Line 131 “contrast in flash counts between...”

627 Done

628 Line 134 Add comma after “day”

629 Done

630 Lines 133 to 136 What is your interpretation?

631 Done

632 Line 138 “distribution of flashes”

633 Done

634 Line 139 *“year of reference”? Only one year?
635

636 Done

637 Line 142 How were the various classes selected?
638 Done

639 Line 145 “also plotted in Figure 3" (reduce redancy)
640 Done

641 Line 148 “number of days”; “about twice that of Are.”; “157 versus 84"
642 Done

643 Line 155 “Variability of flash counts during...”

644 Done

645 Line 157 “a clear minimum activity”
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656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677

Done

Page 6

Line 160 “defined as the high activity” But yoaven't quantified HAP and LAP.

HAP and LAP are not considered anymore

Line 165 change to “and also in roughly the sanogortion...”

Deleted paragraph

Line 166 “with number of flashes exceeding 5000 §€11.111)”

Deleted paragraph

Line 167 “during the LAP”

Deleted paragraph

Line 169 “during the HAP and the LAP”

Deleted paragraph

Line 170 “During the HAP”

Deleted paragraph

Line 171 “of days'Deleted paragraph

Line 172 “number less than 5000”; “whereas dutimgLAP”

Deleted paragraph

Line 174 You don’t have a real motivation hefeell why you might expect correlated
behavior.

Done

Line 178 For this you should be giving local timest UT times. Otherwise you lose the
physical interpretation.

The local time and UT time correspondence is giveait section 3.2. The difference is 2
hours for this region of Africa. The local time isnot always relevant. For example in
Europe we have the same local time en western Framand eastern Poland... The
sun time is completely different within these two egions of Europe (27° of difference

of longitude that is to say 1.8 hour!)

Line 180 You should be reporting correlation cméhts in the text in the same form as
in the figures. Otherwise this is potentially casihg.

Done

Line 182 “it also increases for the other”; “figlance” of what?
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681
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685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710

The expression “at first glance” is used to exprdssth distributions are similar after
looking rapidly.

Line 190 “is more wide

Done

Line 192 | don’t understand the meaning here?aiGtet?

Changed

Page 7

Line 193 Shouldn't this section be merged with Brual variability. It is the same
topic.

The title is modified and the section is extend&ection 3.3 is different, it is an analysis
day by day.

No discussion of the important semiannual variatiothis section.

Now it is made with comments on the new graph (Rigc) for 2-year evolution.

Line 194 “proportion”

done

Line 206 suggest adding text: “based on sateifitical observations of lightning” to
distinguish from the approach taken here with Viatad You should also define
“hotspot”

It is expressed like that in Albrecht et al. and thaefined, so it is supposed to be
understood. Maybe we can add a comment about theghnique, to eliminate a 100-km
in radius area around a hotspot already reportechus, two hotspots have at least 100

km of distance between them.

Lines 210-211 What did A. Laing say in there ald@Ss?

Line 214 Considered by whom? These are not thesticonsidered in Section 3.2.
Made. It is modified for the times because we h&aweonsider

Line 216 This is yet another time interval.

More commented now.

Line 217 This is not what you reported in liri8-130.

More details are given

Line 219 “locations than our two areas”
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729
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732
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735
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740
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743

Line 224 “result for 2011” on WWLLN ? Pleaserdia

Now 2011 is included to show two complete annuatley.

Page 8

Line 225 What is the meaning of “minimum propontid

Lowest value of the proportion. It is clarified.

Line 228 The authors need to articulate their giew the ITCZ in the lightning context.

In my experience, the activity lightning is usyadidjacent to the ITCZ because one needs
subsidence to eliminate the widespread cloudirtetsg shuts off the destabilizing

influence of sunlight.

236-240 Nothing is included in here about anteaédonditions of rainfall, that can
influence the Bowen ratio. See also Williams &tahfill (2002; Comptes Rendues).

Line 249 Need more discussion on the role of “glaees” in the lightning context

Line 250 “for the development”
Line 251 “at the planetary scale”; when do “thestiatense storms” max out in the

diurnal cycle? Are they isolated, or are they paftMCSs?

Line 256 “spread from the east to the western Cdragmn”

Done

Line 257 Only if MCS status. But don't forgete of cold outflow toward the west.

Page 9

Line 259 And antecedent rainfall. In any casere should be said about the nature of
the surface in the areas selected. In this conféiliams and Satori (2004) should be
consulted.

Done

Line 263 “regions of strong coupling between thea@phere...”

Done
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776

Lines 264-265 One does not want a contrast ifieiseeking to explain correlated
behavior.

Done

Line 266 “mesoscale convective systems”

Done

Line 269 “in the Congo basin”

Done

Line 270
“frequently overshoots the tropopause. The clinogty...”

Done

Line 272 “From a five-year series of data...”

Done

Line 273 “to the western side of the high mountains

Done

Line 275 “maxima in the number”

Done

Line 279 |tend to agree with this statementtbatdiscussion on MCSs needs to be

elaborated on here.

Conclusions, like Abstract, is lacking in physigékrpretation.

Line 282 “The spatial and temporal characteristicthe lightning...”

Done

Line 282 “strongest thunderstorm activity”

Done

Line 283-284 change to “with a secondary maximutmdncentrated in the same part”
Done

Line 287 to 288 “is similar in both areas

Done
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References
Suggest adding Williams and Satori (2004)
Williams et al. (2000, JAM) considers variationgmipical flash rates and diurnal cycles

of flash rates and storm counts.

Williams (2012, Franklin Lecture) considers impatthanges in WWLLN detection

efficiency over time.

Table 1 Two significant figures is probably maggpropriate. In some places the
authors use four!

A figure is given to show the flash number in eaahea over the 9-year period 2005-
2013. The DE values are also provided.

Figure 1 The hotspot areas straddle the equ&ome discussion is needed about that
aspect alone in driving the lightning counts uphhigThese zones are visited at least
twice per year by the zone of instability. Captemuld also mention location accuracy of
individual strokes.

Figure 2 Suggest changing “amounts” to “countBlease compare this variation with
those documented in Williams et al. (JAM, 200@).pm is very consistent, and with
Schumann resonance observations of “background”

Done.

Figure 4 Better to show flash counts that CLi sé&s which require going elsewhere to
check on definition/motivation. What is the timadynamic situation on days with >
CL10? Curious minds want to know.

The class is an interval of flash number. The purgmis to compare both areas and with
this choice of class width, the difference is shawile could consider more classes, but
the number of flashes is displayed in Figure 5 argyv

Figure 5 If R"2 value are used here, same valuesld be discussed in the text.

Done

Figure 6 Need more discussion on semiannual andah variations in general. (See
earlier remarks.)

Done
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Comparison of lightning activity in the two most adive areas

of the Congo Basin

Jean K. Kigotsi 2 Serge SoufaJean-Francois Geordis
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Abstract. A comparison of the lightning activity in the twoost active areas (Area_max for
the main maximum and Area_sec for the secondaryimax) of the Congabasinis made
with data obtained by thé/orld Wide Lightning Location Network (WWLLNguring 2012
and 2013. Both areas of same size (5° x 5°) exfidgsh counts in a ratio of about 1.32 for
both years and very different distributions of tleshrate density(FRD) with maximumsin a
ratio of 1.94 and 2.59 for 2012 and 2013, respectivelyhe FRD is much more widely
distributed in Area_sec, which means the whole aamdributes more or less equal to the
lightning activity. The diurnal cycle is much more pronounced in Amneax than in Area_sec
with a ratio between the maximum and the minimumi®# and 4.7, respectively. However,
the minimum and maximum of the hourly flash rates@bserved roughly at the same time in
both areas, between 07:00 and 09:00 UTC and betv@®d and 17:00 UTC, respectively.
In Area_sec the proportion of days with-véoyv lightning rate (0-1,000 flashes per day) is
much larger (~45% in 2013) compared to Area_max3% 4dn 2013).In Area_max the
proportion ofdays with moderate lightning rate (1,001-6,000H&ssper day)-deereases-more
slowly-and is larger (~68.5% in 2013) compared to Area_se®&%4n 2013). The very
intense convective events are slightly more nunenol\rea_sec—Fhe-correlatiabthe-daily

Htpositive In

summary, the thunderstorm activity in Area_sec @earvariable at different scales of time
(annually and daily in intensity and in locatiomArea_max combines two favourable effects
for thunderstorm development, the convergence @dsdowith the African easterly jet of the
Southern Hemisphere (AEJ-S) and a geographic etigetto the orography and the presence
of a lake. The location of the strong convectiorAinea_sec is modulated by the distance of

westward propagation/regeneration of MCSs in refhewith the phase of Kelvin waves.
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1 Introduction

According to several studies about the lightninghatology around the Earth, the Congo
basin is considered as the most actegion with either a largenaximum,or two distinct
ones (Christian et al., 2008yilliams and Satori (2004 Albrecht et al., 2011, 2016, Cecil et
al., 2014, Soula et al., 2016). Actually, the feasuof the maximum area depend on the
spatialresolution considered in the calculation of flzesh rate density (FRDand the scale
resolution in the graphic representatigiibrecht et al. (2016) performed a very detailed
analysis of FRD thanks to Lightning Imaging Senddf) data around the Earth, by using
several spatial resolutions. They showed the feataf the maxima FRD strongly depend on
the spatial resolution and on the duration of teeqa considered for the study. Thus, the
location and the value of the first- and secondkednmaxima FRD stabilize when the period
is longer. With the better resolution (0.1°) usedAibrecht et al. (2016), the second-ranked
hotspot is always located around [28°E; 2°S] frawe fyears of dataFurthermore, they
showed most of the first ten lightning hotspots rotlee -whele entire African continent,
including the strongest ones, are located in DeatmcrRepublic of Congo (DRC). By
considering the maps of FRD in Albrecht et al. @0lthe existence of two regions of
maximum activity in DRC is displayed but the nomelar scale does not allow a quantitative
comparison of the maximum values.

Cecll et al. (2014) provided two maps #f lightning flash densityfrom the Lightning
Imaging Sensor (LIS) and Optical Transient Dete¢@fD) data with differentesolution
0.5° and 2.5° and aon linearscalewith—atlarger—dynamidortarge—valbesWith a 0.5°
resolution, two maxima are distinguished in theaegf Congo Basin and only one with a
2.5° resolution. Two separatethximaare also visible in the study by Christian et(2003)
with a resolution of 0.5° andraon-linearscale of density. However, in the latter stuekyth
neither maxima remain throughout the year in cargig the lightning activity with 3-month
seasonsn e :
seale-of the-3nonth-seasarRecently, Soula et al. (2016) showed a \&¥grp-and-localized
pronouncedmaximum in the annual and seasonal lightnilagh density inthe eastern
Democratic Republic of Congo (DRC) from World Widéghtning Location Network

(WWLLN) data with a 0.1° resolution and a lineaalgc In this study, a secondary maximum
was also highlighted west of the main maximum, egflg during the first part of the 9-year
period of study. This secondary maximum was lessqunced andiore scatteredn over a

large area. In this study the region of maximaivity could be analyzed in detail because
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the linear scalgor flash densityvaldeswas better adapted for large values compared to

previous studiesRecenthyAlbrechtet-al—{(2016)classified-the-meost-activeregiof-the

5 .
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The results of Soula et al. (2016) provided thdofwing characteristics. The main

maximumin lightning flash density is observed every year in one sregibn of the DRC, at
about 28°E and between 1°S and 2°S. This maximuemisedded within a region of large
values of lightning flash density strongly contiagt with the whole study arealhe
geographical exterdf this region is approximately 300 km north-soatid 200 km east-west.
It is located in the area where many authors ifledtthe maximum of the planetary lightning
activity, as Christian et al. (2003) who falselyriauted it to Rwanda, Cecil et al. (2014) and
Albrecht et al. (2011). The higbpatialresolution and the linear scale used in Sould.et a
(2016) allowed a better localization and specification of its shaand amplitude
characteristics. In addition, the maximum numbedafs with thunderstorms has been found
in the same area (189 days of storms in 2013) @asavkrage number of flashes per day of
storms (approximately 8 flashes per d@nother area of large flash density considered as
secondary maximum was pointed out in Soula et28l1¢). This area was broader but less
contrastingfrom year to year during the period of the stullyextendsroughly from the

centre of DRC to Congo to the west and to Angolénéosouth.

The goal of this study is to compare the charasties of lightning activity in the two areas
of maximumactivity. The second section describes the data and theodwbgy used, the
third section presents the results from severalpasisons, and the fourth section is devoted

to a discussion.

2 Data and methodology
By following the study by Soula et al. (2016), wefide two areas of equaleadimension

one for the main maximum considered as “Area_maxi ¢he other for the secondary
maximum considered as “Area_sec”. They are idedtiby latitude and longitude values in
thefollowing intervals:
[25°E; 30°E] and [4°S; 1°N] for Area_max
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[18°E; 23°E] and [4°S; 1°N] for Area_sec
We use data from the WWLLN for the present stuthye WWLLN (www.wwlIn.net) is
a global lightning detection network around thetkarhe electromagneti@diationemitted

by lightning strokeg(from cloud-to-ground and intracloud flashest) very low frequency
(VLF) and called sferics are detected by the senebthe WWLLN (Abarca et al., 2011)
These strokes are then localized by using the tingroup arrival technique (TOGA)
(Dowden et al., 2002). The stations can be seghtatehousands of km becausge VLF
frequencies can propagate within the Earth-lonasphewave guide with very little
attenuation. Since its implantation in March 200® WWLLN has been improved in terms
of number of stations and development of the pingsalgorithm (Rodger et al., 2008).
order to give an idea of the growth of the numldeAMdVLLN stations spread on the planet, it
was 11 in 2003, then 23 in 2005, 30 in 2007 anth6Z013, according to the report made by
Rodger et al. (2014)Aceording-to Indeed, he changes in the network during this 9-year
period (2003-2013) can explaihe continuous increase of the detection effigyeliiE) from
2005-t62013bserved by Soula et al. (2016) in the total donmdithe studyAccording to
Abarca et al. (2011), DE for CG flashes is aboutévthat for IC flashes.

We analyze the DE evolution during this perioddach area. For this purpose and in the
same way as Soula et al. (2016) for the whole Cdragin area, Figure 1 displays the annual
numbers of lightning flashes detected by WWLLN &h8 in Area-max and Area_sec during
the period 2005-2013. In the same graph, the valiise WWLLN DE relative to the LIS
data, are reported for each area. DE is calculayddllowing the methodology developed by
Soula et al. (2016), i.e. by applying the correttoefficient for the estimation of the number
of the whole lightning flashes LIS could detectiwat continuous survey. First, the number of
flashes detected by LIS in each area does notmagh during the period, it is always larger
in Area_max, its minimum is observed for 2007 irchearea and more pronounced for
Area_sec, and the maximum is observed for 2005aich earea too. Thus, no increase
tendency is observed in each area. Secondly, theuof flashes detected by WWLLN in
each area increases after 2008, especially dunedast two years 2012 and 2013. As a
consequence, DE is significantly larger for 2018 @013, and reaches 4.96% and 7.50% in
Area_max, respectively, and 4.24% and 6.11% in Asea. This increase of DE is
completely independent of the number of flashegdetl by LIS that is relatively stable

during the last years, which means it is totallyated to the WWLLN performance.

28



937
938

939
940

941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968

According to the DE values, we select the last ywars of the period (2012 and 2018) a

comparison of the characteristics of the lightraatjvity in Area_max and Area_sec.

3 Results
3.1 Spatial distribution of the lightning activity

Figure 2a-b shows theannualFRD, in flash krif yr*, calculated with a resolution of 0.05°
from WWLLN data in the large domain @fe Congo basifor 2012 and 2013, respectively.
Figure 2c-d shows the number of days of the year uiithrderstormightning activity in the
same domain witlihe same resolution for 2012 and 2013, respectivehe White frames
indicate thetwo areas with strong activity (left Area_sec amghtr Area_max). Table 1
displays thelash count, themaximumFRD for both areas and for each yeBoth areas of
same size (5° x 5°) exhibibtal flash counts in a ratio of about 1.32 for bothrgeavhich
indicatesa almeststablesituationfrom one year to theext On the contrary, the ratio of the
maximumFRD is very different from one year to thext since it is1.94and2.59for 2012
and 2013, respectively. This difference can belyasiderstood since the maximum value is
very localizedand can change substantially from one year tonthé and furthermore the
spatialdensityresolution used in the study is vdrgh, with a value of 0.05°. The maximum
value of the density depends on #Hpatialresolution, in the sense that it increases when th
resolution becomes higher. By comparing with thiees reported by Soula et al. (20H
resolutionof 0.1°, it is clear that the maximum ibfe annuaFRD is larger for 0.05°Indeed,

it is 12.86 fl km? yr*at 0.1° and 15.33 fl kihyr™ at 0.05° in 2013, and it is 8.22 fl Knyr*

at 0.1° and 8.62 fl ki yr' at 0.05° in 20120n the other hand, the maximum number of
stormy days is lower with the resolution of 0.086m 189 to 125 days for 2013 and from
167 to 99 days for 201Zhis observation is consistent since a day is stavimen at least one
flash is detected in the pixel.

The difference between the distributions in the t@veasclearly appears regarding both
lightning FRD and number of days of the year with lightning\attiin Figure 2 Indeed, the
highest values of both parameters are located ansttme region of the 5° x 5° frame for
Area_max while they are much more scattered inftame for Area sec. Theentrast
difference between both areas is stronger F6RD compared to the number dbys with
thunderstormswhich meanshatthe number oflashes per stormy dayith-thundestermis
larger for Area_max. It means that the storms ieaAmax are more active and/or more

stationary, and/or more numero(Soula et al., 2016)The differences observed in the
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maximum values and the distributions of the lighthiFRD indicate specificand—tocal
conditions for the thunderstorm development in Areax. These conditions are the presence
of a mountain range that exceeds 3000 meters (B, 7155-2.2°S), orthe westside of which
the FRD increasesnarkedly, and the presence of the lake Kivu (29.2°B°S) above which
the FRD increasegSoula et al., 2016 No specific shape of thHeRD or stormy day is visible

in Area_sec.

3.2Daily cycle

Figure 3shows the daily cycle ahe-ameounts—efthe flashes detected biype WWLLN in
Area_max and Area_sefyr 2012 and 2013. The time is indicated in UTQick is two
hours late compared to Local Time (LT = UTC + 2he$e flash countare calculated over
one hour and averaged over all dayshef year The time scale of the graph is made so that
the flashesameuntsare associatedith the beginning of the 1-hour period of calculation.
Both areas exhibit the same typeseblutiondiurnal lightning activitywith a largeproportion

of flashes during the afterno@md whatever the yeafhe minimum and maximum numbers
of flashes are observed roughly at the same timmih areasThe minimum is observed in
the morningbetween 08:00 and 09:00 UTC for Area_max and batv@y:00 and 08:00 UTC
for Area_secfor both yearsThe maximum is observad the afternoon, between 16:00 and
17:00 UTCfor Area_max and for both years and for Area_se2(h3, and between 17:00
and 19:00 UTC for Area_sec in 2Q1Phe contrastin flash countsbetween the morning
minimum and the afternoon maximum is stronger foeaA max i@atio of 14.5 and 15.4, for
2012 and 2013, respectivilthan for Area_secrdtio of 6.2 and 4.7, for 2012 and 2013,
respectively. It means the diurnal cycle is much more pronednan Area_max.
Consequently, while the lightninigash rate is larger in Area_max for the main part ¢ th
day, it is lower during a short interval between 06&t 10:00 UTC corresponding to the

minimum activity in both areas.

3.3Day-to-day variability

We compare the lightning activity in both areagarms of daily distribution ofhe flashes
detected during one year. Thearsof referenceare 2012 an@013 with a total o866 and
362 daysyespectively available in the database. The flash count ifopaed day by day in
each area and then the days are classified by @nfiiggsh numbers. Thus, Table 2 displays
the result of the classification for each aeeal each yeaiover 12 classes of flash number.

This result is expressed in terms of number of daygach area and year, and in proportion
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(%) of the total number of days for the year inteacea.The incrementing of each class is
done on 1,000 flashesxcept for the class CL1 that is on 900 flashesfd®1 to 1,000

flashes. The first class CLO corresponds to 0-1&§hes to distinguish the days with a very
low number of flashes. The last class CL11 grolnesdays with more than 10,000 flashes.

The first class CLO corresponds to days without Hagh detectedTo make easier the
interpretation of the results, they are also ptbitethe-graph-oFigure 3.

The distribution is similar for both years, (a) 2012 and (b) for 2013The number of days
witheut-any-flash in CLO is much larger for Area_sec than for Area_m@&% and 7,
respectively, in 2012, 43 and 4 in 2013), as inéidan Table 2For CL1 corresponding to
the flash numbers 101-1,000, the number of dagésis larger for Area_sec, slightly in 2012
with 130 and 121 days, respectively, markedly id2ith 121 and 80 days, respectively.
about two timedhat of Area max, 15and versus84, respectivig. On the contrary, the
number of days for classes corresponding to intdrabe flash number&CL2 to CL4 in 2012,
CL2 to CL6 in 2013)s significantly larger for Area_max, faoth the cumulative number of
days (202 against 144 in 2012 and 248 against 168 ir8pafd for each class considered
separatelyFor the classes with a very high activity (CL5 tbl@ and CL7 to CL11, in 2012
and 2013, respectively,—thatb80-flashesper-daythe total number of days is small and not
very different in both areas (36 and 30 in 2012,a2@ 30 in 2013, for Area_max and
Area_segrespectively—a [

From 2012 to 2013, for both areas, the proportibthe number of day decreases in the first
three classes (CLO-CL2) and for the cumulative eatus ~62% in 2012 and ~45% in 2013
for Area_max, and ~70% in 2012 and ~61% in 2013Ai@a_sec. It is almost equal in CL3:
~20% in 2012 and ~19% in 2013 for Area_max, and%-14 2012 and ~14% in 2013 for
Area_sec. It increases almost in all classftsr CL3 and for cumulative value it is ~18% in
2012 and ~36% in 2013 for Area_max, and ~16% irR281d ~25% in 2013 for Area_sec.




1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043

1044

1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064

3.5 Correlation between daily lightning activities

Now we consider the lightning activity for a comigan day by day of both areas to perform
a quantitative correlation. The goal is to evaluatsoth areas are simultaneously concerned
by the storm activity or if they are with a shiftéche. In orderto illustrate the result about
this correlatiorbetween lightning activity in Area_max and Area,see display the graph of
correlation between the daily lightning flash amisuior both areas and 2013. These daily
countsare calculated in two ways, first by considerihg talendar day (00h00 — 24h00 UT)
and then according the daily cycle of lightninginatt between two minimums (06h00 —
06h00 UT, see Figure 2). Figure 5 shows the resiulhis correlation study: (a) for the
calendar days and (b) for the lightnicycle days.

In the first case the correlation coefficié®it is ~0.118and in the second cageis ~0.064
Thus, the correlation is weak but positive, thatoisay the tendency is that when the daily
flash number increases for one area it alsoeasesloesfor the other. At first glance, both
distributions are similar. They reflect the trenghlighted byFigure 4insofar as the low
values € 1000 flasheger day are more numerous in Area_sec. Inversely, thernmédiate
values(between 1,001 and 5,000 flashes per @ag)more numerous in Area_max WaB0
days in 2013against 156 days for Area_sé&mr the values exceeding 10,000 flashesday
there are 7 days for Area_max and 5 days for Aeirs 2013 (Figure 5a). In Figure 5b,
these values are 6 and 8, respectively, which mieane are more days with a large number
of lightning flashes in Area_sec, by considering tlaily cycle of the lightning activity. This

observation is consistent with the fact that tlghtiing activity is morevidely distributed
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spreadduring the day in Area_sec as indicatedFHigure 3 This may be due to the
contribution of nocturnal lightning by mesoscalenwective systems (MCSs) or isolated
storms that develop later in the afternoon if coragato Area_max. Indeed, the work by
Albrecht et al. (2016) shows in their Figure 3 tdating the night, the hotspots located in
Area_sec (i.e, 6th and 7th Africa’s hotspots) eittabdarger contribution to the daily lightning
activity. Thus, by considering the day according the lighgnactivity (06h00-06h0Q) the
episodes of strong lightning activity in this ar@@ more likely to be counted in fulkss

]
3.6 Month-to-month variability

Figure 6a-b shows the monthlyproportion of flashes detected in Area_max and Area_sec
during 2012 and 2013. The minimum proportion isnidin August and in Area_sec (between
3 % and 4 %) for both years. The maximum proporisoalso found in Area_sec in May for
2012 (about 14%) and in December (about 14%) fdr320hese two characteristics show
that the variability is always stronger in Area_#ean in Area_max although the distribution
is different from 2012 to 2013 for both areas. Ewample, in April it is 6.1% and 11.3% for
Area_max, 5.7% and 9.4% for Area_sec, in 2012 @1iB2respectively. Inversely in May,
the proportion of each area is much lower in 20@fgared to 2012 (4.7% and 8.1% for
Area_max, 7.9% and 13.9% for Area_sec). For a gmenth, the respective proportions for
Area_max and Area_sec remain in the same ordegpexor the first three months of the

year.

Figure 6¢ shows the 3-month proportion over a lomgiod including data from 2011. The
3-month periods are chosen according to Christtaal.(2003), Jackson et al. (2009), and
Soula et al. (2016)hus,the months of June, July and August are groupddAn September,
October and November in SON, December, JanuaryFabduary in DJF, and March, April
and May in MAM. The annual variability at this 3-mtb scale is more visible and constant
from one year to the next. Indeed, for both arélas, minimum is always in JJA with a
constant decrease during the preceding 3-montlogserFor the maximum, it seems SON is

more favourable to Area_max while DJF is for Aresc.s
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4 Discussion

Albrecht et al. (2016) studied the lightning hotspover the Eartihased on satellite optical
observations of lightningrhey consider that a hotspot is a region 100-kmadius around a
maximum of FRD.They found that six out of the ten most activetspaver the whole
African continent, including the three strongesegnare located in an area corresponding to
Area_max while only two are located in an area esponding to Area_sec. Our results
confirm the predominance of the largdéRD in Area_max.

The characteristics of the diurnal cycle observediea_max and Area_sec is consistent
with Laing et al. (2011). These authors analyzeddycle of the deep convection over a large
area of tropical Africa including both areas of @tmdy and during 2000-200Bor two 1-
hour intervals (14:00-15:00 UTC and 17:00-18:00 YH@sides eight considered in their
study,theyfound the location of a sharp maximum of the ageraourly frequency of coldest
clouds in eastern DR€loseto Area_max.The intervals 15:00-16:00 and 16:00-17:00 UTC
were not plotted in their graph¥hey noted this maximum fdhe two months April and
Octoberanalyzed in the studfrheyalsoshowed thathe thunderstorm activity is minimum in
the part of DRC that corresponds to both areasuofstudyduring the time interval 05:00-
06:00 UTCin April and during 08:00-09:00 UTC in October (06:and 07:00 UTC were not
plotted) The present observations about minimum and maxinigmining activities
displayed in Figure 2 are consistent with thosd aing et al. (2011). Indeed, the maximum
of the activity is invariably between 16:00 and ¥ .UTC for Area_max, and in a larger
temporal window for Area_sec (~17:00-19:00 UTC 012 and 16:00-17:00 UTC in 2013).
The maximum storm activity is therefore more vaeah time for Area_sec. The minimum is
invariably between 07:00 and 08:00 UTC for Area, sgmtween 08:00 and 09:00 UTC for
Area_max.In Albrecht et al. (2016) for the study of lightgimotspots, the daily cycles are
considered fodifferert severalhotspots located in our areahey found alaily cycle more
pronounced for thénotspotsincluded in Area_max compared to thetspotsincluded in
Area_secyhich is consistent with the present study.

The comparison of the monthly activity in Area_mamd Area_sec in 2012 and 2013
suggests that the seasonal contrast is strongérda_sec where the maximum monthly
amounts are observed in May and December resplctared the minimum in August for the
two years.At the seasonal scale, the monthly activity is clated over three months
following the average monthly activity found in $awet al. (2016) for the whole Congo

basin. The inter-annual variability is well visitdad reproduced from one year to the next. A
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e Even in these

three years the minimum proportion is always in éatgand in Area_sec (about 3 to 4%). The
maximum proportion is also in Area_sec but on défeé months (from 14 to 16%). So the
seasonal contrast is much stronger in Area_sec itharea_max. This result, due to the
migration of the Intertropical Convergence ZoneQZl), is consistent with the contrast of the
seasonal variation in lightning activity found iroa et al. (2016). Area_max is less
impacted by the migration of the ITCZ because tiggéring of thunderstorms in this area
has a very local origin.

The positive correlation observed between the dailyvities of the two areas means there
may be an influence between them or a common dawselain the storm activity. However,
the low value of the correlation coefficient indes the activities can be different on the
guantitative aspectrigure 7 displays the daily density of lightningaghes detected by
WWLLN on 25" of December 2013 in Area_sec (a) and in Area_nigx This day is
considered because the activity is strong in bothsawith 18107 and 10257 flashes detected
in Area_sec and Area_max, respectively. Firstlig thstribution shows the lightning density
is high (scale in fl ki day’) in local spots that correspond to convective €o0oé
thunderstorms. In other words, for a given day, lightning activity can be strong in a
restricted area and weak around in term of flasmbar. This characteristic of the storm
activity is well known and pointed out by many wei{Carey et al., 2005; Soula et al., 2014).
Secondly, the lightning spots seem east-west etedga majority, which could indicates a
propagation of the storms within this direction.ushthe strong activity of a given storm is

probably limited over the time. However, the caatieln between both areas probably exists

because ofHe-me
westthe eastwardpropagation of
conditions favourable to the development of thustbems, as instability of the atmosphere.
could-be-alse-invelvedndeed, Laing et al. (2011) showed convection @epratorial Africa
can be modulated by different conditions at syrwgtiale for local occurrence or propagation
of mesoscale convective systems. They especiallyntiomed the eastward-moving
equatorially trapped Kelvin waves, the south-wdgtenonsoonal flow and the midlevel
easterly jets. It is therefore consistent to obtaitow correlation between our two areas
characterized by a strong annual storm activityttfaumore, the correlation study is done at
the scale of the day and as most thunderstormdageae the end of the day, storm activity
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1158 can occur during the following day in Area_sec tlsaseveral hundred kilometres to the
1159 West.

1160 The distribution of storms in the Congo Basin mgainésults from four contributions,
1161 namely: development, propagation, merging and regdion of thunderstorms. As
1162 thunderstorms can develop everywhere in the Corginpthey can naturally form in both
1163 Area_max and Area_sec. However, the great lakesnanterous mountains of Rift valley
1164 close to Area_max offer most favourable conditibms development and enhancement of
1165 thunderstorms. The most intense storms, at planstale, are found in the Congo Basin
1166 (Zipser et al., 2006). Area_max is probably the hawdive region in the world in terms of
1167 thunderstorms since the number of days of the wéhrthunderstorm activity is found to be
1168 maximum there (Figuréc-d) and the density of lightning is large over thidemded area
1169 (Soula et al., 2016). On the other hand, accordmgrevious studies, Equatorial Africa
1170 thunderstorms spreddom the east to the western Congo bgkiaing et al., 2011; Nguyen
1171 and Duvel, 2008; Laing and Fritsch, 1993). Thennttmrstorms may propagate from
1172 Area_max to Area_sec but different processes agingeand regeneration may affect their
1173 intensity and induce different characteristicshiese areas. Several studies have shown that
1174 heterogeneity of soil moisture or vegetation plagla in thunderstorms triggering (Taylor et
1175 al., 2011; Garcia-Carreras et al., 2010). Furtheemine modelling results of the Global Land
1176 Atmosphere Coupling Experiment (GLACE) classifiedquitorial Africa, including
1177 Area_max and Area_sec, among the regionstraihg coupling betweenhe atmosphere and
1178 the soil moisture (Koster et al., 2004). Thus, diffezes of soil moisture and/or vegetable
1179 cover between Area_max and Area_sec may contrifoutbe eentrastdifferencesbetween
1180 lightning activities of the two areas.

1181 Farnsworth et al. (2011) pointed out that mesesecaleonvective-systenBICSs constitute
1182 the fundamental unit of vertical energy transpor€Central Africa. In other words, convection
1183 in this region generally leads to the formationM€Ss. This observation is consistent with
1184 the results of Liu and Zipser (2005)d Zipser et al. (200§dn deep convection ifme Congo
1185 basin). They showed convection time Congo basin frequently overshodtse tropopause.
1186 The climatology of MCSs in Equatorial Africa, includjnthe whole Congdasin was
1187 presented in Jackson et al. (2009). Frifive-year series of dgtthese authors have shown
1188 that the zone on horseback at the equator betw&®nabd 5°N and extending from the
1189 Atlantic coast to the westide of the high mountains of the Rift Valley is the shactive in

1190 terms of storm activity because it includes of four maximain the number of MCSs that
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they have identified. In our study, Area_maxd Area_secoincide with the region where
Jackson et al. (2009) fourmhe—of the two main number maximum of MCS\ctually, in
Jackson et al.,, two cores appeared in the struabfiréhis main maximum, one that
corresponds to Area_sec with a less pronouncedrmemiof number of MCS and a larger
number of lightning flashes per MCS. The seconce dar Jackson et al. corresponds to
Area_max with a more pronounced maximum. They exylee origin of the large number of
MCS in this large area by a maximum of midtroposigheonvergence on the west side of the
African easterly jet of the Southern Hemisphere JAH. They observe this condition more
pronounced in SON season compared to MAM in theesamay that we observe also more
flashes according to Figure 6¢. Indeed, accordingahr and Thorncroft (2006) and Laing et
al. (2008), the vertical shear related to the Afni@asterly jet (AEJ) influences the location of
intense convective systems. Furthermore, mountmgeas help to initiate long-lived MCSs
(Laing et al., 2008; 2011). According to these atghin all the regions the convection
initiates over the elevated terrain and then prapegyin conditions of moderate vertical shear
to develop into mesoscale systems. On the othed had according to several authors, the
propagation of convection in Equatorial Africa isodulated by convectively coupled,
equatorial Kelvin waves (Laing et al., 2011). Dgrithe active phase of these eastward-
propagating large-scale waves, MCSs are largemaoreé intense. These convection systems
occur farther east from day to day, and propagatsward within the Kelvin wave envelope.
During the dry phase of the Kelvin waves an uppgel convergence is produced, which
eliminates the deep convection and the westwarplggation. Thus, the region corresponding
to Area_max seems to have a stronger maximum of M@&8ber, as we find a larger FRD.
Area_max combines two conditions favourable forntterstorm activity, the convergence
evoked by Jackson et al. (2009) for the large reqad a local orographic effect that
reinforces the effect of the first one. Area_seens to take advantage of the westward
propagation/regeneration of MCS, at a distance fteninitial occurrence that depends on
the phase of the Kelvin waves, which explains tihdegpread large values of FRD observed
within this area.

The presence of mountains or elevated terrain weays a determining factor in the
mechanism of thunderstorm. For example at a verllscale, Munoz et al. (2016) explain
the role of the topography combined with Nocturbalv Level Jet in the largest FRD in the
world observed in the region of the lake Maracai\denezuela. At a more global scale,

William and Sétori (2004) compared the lightningl aainfall activities in both Amazone and
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Congo basins and interpret the greatest FRD obdenv€ongo basin in terms of features

more continental (drier and warmer) and a largevaion.

MCS-in-Area—maxAccording to Zipser et al. (2006) the proportidnirtense convective
events is larger in the region corresponding toaAsec compared to that corresponding to
Area_max (see their figure 3). This result is cstesit with the present figure 5 concerning
the distribution of the daily flash number in earka, especially the graph (b) where the flash
counts are made from 06:00 to 06:00 UTC. Furtheenibre DE is a little lower in Area_sec
compared to Area_max, according to the resultslaiisd in Figure 1. Thus, Area_sec is
concerned by a more irregular thunderstorm activityh both the least active days and the
most active days. It is well illustrated with thgaenple in Figure 7, displaying the daily
lightning activity for the most active day in Aresec (see Figure 5a). Indeed, the FRD for the
day is more scattered in the whole area for Area Hee distribution of thunderstorm activity
is substantially different in each area, conceattawvith a very marked daily cycle in

Area_max, and scattered with a daily cycle much pFsnounced.

5 Conclusion

The spatialand temporal characteristics of the lightning\atstiare analysed in two areas of
the Congo basin, Area_max with thegongestthunderstorm activity and Area_sec with a
secondary maximunewer-one First, the lightning flashes are much more cotreged inthe
same part of Area_madxrr both yearswhile they arerere-scatterediidespreadn Area_sec.
Secondly, the frequency of days with low activigylarger in Area_sec and the frequency of
days with high activity is larger in Area_max. Hoxge, the frequency of days with very high
activity is similar in both areas and even the largest daily flashbeusare detected in
Area_sec. Thirdly, a stronger contrast betweenntagimum and the minimum in the daily
cycle is observed in Area_max with a ratio of abbt#d while it is only 4.7 for Area_sec. In
conclusion, the thunderstorm activity is more Malgain Area_sec, in terms of location,
daytime of occurrence, seasonal distribution artdngity in terms of number of flashes.
These differences are consistent because Area m@abiges two favourable effects for
thunderstorm development, the convergence assdcwith the AEJ-S, especially during
SON and DJF, and a geographic effect due to thgrapby and the presence of a lake. The

location of the strong convection in Area_sec islespread, according to the distance and
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direction of propagation/regeneration of MCSs thatiate farther eastern, especially in

relation with the phase of Kelvin waves.
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1344 Table 1.Flash count and flash density in both areas.

1345

1346
1347
1348
1349
1350
1351

1352
1353
1354
1355
1356
1357

Flash count Maximum flash density
(fl yr'* km?)
2012 2013 2012 2013
Area_max 696,144 1,000,687 8.6 15.3
Area_sec 526,278 760,405 4.4 5.9
ratio 1.32 1.32 1.94 2.59

Hash-aumber CLASS Numberof-day
Arco—mex Area—sac
0 CLO 8] 7
1—1,000 ckl 84 157
1.001—-2.00 ck2 79 58
2,001—-3,000 cL3 70 52
3,001—-4.000 cL4 43 29
4,001-5,000 cL5 38 7
5,001-6,000 CcL6 18 12
Lo onh CL7 12 11
7,001-8,000 CL8 7 10
e CL9 2 2
Lot 00 CL10 2 2
>10;000 CL11 7 5
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1358
1359
1360
1361

1362
1363
1364
1365
1366
1367
1368
1369

1370

1371

1372

1373

1374

Table 2. Number of days corresponding to lightning clasedse two study areas during the
2012 (366 days) and 2013 (362 day®)e percentage is calculated in relation to thaltot

number of days during the year.

Flash number CLASS Number of days)(
2012 2013
Area_max Area_sec Area_max Area_sec
0-100 CLO 71.91) 59 (16.12) 4 (1.10) 43 (11.88)
101 - 1,000 CL1 12138.06) 130 @35.52) 80 (@2.10) 121 (33.43)
1,001 - 2,000 CL2 9P7.05) 68 (18.58) 79 (21.82) 58 (16.02)
2,001 — 3,000 CL3 7319.94) 52 (14.21) 70 (19.34) 52 (14.36)
3,001 - 4,000 CL4 3(B(20) 24 (6.56) 43 (11.88) 29 8.01)
4,001 - 5,000 CL5 164(37) 17 @.64) 38 (10.50) 17 @.70)
5,001 — 6,000 CL6 1@(73) 7 (1.91) 18 @.97) 12 3.31)
6,001 — 7,000 CL7 41(09) 4 (1.09) 12 3.31) 11 3.04)
7,001 — 8,000 CL8 2(55) 1(0.27) 7193 10 2.76)
8,001 — 9,000 CL9 4 (@9) 1(0.27) 20.55) 2 (0.55)
9,001 - 10,000 CL10 M(0) 0 (0.00) 2 (0.55) 2 (0.55)
> 10,000 CL11 0Q.00) 0 (0.00) 7 (1.93) 5 (1.38)
Total 366 (00) 366 (L00) 362 (L00) 362 (L00)
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