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Abstract. Lightning activity, storm structures, meteorological and environmental conditions are 9 

analyzed within a large area of Central Africa (25° × 25°) for two periods of one month (March 10 

and December) with high thunderstorm activity in 2013. The lightning flashes issued from 11 

World-Wide Lightning Location Network (WWLLN) allow to contribute in highlighting some 12 

characteristics in agreement with the literature. Some new findings, that can be useful for future 13 

storm monitoring thanks to lightning data issued from geostationary sensors as the Lightning 14 

Imager (LI) onboard Meteosat Third Generation (MTG), have been noted and have to be 15 

confirmed with more case studies. Thus, a seasonal correlation is found between the daily flash 16 

number and the extent of large CAPE values. The lightning flash density exhibits the same 17 

location of its maximum, for December and March with about 3 and 2 flashes km-2, respectively. 18 

This location is also reported in the literature for the annual activity in the study area. The storm 19 

developments often occur in the regions that combine the presence of lakes and mountains. The 20 

flash clusters allow to localize the strong convective activity and to follow the displacement of 21 

the storm systems when they move. The flash rate density (FRD) is larger in the convective 22 

systems well organized, as the typical MCS, during the development of the storms and when 23 

several cells merge. The daily cycle shows a lightning flash rate maximum between 14:00 and 24 

15:00 UT that precedes the maximum development of the storm by one hour. It also shows that 25 

the storms that occur within the region of the main maximum of lightning activity, are more 26 

frequent and produce larger values of FRD.  27 

 28 

1. Introduction 29 

Global studies have shown that the world record for lightning at regional scale is observed in 30 

the Congo Basin (Christian et al., 2003; Cecil et al., 2014; Albrecht et al., 2011, 2016). The results 31 
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of those studies generated interest and motivated other works conducted within this region and 32 

around, to well understand the development of this activity. Thus, a detailed climatology of 33 

lightning activity at high resolution was elaborated for this region of Central Africa (Soula et al., 34 

2016). This climatology especially highlighted two areas of strong lightning density. A subsequent 35 

work was conducted to compare the two areas describing them in more detail (Kigotsi et al., 36 

2018). However, in the perspective of future spatial data regarding lightning activity and 37 

meteorology that will be especially provided by the geostationary satellite Meteosat Third 38 

Generation (MTG), the relationship between lightning and convective activities in Central 39 

Africa needs to be better studied (Stuhlmann et al., 2005). 40 

According to the usual concept, strong lightning activity is a signature of convective intensity 41 

(Zipser et al., 2006). It is confirmed for the region of Congo Basin because the most intense 42 

thunderstorms around the world are found in equatorial Africa (Zipser et al., 2006). High lightning 43 

activity requires a microphysical environment of mixed phase and strong updrafts 44 

(Toracinta and Zipser, 2001). It is therefore natural that deep convection frequently exceeds the 45 

tropopause in the Congo Basin (Liu and Zipser, 2005). One of the causes of intense thunderstorms 46 

is the strong convective instability which initiates and maintains the ascents of humid air. The solar 47 

radiation, particularly high in the tropical region, is the source of energy necessary for strong 48 

updrafts which can generate thunderstorms when the CAPE is large. Indeed, it has been established 49 

that the diurnal convection cycle in the tropics is linked to the destabilization of the atmospheric 50 

boundary layer by solar radiance in the afternoon (Wallace, 1975; Dai et al., 1999; Dai, 2001). 51 

Observations have shown that the minimum of cloud top temperature (CTT) is associated with the 52 

maximum of lightning flash rate at scale of the thundercell (i.e. Williams et al., 1989; Soula et al., 53 

2014). Indeed, the decrease in CTT directly reflects the vertical extension of the thunderstorm on 54 

the one hand, and the increase of lightning rate expresses charging/discharging processes within 55 

the thunderstorm on the other hand. So, there is a relationship between the lightning activity and 56 

the strong vertical development of thunderstorm systems. Strong updrafts that raise cloudy air 57 

masses to high altitude also promote hydrometeor collisions and consequently cloud electrification 58 

and lightning production (Takahashi, 1978; Saunders et al., 1991). But the vertical extension of 59 

thunderstorms is not the only phenomenon associated with the increase of lightning flash rate, that 60 

is also associated with other phenomena that affect thunderstorm cells, as merging, regeneration. 61 

These phenomena influence therefore also the level of lightning activity. 62 
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Mesoscale Convective Systems (MCSs) constitute the fundamental unit of vertical energy 63 

transport in Central Africa (Farnsworth et al., 2011). Deep convection is often organized in MCSs 64 

in that region. These systems have been found to be mainly generated on the western slopes of the 65 

Rift Valley mountains and then propagate westwards and southwestwards (Nguyen and Duvel, 66 

2008; Laing et al., 2011). Singularly, orography certainly plays a role in the origin of the acute 67 

maximum of lightning density observed each year around 28°E and 2°S, in the Congo Basin. As 68 

the highest mountains exceeding 3000 meters altitude are located at about 28.5°E, their presence 69 

is a favorable element for the development of thunderstorms likely to produce a high density of 70 

lightning (Soula et al., 2016). It has also been found that convection in the region is not only 71 

initiated by the heating of upland areas but also by sea / land breeze and lake breeze (Laing et al., 72 

2011). The local effect of sea or lake breezes as well as that of topography has also been observed 73 

in several other studies elsewhere in the world (Oki and Musiake, 1994; Yang and Slingo, 2001; 74 

Yang and Smith, 2006). Coherent episodes of convection have also been observed in this region as 75 

a result of convection regeneration through multiple diurnal cycles during westward propagation 76 

(Laing et al., 2011). Convection has also been shown to be modulated there by coupled Kelvin 77 

waves propagating eastward (Laing et al., 2011). 78 

The zone defined by the range 5°S - 5°N in latitude and 10°E - 30°E in longitude practically 79 

coincides with the sector identified as the most active zone in terms of thunderstorm activity 80 

(Jackson et al., 2009). It extends approximately from the west coast of Africa on the Atlantic Ocean 81 

to the west of the Rift Valley. The main core of the maximum of MCSs number and the secondary 82 

core of the maximum of lightning flashes per MCS were found in the eastern part of this region 83 

(Jackson et al., 2009). On the same way, the main maximum of the lightning density in Soula et al. 84 

(2016) corresponds with the same location. In addition, a second core of MCS number and the 85 

main core of the maximum of lightning flashes per MCS were found in the central part of the region 86 

(Jackson et al., 2009), where Soula et al. (2016) found the secondary maximum of the lightning 87 

density. The maximum wind shear was also associated with the maximum of MCSs number in the 88 

central part. For example, during the March-May season and during the period 2000-2003, the peak 89 

of the wind shear at 925hPa was located at the same place as the secondary maximum of the 90 

lightning density (Jackson et al., 2009). Indeed, observations from other regions of tropical Africa 91 

have shown that deep convection is often associated with wind shear maxima in the 925-600 hPa 92 

layer of the troposphere (Laing et al., 2008; Mohr and Thorncroft, 2006). Another previous study 93 
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also highlighted the role of convergence in the lower layers of the troposphere in intense 94 

thunderstorm activity in central Africa. For example, it was reported the coincidence between the 95 

maximum of lightning density and the maximum of convergence in the middle troposphere (600 96 

hPa) around 25°E - 30°E, in equatorial Africa, during the month of October over the period 1998 -97 

2003 (Jackson et al., 2009). In particular, it has also been shown that this convergence maximum 98 

coincides with a very marked maximum in the number of MCSs during the September-November 99 

season during which the AEJ-S jet, creator of this convergence, is well developed (Jackson et al., 100 

2009). 101 

 In this paper we analyze the thunderstorm activity in this area of the Congo Basin during 102 

two periods of intense activity recorded in 2013. Based on results from Soula et al. (2016) for the 103 

climatology of lightning activity in the region of Congo Basin, we consider two months of 2013 104 

(March and December) with a high flash number and a low variability to be representative of a 105 

strong activity as better as possible. Indeed, 2013 was the year with the best detection efficiency 106 

and these two months correspond with the best combination of a high flash number and a low 107 

variability out of the World-Wide Lightning Location Network (WWLLN) database available for 108 

the study. Figure 1 displays the study area (red frame) within the map of the African continent with 109 

the relief indicated with the colored scale. We analyze the temporal correlation between the CAPE 110 

and the number of lightning flashes at a resolution of the day on the whole area and for two months 111 

of activity. Then we examine the spatial correlation between the same parameters for two periods 112 

of 24 hours and finally we analyze the spatiotemporal correlation between the production of 113 

lightning and the cloud characteristics at several scales of time and space, according to the shape 114 

and the duration of convective systems. Thus, section 2 is devoted to the description of the data 115 

used and to the methodology, the section 3 to the presentation of the results at different time and 116 

space scales, section 4 to a discussion and finally section 5 to a summary of the main results. 117 

 118 

2. Data and methodology 119 

2.1 Lightning activity 120 

Lightning activity is analysed from the data collected by the global lightning detection 121 

network World-Wide Lightning Location Network (WWLLN) that works around the Earth 122 

(www.wwlln.net/). As other ground Lightning Location Systems (LLS), it detects the 123 

electromagnetic radiation emitted by lightning strokes (from cloud-to-ground and intracloud 124 
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flashes) at very low frequency (VLF), called sferics (Abarca et al., 2011). The strokes location is 125 

based on the time of group arrival technique (TOGA) technique (Dowden et al., 2002). Several 126 

studies show that the WWLLN has been improved in terms of Detection Efficiency (DE) since its 127 

implantation in March 2003. The increasing number of stations and the development of the 128 

processing algorithm can explain this improvement (Rodger et al., 2008). To give an idea of the 129 

growth of the number of WWLLN stations spread on the planet, it was 11 in 2003, then 23 in 2005, 130 

30 in 2007 and 67 in 2013, according to the report made by Rodger et al. (2014). Indeed, the 131 

changes in the network during the 10-year period (2003-2013) can explain the continuous increase 132 

of the detection efficiency (DE) observed by Soula et al. (2016) in the same domain of the present 133 

study. The average DE within the study area increased from 1.7 % in 2005 to 5.9 % in 2013, in 134 

comparison to observation made by the Lightning Imaging Sensor (LIS) onboard TRMM, when it 135 

was above the same thunderstorms (Soula et al., 2016). Actually, DE for CG flashes is about twice 136 

that for IC flashes according to Abarca et al. (2011). It means the flashes we consider in the study 137 

represent a sample of the total flash amount, which means the parameters derived from it (flash 138 

rate, flash density) have to be considered as relative quantities. The flashes are reconstructed as in 139 

Soula et al. (2016), i.e. successive strokes are associated within a flash when they are separated by 140 

less than 0.5 s and less than 20 km. DE could change in the whole domain of study, with values up 141 

to 7.5 % in 2013 for the 5° × 5° area of the main maximum activity (Kigotsi et al., 2018). 142 

 143 

2.2 Cloud structure and meteorology 144 

Cloud Top Temperatures (CTT) are provided by data from the Spinning Enhanced Visible 145 

and Infrared Imager (SEVIRI) onboard the Meteosat Second Generation (MSG) satellite launched 146 

and operated by the European Space Agency (ESA) and the European Organization for the 147 

Exploitation of Meteorological Satellites (EUMETSAT), respectively. Thus, the radiometer 148 

SEVIRI located at about 0° in latitude and longitude, scans the Earth disk to provide images in 12 149 

spectral bands every 15 minutes at a spatial resolution of 0.027°, which corresponds to 3 km at 150 

nadir, below the geostationary satellite. The thermal infrared band (IR) at ~11-13 μm allows to 151 

estimate the CTT with an accuracy generally better than ~1°C. The parameters used in this study 152 

derived from the CTT are the minimum of CTT for a given area noted min(CTT), the fractional 153 

area noted as : 154 

A(τ), when CTT < τ  155 
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A(τ1 ; τ2) when τ1 < CTT < τ2 156 

The CTT allows to make maps of CTT each 15 minutes and to superimpose flashes detected 157 

by the WWLLN during a period (usually 10 minutes) centred on the scan time. The flash rate 158 

density (FRD) is calculated by using the flash rate divided by the fractional area A(τ), usually A(-159 

40°). To analyze the meteorological conditions for both days, we used the Convective Available 160 

Potential Energy (CAPE) and humidity values from re-analysis performed by NCEP/NCAR. Thus, 161 

we plotted CAPE and humidity at 12:00 UTC for the study area. The tropopause temperatures are 162 

also issued from NCEP/NCAR reanalysis.  163 

 164 

3 Results and interpretation 165 

3.1 Overall analysis of two active periods 166 

Figure 2 illustrates the overall temporal correlation of lightning activity with CAPE, for the 167 

months of March and December 2013 with 934,917 and 1,212,071 lightning flashes, respectively. 168 

The lightning activity is estimated by the daily number of lightning flashes and the CAPE is 169 

considered with the area in which it is greater than a threshold which is 1,000 and 2,000 J kg-1 in 170 

the graphs 2a and 2b, respectively. The daily CAPE value is considered as the average calculated 171 

over three daily values at 00:00, 08:00 and 16:00. We notice that lightning activity is present every 172 

day without exception for the two months, but significantly stronger on some days than on others. 173 

Thus, the number of flashes varies from 12,712 (March 9) to 81,145 (December 25) flashes per 174 

day. It is rather high at the beginning of March and December, rather low in the middle of the two 175 

months, then again high around the 20th and on the last days for the month of March, finally on 176 

the whole end of December from 20 (Figures 2a and 2b). We also notice that the CAPE fractional 177 

area curves follow, to a certain extent, the trend of the evolution of the daily flash rate, especially 178 

over certain periods such as the end of December which is a very active period of several days 179 

(Figure 2b).  180 

The month of March is marked by very high values for the area at 1,000 J kg-1 (Figure 2a). 181 

These values are around 35 × 105 km2 at the start of the month and remain greater than or equal to 182 

20 × 105 km2 during the rest of the month except for three days (March 11-13). On the other hand, 183 

for the area at 2,000 J kg-1 the values generally remain less than or equal to 6 × 105 km2 except for 184 

a small number of days, and particularly for the beginning of the month when values are recorded 185 

around 13 × 105 km2 (Figure 2b). Compared to March, December is marked by relatively lower 186 
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values of the area at 1,000 J kg-1 (Figure 2a). However, values greater than 15 × 105 km2 are 187 

recorded for ten days at the beginning of the month and for more or less seven days at the end. For 188 

the area at 2000 J kg-1 the values generally remain less than or equal to 2 × 105 km2 except for a 189 

small number of days, mainly at the beginning and at the end of the month, when values are 190 

recorded up to 10 × 105 km2 and around 4 × 105 km2, respectively (Figure 2b). 191 

Figure 2c,d shows the correlation graphs between the two daily parameters analyzed for the 192 

two CAPE values. The correlations are positive in all cases, but with relatively average coefficients 193 

which does not show a strong correlation over the entire periods considered. In December, the 194 

correlations are better, with determination coefficients R2 = 0.555 for 1,000 J kg-1 and R2 = 0.440 195 

for 2,000 J kg-1 (correlation coefficients of 0.745 and 0.663, respectively). Indeed, these 196 

coefficients are lower for the month of March, with R2 = 0.216 for 1,000 J kg-1 and R2 = 0.301 for 197 

2,000 J kg-1 (correlation coefficients of 0.465 and 0.549, respectively).  198 

Figure 3a,b shows the lightning flash density in the whole study area for March and 199 

December with a resolution of 0.1° × 0.1°. During the two months examined, the storm occurrence 200 

is marked by the large spatial extension of the lightning activity and the storm frequency or 201 

intensity by the strong local densities that reach about 3 km-2 and 2 km-2 in December and March, 202 

respectively. Thus, the larger number of flashes in December is translated as larger local densities. 203 

The larger values are found in the same area for both months, west of Rwanda in Kivu region, also 204 

noted as the main maximum in Kigotsi et al. (2018). It seems this maximum is present at any time 205 

scale, annual, seasonal as seen in Soula et al. (2016), or monthly in the present study. Most of other 206 

large values are lower and scattered west of this main maximum, for both months but in a more 207 

pronounced fashion for December (Figure 3b), to form a secondary region of strong activity, as it 208 

was analyzed in Kigotsi et al. (2018) at annual scale. A region of large flash density for both months 209 

is observed in the southeastern part of the area, along Malawi Lake. Figure 3c,d displays the 210 

thunderstorm initiation which is considered as the occurrence of a flash when no other flash was 211 

detected during the previous 30 minutes in a radius of 50 km. The values are low with a maximum 212 

of about 2 flashes per 100 km2 since only the first flash of a thundercell is counted. The density of 213 

these “first” flashes is also scattered in the entire study area for the two months, except in its 214 

northern part. However, larger values are visible in some regions that are usually east of the large 215 

values of the flash density in Figure 3a,b. This observation could support a westerly propagation 216 

of storms as usually observed in many studies (e.g. Laing et al., 2011). Indeed, by using Meteosat 217 
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observations and reanalysis data, Laing et al. showed the propagation of convective systems and 218 

their modulation by Kelvin waves. Looking a little more in detail Figure 3c,d, we can see larger 219 

values of density are located in the eastern part of DRC, along the Rift Valley which follows a line 220 

with many lakes (Kivu, Tanganyka), in northern Malawi Lake for both months, along the border 221 

with Zambia at lake Mweru location. In the western and southwestern parts of the study area, some 222 

locations provide large values of the density, especially for March in Cameroon and for both 223 

months in south of Gabon (Figure 3c), while other parts in the eastern and southern study area 224 

provide also large values in December (Figure 3d). 225 

 226 

3.2 Analysis of four active zones  227 

Figure 4 shows the flash density (a, b), the characteristics of CAPE (c, d) and humidity at 228 

low level (900 hPa) (e, f) in the whole study area, and for two periods of 24 hours, one in March 229 

4-5 with 50,726 flashes in panels a, c, e, and one in December 25-26 with 72,723 flashes in panels 230 

b, d, f. We can see that a large part of the study area is globally affected by thunderstorm activity 231 

within 24 hours. Only the northernmost band of the area between 5°N and 10°N latitude, notably 232 

on December 25 (Fig. 4b), and the part of the Atlantic Ocean (south-western part of the area) for 233 

the two days are not affected by lightning. These two regions also present very low values of CAPE 234 

(Fig. 4c-d) while the northern region is concerned by low humidity (Fig. 4e-f). The spots of 235 

lightning flash density are generally spread in the other parts of the area, with low values at this 236 

scale, generally much less than 1 flash km-2 with some areas where this density can locally reach 237 

values close to 1 flash km-2, as shown by the black dotted frames for the two days. On March 4, 238 

the strong values of lightning density are rather on the eastern half of the area while on December 239 

25 they are located mainly in two equatorial zones around 28°E and 18°E, which correspond to the 240 

two zones defined as the main and secondary maximum, respectively, in the statistical study by 241 

Kigotsi et al. (2018). One of these regions is common in both days around 27-28°E and 1-3°S, it is 242 

the one which corresponds to the main maximum in Soula et al. (2016) and Kigotsi et al. (2018). 243 

The CAPE is large within or near these regions of large lightning flash density. For example, the 244 

CAPE has values > 3 kJ kg-1 on March 4 close to both regions highlighted by the frames M1 and 245 

M2 (Fig. 4c), while it has values around 3 kJ kg-1 close to D1 and close to 5 kJ kg-1 within D2 on 246 

December 25 (Fig. 4d). The relative humidity in Fig. 4e,f corresponds roughly well with the large 247 

values of CAPE. These first observations lead us to consider the detail of the lightning densities 248 
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(Fig. 5) and the development of activity during the day (section 3.3) in the four areas marked by 249 

M1 and M2 for March, and D1 and D2 for December, in Figure 4a,b.  250 

The density of lightning in M1 (Fig. 5a) including 3,293 flashes is globally distributed over 251 

the 3° × 3° area with two regions of higher density, one lying east-west between 26°E and 27°E 252 

and between about 8.6°S and 9°S, the other in a spot at 26°E and 8°S. The first region has a 253 

maximum of about 0.8 flash km-2 and the second 0.6 flash km-2 much more concentrated. In M2 254 

(Fig. 5b) including 6,339 flashes, the density of lightning is both higher with a maximum close to 255 

1 flash km-2 and more spread with several cores at more than 0.6 flash km-2. For December 25 the 256 

regions of high activity are presented in Fig. 5c,d. The first with 8,274 flashes is similar to the 257 

second of March 4, in maximum value (~ 1 flash km-2) and in location (around 27°E-28°E and 2°S-258 

3°S). The second one, located more to the west is much more spread out with 30,481 flashes in 24 259 

hours and a great number of cores at values of about 1 flash km-2 spread over an area of 5° × 5°. In 260 

all cases, the large values of the lightning flash density are localized in small regions, at about the 261 

size of the spatial resolution of 0.1°, which represents about 10 km within the study area. To well 262 

understand the shaping of these spots during the storm activity, we analyze in the following and 263 

for each, the time evolution and the location of the flashes, as well as that of the cloud structure 264 

thanks to the temperature of its top. 265 

 266 

3.3 Case studies of storm systems 267 

Storm system M1 268 

Figure 6a displays the time series of different parameters of the storm activity (flash rate, 269 

flash rate density FRD(-40°), fractional areas of CTT, min(CTT) and Figure 6b-e shows maps of 270 

CTT with flashes detected over 10 minutes. The storm in M1 occurred at the beginning of the night 271 

of March 4 around 19:45 UTC (21:45 local time) and at about 26.5°E and 8.5°S. It corresponds to 272 

the National Park of Upemba within Katanga region, southeastern DRC, an area with many lakes 273 

(Kabwe, kabele, Mulenda, Upemba, Kisale, Kabamba…) at an altitude between 600 and 700 m 274 

surrounded by several plateaus with altitudes above 1,000 meters. The storm system exhibited two 275 

convective cores, the first that developed between 19:45 and 21:00 UTC with min(CTT) of -94°C 276 

and a flash rate of 15 flashes min-1 at 21:00 UTC (Figure 6a,b), and the second one that developed 277 

about one hour later (Fig. 6a,c). The CTT values were colder with a minimum of -95.6°C at 21:45 278 

UTC, but the flash rate reached the same maximum value of 15 flashes min-1 at that time while the 279 
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first core was still active (Figure 6a,d). The system developed in size after 21:45 UTC while the 280 

fractional area of coldest CTT A(-80°) and the flash rate decreased (Figure 6a,e). The storm system 281 

size A(-40°) reached a maximum of 52,000 km2 at 00:30 during a long dissipation phase. FRD (-282 

40°) was correlated to the flash rate for this storm and reached a maximum at 21:00 UTC when the 283 

first core was very active. The flashes were mainly located within the coldest cloud top areas during 284 

the active phase of the storm. The storm did not move during its lifetime, which makes a short 285 

duration of activity without any regeneration of cell and a characteristic of isolated thunderstorm 286 

that developed in an area with spots of CAPE > 3 kJ kg-1 (Figure 4c).  287 

 288 

Storm system M2 289 

The characteristics of storm M2 are shown in Figure 7 as in Figure 6 for M1. This storm 290 

developed at the beginning of the night of March 4th in the region of the main maximum of storm 291 

activity observed by Soula et al. (2016). The first flashes were detected around 22:00 UTC in the 292 

region of Virunga mountain range that reaches about 3,000 m of height. The storm took the 293 

structure of an MCS over a few hours with a convective line including several cores that moved 294 

westerly with a velocity of about 40 km h-1, and a rear stratiform region, well visible in Figure 7b-295 

g. The flash rate increased progressively during this development and reached the maximum of 35 296 

flashes min-1 at 01:00 UTC, while min(CTT) was -94.75°C. After this maximum, the flash rate 297 

decreased and fluctuated following new cell developments while the CTT was minimum at 01:45 298 

UTC with -96.6°C. The last cell development was at 03:00 UTC with a minimum CTT of -94.75°C, 299 

before the maximum extent of the system around 04:30 UTC with a fractional area A(-40°) of 300 

72,000 km2. The strongest flash increase during this storm was observed between 00:00 and 01:00 301 

UTC, simultaneously to a fast decrease of min(CTT), when several cells seemed to merge in the 302 

main core of the convective region (Figure 7d,e). Most flashes were located at the front of the 303 

convective region, forming clusters corresponding to each cell. 304 

 305 

Storm system D1 306 

The storm system D1 is described in Figure 8 with the same parameters as the previous cases. 307 

This storm still developed in the main maximum region highlighted in Soula et al. (2016), a little 308 

more north and earlier in the afternoon than the system M2. Indeed, the first flashes were recorded 309 

around 16:00 UTC at about 28°E and 1°S, in a region that corresponds to the forest at an altitude 310 
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of about 1,000 m in the National Park of the Maiko. The flash rate exhibited a first peak at about 311 

17:30 UTC with 10 flashes min-1 while min(CTT) was -89.7°C. At that moment the storm consisted 312 

of two convective areas producing flashes as indicated in Figure 8b. The two convective areas 313 

exhibited a strong decrease of activity until 18:00 UTC followed by a very fast regeneration of 314 

cells from the most southern one (Figure 8a,c) resulting in a very fast increase of the flash rate up 315 

to 18.7 flashes min-1 at 19:00 UTC and a very rapid decrease of CTT from -84°C at 18:00 UTC to 316 

-92°C at 18:45 UTC. During one more hour the flash rate decreased again and restarted to increase 317 

between 20:00 and 21:30 UTC to reach 21 flashes min-1 when the two initial convective areas 318 

merged around 20:00 UTC and three cores developed within this new convective structure. The 319 

CTT exhibited minimum values of -92°C and -93°C at 18:45 and 21:15 UTC, respectively. The 320 

system continued to produce flashes during a few hours, while maintaining its structure with three 321 

convective cores, the CTT of which became less and less cold (Figure 8a,d,e). The majority of 322 

flashes were produced after 20:00 UTC which corresponds with the merged convective areas. This 323 

storm occurred in a region with CAPE values around 2 or 3 kJ kg-1 as indicated in Figure 4d, i.e. 324 

lower than the previous storm cases, which can explain less cold CTT values. The size of the system 325 

A(-40°) reached about 65,000 km2 after the main lightning activity at about 23:30 UTC and before 326 

to decrease progressively. 327 

 328 

Storm system D2 329 

This storm occurred on December 25th in a region of very large CAPE values, close to 5 kJ 330 

kg-1 as indicated in Figure 4d. Figure 9 displays the characteristics of this activity during a long 331 

period of 14h 30min and within an area of 6° × 6°. The first flashes within the area occurred early 332 

in the afternoon, and their rate increased during a few hours until 20:00 UTC to reach 83 flashes 333 

min-1. Several convective areas produced these flashes, as indicated in Figure 9b,c at 14:00 and 334 

16:00 UTC, respectively. These convective areas grew and moved slowly southwards as shown by 335 

the successive panels of Figure 9. The min(CTT) reached a minimum of -96.6°C two times during 336 

the episode, at 20:30 and 22:30 UTC and the area A(-40°C) increased up to 300,000 km2 with 337 

especially large areas of A(-80°), in red in Figure 9a. Even if the flash rate increased during a few 338 

hours, FRD(-40°) decreased and staid approximately constant during the beginning and the 339 

development of the storm, respectively. Thus, the maximum value of FRD was 0.019 flash km-2 h-340 

1 when the flash rate was maximum at 20:00 UTC, which corresponded to a lower value than for 341 
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the previous cases, especially those of March 4th displayed in Figures 6 and 7. The flash rate 342 

increase was due to the developments of intramass convective cells which developed within large 343 

cloud areas with CTT < -40°C. The proportion of areas with cold CTT was much larger than in the 344 

previous cases but the convective cores did not represent large parts of these areas. Globally, the 345 

storm was not very efficient to produce lightning flashes, in spite of large areas of clouds with very 346 

cold CTT values. The region also contains some lakes such as Maindombe (18.20°E; 1.88°S) and 347 

Tumba (18.0°E; 0.76°S), and it is crossed by the Congo river which is very wide there. 348 

Furthermore, its lower troposphere contains large values of humidity on that day as shown in Figure 349 

4f. There is for example a good correspondence between the area of the two lakes and the location 350 

of the strong activity around 20:00 UTC (Figure 9f), when the flash rate is maximum (Figure 9a). 351 

Probably, there were regeneration of the storm system above these two lakes, while propagating. 352 

 353 

3.4 Daily cycle 354 

Figure 10a represents the evolution of thunderstorm activity over the whole study area and for the 355 

period from December 27, 2013 at 04:00 UTC to December 29, 2013 at 00:00 UTC. This activity is 356 

expressed by the variation of the fractional areas of the cloud tops at different temperature ranges, as well 357 

as those of min(CTT), the lightning flash rate and FRD(-40°). It is observed that the colder surfaces of the 358 

cloud tops describe a diurnal cycle, evidenced for the 2-day duration, of which the minimum and the 359 

maximum appeared at the same time, between 07:00 and 08:00 UTC and between 15:30 and 16:00 UTC, 360 

respectively. However, the maximum value of the total area A(-40°C) was much larger on December 28, 361 

2013 (~162 × 104 km2) compared to December 27, 2013 (~105 × 104 km2). The remarkable difference 362 

between the two maximums (ratio of around 1.5) was mainly due to the areas with cold CTT but not the 363 

coldest ones. Indeed, the maximum of A(-80°C) was 3.1 × 104 km2 and 2.6 × 104 km2 for 27 and 28 December 364 

maximums, respectively. For A(-75; -80°C), a larger maximum was observed on 28 December, with a value 365 

of 11 × 104 km2 compared to 6.5 × 104 km2 for 27 December. The flash rate described the same daily cycle, 366 

but its maximum usually preceded that of the total fractional area A(-40°C) by at least one hour. This time 367 

lag is natural because the maximum of the total area depends on the phase of thunderstorms that have 368 

occurred in the area, and it is maximum during their dissipation, while the maximum of the lightning flash 369 

rate is related to the mature phases of these thunderstorms. Indeed, the flash rate maximum was better 370 

correlated in time with the maximum of the coldest fractional areas, rather than the total fractional areas: it 371 

was maximum on December 27 at 15:00 (about one hour before A(-40°)) and 16:30 UTC with a value of 372 

about 65 flashes per minute, and it was maximum on December 28 at 14:15 UTC (more than one hour before 373 

A(-40°)) with a value of 74 flashes per minute. The flash rates were therefore more correlated with the 374 
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coldest cloud tops areas, since the ratio 1.5 found for the total fractional areas is not confirmed for the flash 375 

rates. Indeed, the ratio for A(-80°) was 0.84 between December 28 and 27. The difference can be interpreted 376 

in terms of the extent of MCSs involved in the overall two-day storm activity and by the way, the overall 377 

area A(-40°) was much larger at the beginning of the second day (47 × 104 km2 at 07:30 UTC) than at that 378 

of the first day (25 × 104 km2 at 07:30 UTC). On the other hand, if we assume that the average size of an 379 

MCS involved in this activity was of the order of 60 × 103 km2, an average value that would take into account 380 

the sizes of the storm systems described in section 3.3 (M1, M2 and D1), the maximum values for the whole 381 

area would correspond to approximately 17 systems on December 27, and 26 systems on December 28. 382 

However, the flash rates did not confirm the activity corresponding to such ratio and therefore, it means the 383 

systems were more extended and started earlier on December 28 and all could not be considered as being 384 

MCSs. 385 

Furthermore, this interpretation also accounts for the contrast observed between the spatial lightning 386 

density distributions represented in Figure 10b,d. As the presence of lightning provides information on that 387 

of thunderstorms, the dispersion characterizing the flash density for the periods 08h00-20h00, December 27 388 

(Figure 10b) and 08h00-22h00, December 28 (Figure 10d) indicates that during these time intervals the 389 

storm systems were numerous and scattered over a large part of the study area. However, the large values 390 

of density, typically around 1 flash km-2, were not numerous, which confirms a low number of systems as 391 

those analyzed in section 3.3. On the other hand, the thunderstorm activity exhibited another maximum 392 

during the period from 20:00 and 06:00 UTC on December 27-28, with a maximum of 74.5 flashes min-1 at 393 

02:30 UTC and a maximum of 60 × 104 km2 for A(-40°) at the same time (Figure 10a). FRD was much 394 

larger at that moment than during the day-time maximum and the fractional area A(-80°) is also large during 395 

the period with values around 2 × 104 km2, which means the storm activity was less scattered. Figure 10c 396 

confirms the lightning flashes were less scattered and therefore produced by less numerous systems. 397 

Furthermore, a large proportion of flashes were produced west of Rwanda and Kivu Lake, where the main 398 

maximum of storm activity was reported in several studies, especially in Soula et al. (2016). These authors 399 

showed that this maximum, present at any period of the year, is due to more frequent storms, and furthermore 400 

these storms are probably either more active or more stationary or more extended, than elsewhere in the 401 

study area. The values of min(CTT), reported every fifteen minutes in Figure 10a, ranged between -77°C 402 

and -96°C, when lightning activity was observed. It fluctuated much because of several storm systems that 403 

could reach their maximum vertical development at different times. Lightning flash rate and minimum 404 

temperature varied in opposite sense, so that colder temperatures were associated with higher lightning rates. 405 

    406 

4. Discussion 407 
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During two periods of one month (March and December 2013) selected for their strong 408 

lightning activity, we analyze the correlations between the number of flashes, the CAPE and the 409 

cloud characteristics. Lightning flashes were produced for all the days from these two months, 410 

including between 12,712 and 81,145 flashes per day. First over each of the months, we find a 411 

correlation between the fractional area for two values of the average daily CAPE (1 and 2 kJ kg-1) 412 

and the number of flashes. Four correlation coefficients were calculated for the distribution 413 

according to the month and the CAPE value: the greatest is 0.745 for a CAPE value of 1 kJ kg-1 414 

and the month of December, while the lowest is 0.465 for a CAPE of 1 kJ kg-1 and the month of 415 

March. For both CAPE values, the correlation is better for the month of December. These 416 

coefficients do not show a very strong correlation and therefore these two parameters are not 417 

perfectly correlated. The average daily flash number was 30,158 for March and 41,795 for 418 

December while the average daily areas for CAPE > 1 kJ kg-1 was 27.7×105 km2 for March and 419 

15.46×105 km2 for December. For CAPE > 2 kJ kg-1 it was 38.60×104 km2 and 19.99×104 km2 for 420 

March and December, respectively. Thus, the number of flashes is larger in December while the 421 

area for both CAPE values is lower. It means clearly that the fitting provides different relationships 422 

for the two months when considering the area of CAPE values. Even if several studies of tropical 423 

storms have shown that the flash rate tends to be larger on days with large CAPE values (Williams 424 

et al., 1992; Petersen et al., 1996), other parameters as for example the CAPE cycle of decreasing 425 

and increasing can affect the lightning activity (Williams et al., 1992). Furthermore, we find 426 

different relationships between daily CAPE and flash number for the two months considered, with 427 

larger values of flash number for a same area with large CAPE in March compared to December. 428 

It means there is a seasonal effect of the CAPE on lightning activity. This effect can be linked to 429 

other parameters, as for example the concentration of aerosol particles and the microphysics that 430 

could contribute to deep convection in the Congo Basin. Indeed, Sherwood et al. (2006) proposed 431 

the regulatory mechanism of water and ice content in the troposphere of equatorial Africa by 432 

involving aerosols. Thus, they showed that the maximums in lightning activity in the Congo Basin 433 

are associated with small effective diameters of ice crystals near the top of the cumulonimbus cloud 434 

and that the highest thunderstorms produce the smallest effective diameters of ice crystals. Several 435 

studies have attributed the reduction in these effective diameters of ice crystals, gathered within 436 

the vicinity of the top of the cumulonimbus, to large amounts of atmospheric aerosol particles 437 

(Sherwood, 2002a,b; Ekman et al., 2004). Furthermore, as Sherwood et al. (2006) suggested that 438 
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extensive biomass burning may play a role in intensifying thunderstorms, deep convection can also 439 

be enhanced by extensive biomass burning in the equatorial forest sector of the Congo Basin. It 440 

can be noted that the point of view of Sherwood et al. corroborates with studies that have reported 441 

the existence of an influence of smoke released into the atmosphere by anthropogenic forest fires 442 

on the increase or decrease in thunderstorm intensity (Altaratz et al., 2010). 443 

Two periods of 24 hours (from 06:00 to 06:00 UTC the next day) with strong activity, one 444 

for each month, have been selected to make the comparison of the spatial distribution of CAPE 445 

with the lightning flash density. It shows the high values of lightning flash density are restricted to 446 

very small areas while the CAPE spread on very large ones. Generally, large CAPE values do not 447 

systematically correspond to high values of flash density, although the flashes are produced in areas 448 

with large CAPE values around. It must be concluded that the strong ascents of air masses to 449 

generate thunderstorms that are necessary to produce lightning flashes, are possible thanks to large 450 

CAPE values but the displacement of the storm during its development can shift the accumulation 451 

of lightning flashes. The intensity of these storms does not only depend on dynamics and 452 

thermodynamics conditions. Indeed, as already indicated in this section, the production of lightning 453 

by thunderstorm systems is strongly conditioned by microphysical characteristics (Takahashi, 454 

1978; Saunders et al., 1991) and thus, the imperfect correlation observed can be explained. 455 

The approach consisting in looking at the first flash produced by a storm indicates a larger 456 

density of storm triggering in regions with lakes and/or mountains. The study by Laing et al. (2011), 457 

devoted to the analysis of the cycles and propagation of deep convection in equatorial Africa during 458 

the period 2000-2003, also highlighted the influence of the mountains surrounding the Rift Valley, 459 

especially for mesoscale convective systems that propagate mainly westward. In addition, the 460 

authors mainly identified two sources of moisture namely Lake Victoria and Lake Tanganyika 461 

(Laing et al., 2011). The role of orography or lakes in the development of thunderstorms and the 462 

distribution of lightning has been pointed out by several researchers in other parts of the world (Oki 463 

and Musiake (1994) in Japan, Hodanish et al. (1997) in Florida, Yang and Slingo (2001) in the 464 

tropics, Pujol et al. (2011) in Europe). For example, Pujol et al. describe and quantify the 465 

microphysical processes involved in the initiation and development of convective precipitation 466 

resulting from orographic effects in the presence of a lake. They noted that the lake can act as a 467 

secondary source of moisture that can promote local convection, and the mountainous slopes will 468 

promote updrafts.  469 
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We have analyzed four specific activities by considering the CTT and the flash rate, as well 470 

as parameters derived from both. Different types of storms are included in the areas where these 471 

activities developed, from the cell with a unique convective core active, to the MCS and the 472 

intramass storms covering large areas. Table 1 shows the characteristics of each and their 473 

environment. These storm sequences occurred in areas with CAPE values up to 3 kJ kg-1 in part of 474 

them on March 4th. For December 25th, the CAPE reached also about 3 kJ kg-1 in the region of the 475 

storm system D1 and between 4 and 5 kJ kg-1 in a large part of the region of the system D2. We 476 

analyzed the temperature of the tropopause in the region of each system and plotted it for both days 477 

in Figure 11a,b. This temperature was substantially colder on March 4, with a minimum of -84°C 478 

in the region of M2 and -82°C in the region of M1. It was -81°C and -80°C for D2 and D1, 479 

respectively, on December 25th. According to the values reached by min(CTT) during the storms, 480 

we can say the stronger the CAPE, the higher the development of the cloud above the tropopause. 481 

Indeed, the difference between min(CTT) and Ttropopause is greater for strong CAPE, as indicated in 482 

the fifth column of Table 1. The large values of CAPE lead to strong convection and large vertical 483 

development of the clouds. The vertical velocity within the convective clouds is linked to the 484 

CAPE: 485 

w = (2 × CAPE)1/2 486 

Because the strength of the updraft is maximum at the equilibrium level (the tropopause 487 

level), the cloud air continues to rise because of its own upwards momentum, until the negative 488 

buoyancy due to the parcel finding itself colder than its surroundings. Thus, the overshoot develops 489 

above the tropopause which makes much colder CTT compared to the tropopause. The maximum 490 

height of the overshoot is observed for D2 with a CTT of -15.6°C colder than the tropopause as 491 

indicated in Table 1. It corresponds to a height of about 1.5 km above the tropopause, according to 492 

the adiabatic transformation temperature cooling rate (-9.8° km-1) which can be considered for 493 

cloudy air rising at this altitude (Jacobson, 2005). In each of the four cases, the thundercloud 494 

reached more than 1 km above the tropopause since the minimum was found for M2 at about 1.2 495 

km. Figure 12 displays the values of the maximum height of the cloud versus the CAPE values 496 

found in the storm area, for the small sample of storm cases. The curve fitting provides a very high 497 

determination coefficient (r2 = 0.984), which shows a very tight relationship between both 498 

parameters. These large overshoots make wide areas with cold temperature in D2 but the flash rate 499 

density is the lowest among the four cases. The highest FRD value is found for the system M2 500 
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which is an organized system that can be considered as an MCS with several convective cores 501 

simultaneously active. The organization of a storm system allows more flashes to be produced at 502 

the same time. 503 

During the storm activity of all four cases, the maximum flash rate corresponded with the 504 

minimum of the CTT in timing, especially for the cases with only one cell (M1) or several cells 505 

imbedded in the same cloud system (M2 and D1). For the case with several intramass convective 506 

cores, the simultaneity of both is less visible. On the other hand, for all cases a very large majority 507 

of the flashes were associated with the coldest CTT regions which were also the convective cores. 508 

This observation is typical of what is obtained in the experiments with lightning mapping and 509 

thundercloud detection, as for example in Carey et al. (2005). By using a Lightning Detection and 510 

Ranging (LDAR II) and radar data, these authors showed that an overwhelming majority of VHF 511 

sources radiated by flashes during the lifetime of a leading-line, trailing-stratiform (LLTS) MCS, 512 

were located within the convective region. Our observations show that the clusters of flashes 513 

associated with the convective cores develop before the thundercloud reaches its maximum height 514 

and therefore can be used as a proxy to locate the convective cores. Other observations in the 515 

literature show clearly the correspondence between the lightning clusters and the strong convective 516 

cores (Dotzek et al., 2005; Soula et al., 2014). On the other hand, the CTT can be very cold without 517 

any lightning flash detected or very few, as in many locations of D2. Thus, the lightning location 518 

in real time, simultaneously to the CTT observation as it is made currently by GLM on GOES 519 

(Goodman et al., 2013) and as it will be made by LI on MTG satellite, especially over Africa 520 

(Dobber and Grandell, 2014), is a good complement for a better nowcasting of storms (Rudolsky 521 

et al., 2018; Rudlosky and Virts, 2021). 522 

 523 

5. Conclusion 524 

The lightning activity observed by the WWLLN within a large area of Central Africa (25° 525 

× 25°) is analyzed for two one-month periods of 2013 with a large amount of lightning flashes, as 526 

well as the associated meteorological and environmental conditions. The sample of data used in 527 

the analysis has been chosen to be representative as much as possible of a strong lightning activity. 528 

Thus, among the database from WWLLN available, we choose the year with the best detection 529 

efficiency and two months with high level of lightning activity and low variability from one year 530 

to the next. A correlation is found between the daily flash number and the extent of large CAPE 531 
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values. However, the correlation coefficients are not very high over the whole period of the study. 532 

There is a seasonal effect on the number of flashes produced by storms with the same extent of 533 

large CAPE values. There were also large values of moisture in the lower layers of the troposphere 534 

in the days with a strong lightning activity. The lightning flash density distribution for each period 535 

of one month shows the same location for the maximum, which corresponds with the main 536 

maximum reported in the literature for annual activity, with about 3 and 2 flashes km-2 for 537 

December and March, respectively. The storms developments characterized by the first flash 538 

detected often occur in the regions that combine the presence of lakes and mountains, which shows 539 

the role of the relief for triggering convection.  540 

The detailed analysis of the lifecycle of several convective systems shows a very good 541 

spatial and temporal correlation of the flash production and the convective core developments. The 542 

flash rate density is larger in the convective systems well organized, as the typical MCS. It is also 543 

larger during the development of the storms and when several cells merge. The flash clusters allow 544 

to localize the strong convective activity and to follow the displacement of the storm systems when 545 

they move. The analysis of a period of two days in December over the whole study area, shows the 546 

daily cycle with a lightning flash rate maximum between 14:00 and 15:00 UT that precedes the 547 

maximum development of the storm by one hour. The minimum occurs between 07:00 and 08:00 548 

UT. The daily cycle also shows that the storms located within the region of the main maximum of 549 

lightning activity are more frequent and produce larger values of the flash rate density.  550 

The approach of the present study consisted in selecting periods with high lightning activity 551 

in the Congo Basin. According to the processes leading to the lightning flash depend on many 552 

parameters (microphysics and aerosol particles, dynamics within the cloud, ice content in the mixed 553 

layer, warm cloud depth…) another approach will be to consider widely cases with different 554 

conditions. The goal of such studies is to optimize the use of lightning information for nowcasting 555 

applications and understanding of storm developments. 556 

 557 
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 690 

Table 1. Characteristics of the atmosphere in the environment of the storm systems 691 

analyzed: max(CAPE) for the maximum value before the storm development; Ttropopause for the 692 

temperature of the tropopause; min(CTT) for the coldest CTT during the storm system lifetime; 693 

min(CTT) - Ttropopause for the difference between both temperatures; max(FR) for the maximum of 694 

the flash rate during the storm; FRD(-40°) for the flash rate density in the area with CTT < -40°C 695 

at the maximum flash rate; A(-80°) for the fractional area with CTT < -80°C. 696 

 697 

Storm 

system 

max(CAPE) 

(kJ kg-1) 

Ttropopause 

(°C) 

min(CTT) 

(°C) 

min(CTT) -

Ttropopause (°C) 

max(FR) 

(min-1) 

FRD(-40°) 

(km-2 h-1) 

A(-80°) 

(km2) 

M1 3.3 -82 -95.6 -13.6 15 51.2×10-3 4.7×103 

M2 2.9 -84 -96.6 -12.6 35 75.9×10-3 5.4×103 

D1 3.1 -80 -93.0 -13 21 24.6×10-3 7.3×103 

D2 4.8 -81 -96.6 -15.6 83 20.6×10-3 29.5×103 
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Figure caption 698 

 699 

Figure 1. Map of Africa with relief, lakes and rivers. The red frame shows the 25° × 25° study area 700 

including the whole Democratic Republic of Congo, some countries around, the Basin of Congo 701 

and the Great Rift Valley. The colored scale shows the altitude in meter. 702 

 703 

Figure 2. Evolution of the daily lightning flash number and the fractional area for two CAPE 704 

average values, 1,000 J kg-1 (a) and 2,000 J kg-1 (b) over the whole study area and for the months 705 

of March and December 2013. Diagram of correlation of the flash number with both fractional 706 

areas, for 1,000 J kg-1 (c) and 2,000 J kg-1 (d) and for both months. 707 

 708 

Figure 3. Lightning flash density at a resolution of 0.1° × 0.1° over the whole study area and for 709 

the months of March (a) and December 2013 (b). Density of first flashes within 50 km in radius 710 

and after 30 minutes, with the same resolution (0.1° × 0.1°) for March (c) and December (d) in 711 

2013, with a unit in number per 100 km-2. 712 

 713 

Figure 4. Lightning flash density at a resolution of 0.1° × 0.1° over the whole study area, (a) for 4-714 

5 March 2013 (06h00-06h00 UT) and (b) for 25-26 December 2013 (06h00-06h00 UT). The frames 715 

indicate the four regions where the storm activity is analyzed in detail. Distribution of CAPE values 716 

at 12h00 UT, at a resolution of 0.25° × 0.25°over the study area, (c) for 4 March 2013 and (d) for 717 

25 December 2019. (e) and (f) same as (c) and (d) for the relative humidity at 900 hPa level. 718 

 719 

 720 

Figure 5. Lightning flash density at a resolution of 0.1° × 0.1° over the four regions indicated in 721 

the frames of Figure 4a,b: a) for M1, b) for M2, c) for D1, d) for D2. 722 

 723 

Figure 6. Case of M1 system on March 4-5 2013. a) Time evolution of the fractional areas for 724 

different intervals of the CTT value (colored histograms every 15 minutes), minimum CTT (black 725 

curve), flash rate (blue curve) and the flash rate density within the area with CTT < -40°C (orange 726 

curve). The letters in panel (a) indicate the times for the panels b, c, d and e that show the 727 

distribution of the CTT (colored scale) and the location of the flashes (red crosses) detected by 728 
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WWLLN during 10 minutes around the time of the scan of the cloud by Meteosat radiometer (time 729 

indicated in the panels + 6 minutes). 730 

 731 

Figure 7. Same as Figure 6 for M2 system on March 4-5 2013. 732 

 733 

Figure 8. Same as Figure 6 for D1 system on December 25, 2013. 734 

 735 

Figure 9. Same as Figure 6 for D2 storms on December 25, 2013. 736 

 737 

Figure 10. a) Same as Figure 6a for the whole study area over a 44-hour period on December 27-738 

28, 2013. b-d) Lightning flash density at a resolution of 0.1° × 0.1° over the whole study area and 739 

for three periods indicated in panel a. 740 

 741 

Figure 11. Temperature of the tropopause calculated at a 2.5° × 2.5° space resolution and averaged 742 

for daily values on March 4 (a), December 25 (b), December 27 (c) and December 28 (d). The red 743 

frame shows the study area and the small black frames show the storm systems analyzed as 744 

indicated in Figure 4a,b. 745 

 746 

Figure 12. Maximum height of the overshoot above the tropopause versus maximum CAPE value 747 

for the four case studies analyzed. 748 
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Figure 12. 839 
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