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The lightning climatology of the Congo Basin including several countries of Central Africa is analysed in detail for
the first time. It is based on data from the World Wide Lightning Location Network (WWLLN), for the period from
2005 to 2013. A comparison of these data with Lightning Imaging Sensor (LIS) data for the same period shows the
relative detection efficiency of the WWLLN (DE) in the 2500 km x 2500 km region increases from about 1.70% in
the beginning of the period to 5.90% in 2013, and it is in agreement with previous results for other regions of the
world. However, the increase of DE is not uniform over the whole region. The average monthly flash rate
describes an annual cycle with a strong activity from October to March and a low one from June to August,
associated with the ITCZ migration but not exactly symmetrical on both sides of the equator. The zonal distribu-
tion of the lightning flashes exhibits a maximum between 1°S and 2°S and about 56% of the flashes are located
south of the equator in the 10°S-10°N interval. The diurnal evolution of the flash rate has a maximum between
1400 and 1700 UTC, according to the reference year. The annual flash density and number of stormy days show a
sharp maximum localized in the eastern part of Democratic Republic of Congo (DRC) regardless of the reference
year and the period of the year. These maxima reach 12.86 fl km~2 and 189 days, respectively, in 2013, and
correspond to a very active region located at the rear of the Virunga mountain range at altitudes that exceed
3000 m. The presence of these mountains plays a role in the thunderstorm development along the year. The
estimation of this local maximum of the lightning density by taking into account the DE, leads to a value
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consistent with that of the global climatology by Christian et al. (2003).

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Space observations have shown that the highest concentrations of
lightning on the Earth are mostly in the territory of the Democratic
Republic of Congo (DRC). The global climatology of lightning activity
developed by Christian et al. (2003) and based on data recorded
during five years (May 1995-March 2000) by the Optical Transient
Detector (OTD) loaded on board the satellite MicroLab-1, highlights
the features of the lightning distribution on the globe and shows that
the greatest rates of flashes are larger than 50 fl km ™2 yr~! and up to
82.7 flkm~2 yr~! at a resolution of 0.25° x 0.25°, and they concern
the equatorial region of the Congo Basin.

The Lightning Imaging Sensor (LIS) on board the Tropical Rainfall
Measuring Mission (TRMM) satellite has detected lightning flashes for
seventeen years (1997-2014). It provided a lightning climatology in a
restricted area of the Earth between 38°S and 38°N. From three years
observations (1998-2000), Williams and Stanfill (2002) analysed the
land-ocean contrast of the lightning activity. As Christian et al. (2003)
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they concluded the maximum lightning activity is located in Central
Africa. More recently, Cecil et al. (2014) detailed the characteristics of
the lightning activity across the world from the combined data of LIS
and OTD and confirmed the largest rate of lightning are observed in
Central Africa. The peak of the annual flash rate was found in the East
of the DRC with a value of 160 fl km =2 yr—.

Collier et al. (2006) developed a study of lightning activity from LIS
data to establish statistical and seasonal distribution of the lightning
activity in southern Africa. As in Christian et al. (2003), the highest
density of lightning (107 fl km~2 yr™!) was found in the Congo Basin.
High lightning densities of 32.1 flkm~2 yr~' and 26.4 fl km =2 yr—!
were also observed in Madagascar and South Africa, respectively,
essentially during the austral summer. However, 13 years of LIS data
have allowed to show that the local highest rate of lightning on the
planet with 250 fl km=2 yr~! is over the Lake Maracaibo in Zulia state
in Venezuela, followed by the Congo Basin with 232 fl km™2 yr~!
(Albrecht et al., 2011). A more detailed study using LIS and World
Wide Lightning Location Network (WWLLN) data has confirmed this
strong local activity that exhibits two maxima related to the complex
topography and specific climatic conditions (Burgesser et al., 2012). A
more recent study analyzes in detail the lightning activity in northwest-
ern Venezuela and highlights several factors at the origin of the
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Maracaibo maximum from LIS/OTD data, including large scale meteoro-
logical parameters and local drivers like convection triggered by the
topographic configuration and the effect of the Maracaibo Basin
Nocturnal Low Level Jet (Munoz et al., 2016).

The study by Christian et al. (2003) highlighted the relationship
between lightning in the Congo Basin and the migration of the
Intertropical Convergence Zone (ITCZ). An earlier study by Ba and
Nicholson (1998) found that convection in the Congo Basin follows
the migration of ITCZ. The airflow in the ITCZ latitudes band transports
moisture from the Gulf of Guinea in the Congo Basin, that convection
raises and leads to the formation of thunderclouds (Collier and
Hughes, 2011). Several studies using data from regional and
national ground-based networks of lightning detection, revealed how
environmental parameters as the relief may affect the distribution of
lightning (e.g. Hodanish et al., 1997; Soriano et al., 2005; Antonescu
and Burcea, 2010).

Since the Congo Basin is the area where the number of lightning
flashes is the largest on the planet, the forecast of thunderstorm activity
is of great importance for the countries concerned. The detailed analysis
of climatology of lightning activity proposed in this study aims to
improve the knowledge of the frequency of storms in the region of
Congo Basin, in terms of formation, location, time of occurrence,
displacement and life time. It is also important to establish links
between lightning and other violent phenomena associated with thun-
derstorms such as convective rains and violent winds, with a view to
improve the immediate or very short-term storms forecasting and
better prevent the risks of thunder-striking and violent phenomena
associated with thunderstorms. The future lightning spatial detection
planned with the satellite Meteosat Third Generation (MTG) will
allow storms monitoring which enhances the interest to assess the
relationship between lightning and other events such as heavy rain,
violent wind and hail.

The main objective of this paper is to present for the first time in
detail a study of the climatology of the lightning activity in the Congo
Basin. The study area is geographically defined by 15°S-10°N in latitude
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and 10°E-35°E in longitude, in order to cover the whole Congo Basin
and is indicated in Fig. 1 with a red square. This study is based on
WWLLN data for the period from 2005 to 2013 that will be used to
characterize the lightning activity in the Congo Basin. By using LIS
data as a reference, we can assess the relative detection efficiency of
the WWLLN network in the study area. In Section 2 we describe the
data and in Section 3 we present the results in different sub-sections
relative to time and space variability. Section 4 is devoted to discussion
and summary.

2. Data
2.1. WWLLN data

Data from WWLLN recorded during nine years (2005 to 2013) have
been used in order to study the temporal evolution of the lightning
activity and its geographical distribution over a large area including
and surrounding DRC territory. The WWLLN (www.wwlIn.net/) is a
global lightning detection network around the Earth. A Management
Team, led by Prof Robert Holzworth of the University of Washington,
collects these data with the cooperation of the universities and insti-
tutes which host the stations of detection. The electromagnetic
radiations emitted by lightning strokes at very low frequency (VLF)
and called sferics are detected by the sensors of the WWLLN. These
strokes are then localized by using the time of group arrival technique
(TOGA) (Dowden et al., 2002). The stations can be separated by
thousands of km because the VLF frequencies can propagate within
the Earth-lonosphere wave guide with very little attenuation. The goal
was to have about 60 sensors spaced uniformly about 3000 km apart
to cover the whole world and to localize at least 50% of the CG flashes
with an average accuracy better than 10 km (Rodger et al.,, 2005).

Since its implantation in March 2003, the WWLLN has been
improved in terms of number of stations and development of the
processing algorithm (Rodger et al., 2008). In 2014, it had more than
60 sensors spread on the planet (Fig. 1). Several authors have estimated
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Fig. 1. Map of the WWLLN stations around the world. The colour provides the installation year as indicated in the legend. The red rectangle displays the study area (15°S-10°N; 10°E-35°E)

and the blue rectangle the latitude band covered by LIS (38°S-38°N).
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the evolution of DE for limited world regions and time periods by refer-
ring either to satellite data or to data provided from regional, national,
or commercial flash detection networks (Rodger et al., 2005;. Rodger
et al., 2006; Jacobson et al., 2006; Abarca et al., 2010; Abreu et al.,
2010; Abarca and Corbosiero, 2011; DeMaria et al., 2012; Bovalo et al.,
2012). Rodger et al. (2008) noted a large increase of stroke detections
with additional sensors from 2003 to 2007: 10.6 million in March-
December 2003 with 11 sensors to 28.1 million for the same period
in 2007 with 30 sensors. Furthermore, they noted the improvements
in the algorithm used to reconstruct the flashes from the WWLLN
detections, increased DE for the network by 63% when it is applied
on 2007 data. The WWLLN is capable of detecting both CG and IC
lightning strokes with a comparable efficiency as long as their peak
currents are comparable (Rodger et al., 2005, 2006; Jacobson et al.,
2006). However, since CG strokes have higher peak currents, DE is
about twice that of the IC strokes as reported by Bovalo et al.
(2012). Recent research indicates that DE of the network is approxi-
mately 10% (35%) for strokes with a peak current larger than 4 35 kA
(—130 kA) (Abarca et al., 2010).

The WWLLN data have been used in various studies in the world as
lightning climatology (Bovalo et al., 2012), convective activity in
tropical cyclones (Abarca and Corbosiero, 2011; DeMaria et al., 2012;
Bovalo et al., 2014), lightning activity for a thunderstorm producing gi-
gantic jets at la Réunion Island (Soula et al., 2011), and influence of
smoke of fires on thunderstorm activity (Altaratz et al., 2010). Because
the sensors of WWLLN detect the strokes, it is necessary to reconstruct
the flashes. Cummins et al. (1998) described a process to identify
strokes associated with a given flash by considering time and space
criteria for the data from NLDN. They associate successive strokes in a
flash when they are separated by less than 10 km in distance and less
than 0.5 s in time, with a maximum duration of 1 s for the flash. In our
case, we test several criteria because the accuracy and the efficiency of
WWLLN are different compared to NLDN ones. Fig. 2 displays the ratio
between the number of flashes and that of strokes for data from 2011,
for two distinct time criteria of 0.5 and 1 s by considering variable
distance criterion. It shows the curves for both values of dt are close,
especially for values of distance lower than 20 km. On the other hand,
the ratio changes more slowly with the distance, which means that
the distance criterion can be taken beyond about 20 km without
affecting much the number of flashes. Adopting the values 0.5 s and
20 km for the time and distance criteria respectively, an algorithm has
been used to transform strokes data into flashes data for all nine years
studied.

2.2. LIS data

LIS is an optical sensor of the scientific payload on the TRMM satel-
lite (http://thunder.msfc.nasa.gov/lis/overview_lis_instrument.html),
launched in December 1997 and ended in August 2014 (Christian
et al., 1999; Boccippio et al., 2002; Chronis et al., 2008). It allows us to
detect both IC and CG lightning flashes with an efficiency around
90%, but does not distinguish between them. It has a 350 km low
orbit around the Earth (402 km after an orbit boost in August 2001), a
600 km x 600 km field-of-view, and an inclination of 35°, which allows
the coverage of a region of the Earth between 38°N and 38°S (blue rect-
angle in Fig. 1). Due to the precession orbit, LIS is limited to roughly one
overpass per day for any geographical location of the region covered. Its
spatial resolution is between 3.9 and 5.4 km at nadir and limb, respec-
tively (Christian et al., 1999). During a single orbit LIS can observe a
given point on the Earth's surface for almost 90 s with a time resolution
of 2 ms. During one year, the number of orbits comprised between 5704
and 5689, depending on whether it is a leap year or not. The data used in
this study are available on the NASA website (http://thunder.msfc.nasa.
gov/data) and correspond to lightning flashes reconstructed from the
optical events detected by LIS, successively associated to make groups
and flashes according to time and space criteria. Thus, the information
given for a flash consists in the time of occurrence, the number of
events, that of groups, the measured radiant energy and the estimated
location.

3. Results
3.1. Overall lightning activity

WWLLN data are used for the analysis of the lightning activity in the
area including the DRC territory. Table 1 displays several parameters
related to the lightning activity in the area of the study and year by
year. The first and second columns indicate the number of flashes
detected by the WWLLN (Ny/) and LIS (Np). Both flash numbers are
also displayed in Fig. 3 in order to visualize their respective evolution
during the period of study and with comparable scales. A first look at
the time series of Ny shows a first period of four years with a roughly
constant amount of flashes except for 2007 that exhibits a specific
increase. After 2008 Ny increases significantly and continuously to
reach in 2013 about 3.5 times the value of 2005 (from 2,676,276 in
2005 to 9,181,456 in 2013). On the contrary, the number of flashes
detected by LIS in the study area varies little and no tendency is

100
—dt=05s
dt=1s
95 |
=
Y
-0
o
£ 9
[7]
[+
=
je!
T
[h'd
85
80
0 5 10 15 20 25 30

distance (km)

Fig. 2. Ratio (%) between the number of WWLLN flashes and that of strokes as a function of the distance criterion for two distinct time criteria.
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Table 1

Annual count of lightning flashes detected by WWLLN (N ) and by LIS (Ny), extrapolated total lightning flashes from LIS over the whole year and the whole study area (No). DE for the
WWLLN relative to LIS for the study area and for the SWIO area (DEg) from Bovalo et al. (2012). Maximum value of the number of stormy days (SD;,«). Maximum value of the annual flash
density from WWLLN (FDy,.x) and estimated by applying the DE factor (FD',.«). Average multiplicity My, and proportion of flashes which produced only one stroke (M = 1).

NW NL NO DE (%) DEB (%) SDmax (day) FDmax (km72 yril) FD,max (km72 yril) Mm (Stl'/ﬂ) M=1 (%)
2005 2,676,276 190,308 153,761,877 1.74 2.00 114 2.70 155.17 1.071 93.73
2006 2,516,580 188,449 152,259,873 1.65 3.40 154 1.90 115.15 1.127 88.99
2007 3,602,064 182,653 147,568,838 244 5.00 131 2.66 109.02 1.111 90.64
2008 2,467,176 183,466 148,233,792 1.66 4.70 130 191 115.06 1.095 91.94
2009 3,446,317 195,316 157,808,157 2.18 6.60 143 3.93 180.28 1.116 90.32
2010 3,643,387 188,984 152,692,134 239 8.30 157 441 184.52 1.142 88.43
2011 4,701,732 192,007 155,134,607 3.03 8.50 167 4.63 152.81 1.185 85.37
2012 6,550,235 182,560 147,501,778 4.44 - 167 8.22 185.14 1.219 82.98
2013 9,181,456 192,443 155,486,879 5.90 - 189 12.86 217.97 1.278 79.62

observed during the period. Indeed, the minimum is 182,560 in 2012
while the maximum is 195,316 in 2009 (Table 1). N; varies weakly
during the whole nine-year period. Since the LIS detection ability did
not change during the period, we can estimate that the lightning activity
did not change significantly. The increase of the number of flashes
detected by the WWLLN is mainly due to an improvement of DE during
the same period. Several reasons can be evoked for such improvement:
more stations were operated and the processing algorithm was more
efficient (Rodger et al., 2008). Thus, a first step is to find a method to de-
termine the relative detection efficiency of WWLLN in the study
area since that of LIS is estimated for any region of the world
(Boccippio et al., 2002).

3.2. Detection efficiency

For a same flash, WWLLN and LIS can give different locations since
they do not measure the same physical parameters: WWLLN detects
the stroke at the ground and LIS detects the cloud top illumination.
Furthermore they differently associate the events relative to their
number, timing and location. This aspect has to be kept in mind when
a comparison is made between both data collections. Another difference
between both databases is the time of coverage for a given region:
WWLLN has a continuous coverage everywhere in the study domain
while LIS covers a given point of this domain for about 90 s.

The surface swept by the LIS sensor after recovery of different orbits
corresponds to the latitude band of 38°S to 38°N (Fig. 1). In this band,
the elementary area is dS:

dS = Ry d\Rrcos N do
where N is the latitude, ¢ is the longitude and Ry is the Earth radius at

the equator (Rr = 6378 km).
By integrating on the latitude band:

38
/ cosNdN |do

—38°

sA:R%// cos\ d\ do = Ry

Sp = 4mR? x 0.6157.

During a leap year (31,622,400 s), the satellite TRMM covers 5704
orbits. Thus, the average duration of one orbit is 31,622,400/5704 =
5543.89 s.

During one orbit, the area covered at the ground will be S =
L x 600 km. L is the length of one orbit at the Earth surface: L = 2m
Ry = 21 x 6378 = 40,074 km. Sp = 40,074 x 600 = 24,044,400 km?.

centr e — So _ 24044400 _
Then, we define a surface coefficient: og = 32 TR0 6157 0.07639.
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Fig. 3. Annual number of flashes detected by the WWLLN (Nyy) and that detected by LIS (N ), and estimated DE for WWLLN data relative to LIS data (DE) and that from Bovalo et al. (2012)

(DEg) for SWIO.
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During one orbit, i.e. 5543.89 s, the surface covered is therefore
7.64% of the surface Sa. Furthermore, the satellite covers each point of
this surface during only 90 s over the total 5543.89 s of the orbit. A
time coefficient o, has to be considered to estimate the proportion of
the lightning activity that can be detected by LIS.

90
" 5544
Thus, LIS sees each point of the surface covered during one orbit for
1.62% of the orbit duration. To summarize, during one orbit, LIS observes
7.64% (o) of the whole surface covered by the satellite during its
successive passes and each surface point is observed during 1.62% (o)
of the orbit duration. Consequently, the product as x o provides the
time proportion during which a point is observed by LIS for the whole
coverage of the band Sa:

Q¢ =0.0162

o =0, x 0 = 0.0764 x 0.0162 = 0.00124 i.e.0.124%.

This coefficient is applicable for any point of S, and therefore for any
point of the study area. We consider that statistically, according to the
number of orbits described during one year, the sampling made by LIS
is representative of the whole lightning activity for any region of the
study area. Then we apply « to recover the total number of flashes Ng
produced within the area from the number of flashes detected by LIS Ny :

NL = aNp, therefore Ng = N /o

In order to evaluate DE for WWLLN relative to LIS, we take into
account this coefficient o by dividing the number Ny, of lightning
flashes detected by WWLLN by the number of flashes No:

_Nw _Nw
DE = N_o =N 0.00124.

The calculation of DE for each of the years 2005-2013 is included in
Table 1 and compared with the detection efficiency DEg found by Bovalo
et al. (2012), for the South Western Indian Ocean (SWIO). The parame-
ter DE increases year after year, except between 2005 and 2006, and
between 2007 and 2009 since it markedly increases in 2007 and then
decreases in 2008. From 1.65% in 2006 it increases to 5.90% in 2013.
This evolution is roughly in agreement with the results of Bovalo et al.
(2012) for the SWIO with DEg that increases from 2.0 in 2005 to 8.5 in
2011. However, the increase is larger for DEg compare to DE over the
common period 2005-2011 since from close values around 2 for both
parameters in 2005, DE is about doubled while DEg is multiplied by 4
in 2011. The increase for 2007 is more pronounced for DE than for
DEg. The global increase of DE for WWLLN relative to LIS can be
explained by an evolution of the network, or by the number of stations
or by improving the algorithm of treatment used. According to Fig. 1, it
is difficult to consider the number of stations to explain the difference
between DE and DEg because the new stations installed during the
period 2005-2011 (La Réunion, Hermanus...) can improve the detec-
tion in both areas since they are at roughly equivalent distance. Further-
more a new station was installed close to DRCin 2010 in Nigeria (Fig. 1).
The effect of a new station depends on the time of the year it was
installed and it can be more visible during the year after its installation.
Thus that installed in Nigeria will be more efficient for the flash amount
in 2011, what is clearly shown in Table 1 since DE is 2.39 in 2010 and
3.03 in 2011. We have also to consider the different nature of the
domains of both studies, mainly over the ocean for SWIO and over
land for Congo Basin. The WWLLN may be more efficient to detect
flashes over the ocean because the peak currents for CG flashes are
generally larger and therefore easier to detect remotely (Seity et al.,
2001). The study by DeMaria et al. (2012) devoted to investigate the
relationships between the changes in the intensity of tropical cyclones
and their lightning activity over two ocean areas during the period

2005-2010, also shows an increasing DE of the WWLLN. However for
both areas, the increase was faster than that estimated in the present
study above land area. Indeed, their total lightning DE was only about
1%-3% in 2005 according the area, and increased to about 20% by 2010
for both areas.

3.3. Annual lightning activity

Fig. 4 displays the annual evolution of the proportion of the flashes
monthly detected by the WWLLN over the area. The histogram displays
the proportion of the monthly activity averaged over the 9-year period.
Two curves display the extreme values of this proportion within a 95%
confidence interval in order to show the variability over the whole
period. The average value smoothes the fluctuations from year to year
and the dispersion around this average is included between 12% and
25% in relative values. For each year the same cycle is observed.
Thus, a minimum of lightning activity is clearly identified during the
months of June, July and August with a proportion of lightning activity
around 4%. The maximum activity is over a period centered around
December-January and of variable duration according to the year
considered. According to the average monthly activity in Fig. 4, the
period of the maximum lasts about six months from October to March.

According to Fig. 3, the number of flashes detected by the WWLLN
significantly increases in 2007 and continuously from 2009. We
compared the monthly flash number, month by month, between 2007
and 2006 on one hand, and between 2007 and 2008 on the other
hand. In the present case, the irregularity of the flash number for a
same month, from one year to another, does not allow to bring out
the main reason of the increase of the number of flashes for 2007.
Several reasons can explain this irregularity, as for example the natural
variability of the storm activity or the breakdowns of some stations. On
the same way, the same reasons do not allow to locate in time an
improvement in DE at this scale of the month between 2009 and 2013.

Fig. 5a displays the distribution of the flashes detected in 2013
versus the multiplicity and Fig. 5b displays the evolution of the mean
multiplicity M,, and that of the proportion of flashes with a multiplicity
equal to one, i.e. the proportion of flashes with only one stroke detected.
First of all, we can note the multiplicity is low, between 1.078 in 2005
and 1.278 in 2013. It is much lower than the multiplicity usually
found for regional networks since it is close to 2 for the — CG flashes
and a little higher than 1 for 4 CG flashes, like in the US with the
NLDN (Orville and Huffines, 2001), or like in other regions of the
world (Seity et al., 2001; Soriano et al., 2005). Secondly, the mean
multiplicity increases when more flashes are detected, i.e. when DE
increases as indicated in Fig. 5b. Indeed, except for 2007, the increase
of M, is consistent with the increase of DE shown in Table 1, while
the proportion of flashes with M = 1 obviously decreases. Thus, the
increase of DE leads to detect more flashes, as seen above, and more
secondary strokes.

3.4. Diurnal evolution of the lightning activity

Fig. 6 displays the diurnal evolution of the lightning activity over the
whole area, in terms of proportion hour by hour. The average proportion
is represented by histograms while the variability over the whole period
is plotted with two curves that display the minimum and maximum
values within 95% confidence intervals. The dashed line displays
the standard deviation. The proportion indicated at a given time
corresponds to the flashes produced during one hour after this time.
The evolution obtained is typical of the daily evolution for a land area
as it is shown for example in Collier et al. (2006) for a part of southern
Africa including most of the considered domain in the present study,
in Liu and Zipser (2008) for tropical land regions around the world
thanks to LIS data, or also in Proestakis et al. (2016) for midlatitude
land area covered by ZEUS network. Thus, the minimum proportion is
between 0600 and 0800 UTC (0700 and 0900 Local Time) and the
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Fig. 4. Annual evolution of the monthly proportion of WWLLN flashes (%) averaged over the 9-year period (histogram), with indication of the 95% confidence interval (upper limit in grey

and lower limit in black).

maximum is between 1600 and 1700 UTC (1700 and 1800 Local Time).
However, the maximum can be earlier for some years, between 1400
and 1700 UTC. The ratio between the maximum and the minimum
seems lower in the present study compared to most studies cited
earlier, which can be due to long lifetime convective systems
(Mesoscale Convective Systems) that can be active early in the day
and that have a strong contribution to the rainfall in the Congo Basin
(Mohr et al.,, 1999).

According to Fig. 6, the variability of the proportion is large during
two periods of the day, around 0100 and 1400 UTC, and it is small
during two other periods, around 0700 and 1900 UTC. Thus, the vari-
ability exhibits a 12-hour cycle, as indicated by the dashed line of the
standard deviation (2 SD). It means the storm activity is more variable
from one year to another around 0100 and 1400 UTC. The diurnal
evolution can be different from one region to another as described in
Venugopal et al. (2016). For example, for the area of the present study
they show that the local maximum can be observed after 1500 UTC till
0600 UTC.

3.5. Lightning flash density

3.5.1. Overview

The lightning flash density has been calculated for each year with a
resolution of and it has been expressed in flash per km? and per year
(fl km~2 yr—"). Fig. 7 displays the distribution of this density over the
whole study area and for each year. As seen previously, the DE markedly
changes during the period of study and consequently the flash density
too. The scale is different for each graph corresponding to a year of the
period and it is adapted to the range of the values to represent. The
same trend is observed for each year: a sharp maximum of density is ob-
served in a same and restricted region in the eastern DRC, around 28°E
of longitude and around 1°S-2°S of latitude. The distribution of the den-
sity within this region will be analysed in detail further. However, it can
be already noted that the yearly maximum value is always observed in
this region of about 3° in latitude and 2° in longitude. The contrast of the
density in this region with the rest of the area is variable from one year
to another. Thus, the sharpness of this region in the distribution is stron-
ger at the end of the period. Indeed, another region of large lightning
density is visible in Fig. 7a-d from 2005 to 2008 in the center of DRC

but for the following years (Fig. 7e-i) the lightning density in this
large region is lower compared to the main maximum. The lightning
density can be locally large some years, as for example along the coast-
line of Congo and Gabon in 2007.

Table 1 displays the maximum value of the lightning density
FDnax from 2005 to 2013. First of all, the maximum density strongly
increases from 2008 to 2013 whereas it oscillates between 1.9 and
2.7 fl km~2 yr~! from 2005 to 2008. The largest value is found in
2013 with 12.86 fl km—2 yr~ . Obviously, FDyn.x exhibits the same evo-
lution as DE and Nyy, the detection efficiency and the flashes detected by
the WWLLN, respectively. Thus, the value of the maximum flash density
is roughly multiplied by 6 over the whole period, while the flash
number was only multiplied by a little less than 4. The value of the
maximum density has to be put into perspective insofar it is very local
at the scale of the study area. The maximum density of the total
lightning FD’,ax can be estimated by taking into account DE for the
WWLLN calculated from LIS:

FD max

DE_ X 100.

FD/ max —

Table 1 gives this estimation for the maximum density FD’,,.x for
each year, and it ranges from 109.02 to 217.97 fl km~2 yr™! at this
0.1° x 0.1° resolution. Of course these large values correspond to the
total lightning activity as it would be seen by LIS with a full and contin-
uous coverage.

Fig. 8a-b displays the distribution of the mean values of the lightning
flash density from WWLLN data for two distinct periods, 2005-2008
(Fig. 8a) and 2009-2013 (Fig. 8b). As already noted from Fig. 7, the
contrast between the sharp maximum located in the eastern DRC and
the rest of the area is much more pronounced during the second period.
Thus the wide region with relatively large values within the Congo Basin
is much more visible during the first period. The largest value in the
main maximum in the eastern DRC goes from 1.5 to 6.5 fl km =2 yr~!
from a period to another, while it goes from about 1 to 2 fl km =2 yr~
in the Congo Basin. In order to verify if the difference observed between
both periods is due to natural effects, the lightning activity observed
from LIS is analysed in the same way. Thus, Fig. 8c-d displays the
mean lightning flash density from LIS data for the same periods 2005-

1
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Fig. 5. a) Distribution of the WWLLN flashes versus multiplicity in 2013. b) Mean multiplicity M, and proportion of WWLLN flashes with a multiplicity equal to 1 from 2005 to 2013.

2008 and 2009-2013. The difference of contrast observed from WWLLN
data for both periods is not visible any more since both distributions are
very close in terms of values and contrast. Indeed, both scales are iden-
tical and the distribution of the lightning density is really close for both
graphs. Consequently, the difference observed from WWLLN data for
both periods is probably due to an evolution of DE within the studied
region.

Fig. 8e-f allows us to compare the lightning density pattern from
WWLLN and that from LIS observations, for the whole period. Despite
much stronger values for lightning flash density deduced from
WWLLN data, the overall distribution exhibits the same characteristics:
a sharp maximum in eastern DRC, a large region with moderate values
of the density in the Congo Basin, some scattered and small regions
with slightly larger densities as along the border between Gabon and
Congo or the south-western DRC. Since the lightning density is averaged
over the whole 9-year period, the values are lower than in the previous
figure relative the last years of the period. The maximum density for the
WWLLN is 4.07 km™2 yr~! in average over the whole period while for
LIS it is 0.22 km™2 yr™ . This difference is consistent with the ratio

between the numbers of flashes detected by both systems Ny and N¢
which is about 20 according to Table 1. In conclusion, the good
agreement between the two distributions validates the representative-
ness of the observations by the WWLLN in terms of distribution.

3.5.2. Lightning density and number of stormy days

The previous figures show the flashes are not at all uniformly
distributed over the area. Indeed, the flash density ranges from close
to zero in some parts of the area (western part, over the ocean, the
south-eastern DRC...) to much higher values, up to more than
12 km~2 yr~ !, locally. In order to compare the activity in the different
regions, the number of days concerned by storms is calculated with a
same resolution of 0.1° x 0.1°. Fig. 9 displays the pattern of the lightning
density (a) and of the number of days with storms (b) in 2013. In a
given pixel, a day is considered as stormy if at least one flash is detected.
First of all the number of days is maximum where the density of flash is
maximum in the eastern DRC. That means the large densities of light-
ning flashes are mainly due to large numbers of days with storm. How-
ever, the larger values of flashes are more spread and the contrast with
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the rest of the area is stronger for the flash density. That means the max-
imum of flash density is not only due to a larger number of stormy days
but also to more flashes during these stormy days. In order to compare
the daily activity when storms occur, the average number of flashes per
stormy day is calculated with the same space resolution and displayed
in Fig. 9c. This parameter is less contrasted than the flash density or
the storm day. It should be noted that this mean number of flashes
per day is roughly larger in the regions of the maximum activity in
terms of lightning density and number of days, especially in eastern

DRC. In this region, the number of flash per day reaches around
8 fl day—!, while it reaches around 5 fl day~! in the central region of
Congo Basin. The location of the largest values in the eastern DRC is con-
sistent with Fig. 9a-b which shows a larger contrast for the lightning
density in this region. It indicates that in this region the storms are ei-
ther more active, or more stationary, or more numerous. Some very
large values of the number of days are also locally observed in some re-
gions of low flash densities and low number of days, i.e. regions of weak
activity. It is for example the case along the west coastline along the
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Atlantic Ocean with values exceeding 10 fl day~ . In these regions,
storms are probably sparse but probably intense.

During the considered period, the maximum value of the number of
stormy days increases from 114 days in 2005 to 189 days in 2013, while
the maximum lightning density increases from 1.90 km~2 yr~' in 2005
to 12.86 km~2 yr—!in 2013 (Table 1). Comparatively, the increase of
the lightning density is much more acute, which is due to the increase
of DE for the WWLLN.

3.5.3. Seasonal evolution

Fig. 10 displays the distribution of lightning flash density in the
whole area and in the region of the maximum for three distinct periods
of 2013 characterized with specific lightning activity according to
Section 3.3 and Fig. 4: a 6-month period of strong activity between
October and March, a 3-month period of low activity between June
and August, and a 3-month period including April, May and September.
The scale of the lightning flash density is the same for each graph to
compare the values of each period. These three periods represent
60.3%, 14.6%, and 25.1%, respectively, of the total amount of the flashes
detected in 2013. These values are close to the average values for the
whole 9-year period (2005-2013), 62.6%, 13.8% and 23.6%, respectively.
The maximum values of the flash density for the three periods are
8.38 flkm™2, 4.33 fl km~2, and 3.67 fl km~2, respectively. The ratios
between these different maximum values are lower than those between
the numbers of flashes because the maximum of density moves a little
during the year, and therefore during a given period. This maximum is

around 28°E in longitude but changes in latitude from 2°S for the
October-March period to around 1°S for the other two periods. It
favours local maxima development in this region as for example in
Fig. 9a for 2013.

For the three periods, the region of the maximum is always very
marked, but with more contrast for the period of strong activity
(Fig. 10a-b). It is about of the same size, and located in the same region
close and south of the equator. For the period of lower storm activity
(Fig. 10c-d) most of the lightning activity is located north of the
equator, except in the region of the maximum previously described
and in a westwards region concerned by a secondary maximum. During
this period, the lightning activity over the lakes is much lower, i.e. over
the Lake Kivu (29°E; 2°S) and the Lake Victoria (33°E; 1°S). Generally,
between the first period (Fig. 10a-b) and both others (Fig. 10c-f), the
lightning density substantially decreases south of the equator. This is a
characteristic of the seasonal storm activity that is everywhere observed
in the world insofar more storms can develop when the sun elevation is
higher.

3.5.4. Lightning density and surface characteristics

Fig. 11 shows a comparison of the mean lightning density for the
whole period 2005-2013 with orography. The mean maximum value
is about 4 fl km ™2 in the eastern DRC which is roughly seven to eight
times the mean values observed in most parts of the domain. Most of
larger values of density are located south of the equator and it has to
be noted that the lightning density is often enhanced over the main
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lakes as Lake Victoria (33°E; 1°S) or Tanganyika Lake (34°E; 10°S). On
the other hand, the lakes located further north apparently enhance
less the lightning density, as for example Edouard Lake (29.67°E;
0.67°S) and Albert Lake (30.67°E; 1.33°N). The large region of secondary
maximum of lightning density observed south to the equator and west
of the sharp maximum, corresponds to forest areas which are character-
ized by altitudes below 1000 m westward. Small areas of larger

densities are also observed in the western part of the area, especially
over the Congo—Cameroon border (14°E; 2.5°S) and over the coastline
of Gabon (11°E; 3.5°S).

The lightning density in the region of the main and sharp maximum
is displayed in detail in Fig. 12a-d, for several years (2005, 2007, 2009
and 2013). The lightning density is averaged over the 9-year period to
be representative of the whole period of study in terms of location
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and displayed in Fig. 12e. The orography of the region is displayed in
Fig. 12f. The scale of lightning density is adapted to each graph and
ranges between the minimum and the maximum value found in the
area. Most of lakes exhibit a large lightning density as Lake Kivu
(29.1°E; 2°S) and northern part of Tanganyika Lake (29.5°E; 3.5°S). As
previously mentioned, the lightning density is lower for Edouard Lake
and the southern part of Albert Lake. Above and surrounding the highest
mountains of the region at more than 4000 m, especially on the border
between DRC and Uganda (29.9°E; 0.4°N), the lightning density is
lower.

The region with large values has about the same shape and size
every year as indicated in Fig. 12a-d for different years and in Fig. 12e
for the average over the period 2005-2013. It has an extension of
about 300 km north-south and 200 km east-west and seems to exhibit
two cores of larger values separated of about 75 km, one close to 1°S of
latitude and the other close to 2°S. The maximum value can be located in
one or the other core depending on the year. It is about 4 fl km ™2 yr—!
and located in the southern core in Fig. 12e displaying the averaged
density, at about 28.1°E of longitude and 1.8°S of latitude. The shape
of the distribution of the mean density is similar to that of 2013,
which reveals a stronger contribution of this year in the mean distribu-
tion. This region of large values is located westward of a south-north
oriented mountain range characterized by summits at more than
2500 m close to Lake Kivu. Since the highest mountains exceeding
3000 m are located at about 28.5°E the presence of the mountains
(white dashed line in Fig. 12e) can be a good candidate to explain the
triggering of the convection and the large densities of lightning
observed. Furthermore the orientation of the mountain range
corresponds very well to that of the lines of constant density. The
presence of lakes at the same latitude, Lake Kivu at small scale and
Lake Victoria at large scale, can also provide moisture to help the
thundercloud development.

4. Discussion and summary

The lightning activity issued from the WWLLN during a period of
nine years has been analysed for an area of Central Africa including
DRC, small surrounding countries and parts of others. This area
corresponds to longitudes between 10°E and 35°E, latitudes between
15°S and 10°N, i.e. about 2750 km x 2750 km, and covers different
types of relief between the sea level in the western part and mountain
ranges exceeding 3000 m for some or 4000 m for others, in the eastern
part. The detection system used in the WWLLN records a proportion of
strokes produced by lightning flashes and a first step consisted in
gathering strokes issued from a same flash according to time and
space criteria. Tests on several values of these criteria between two

successive strokes of a same flash leads to validate 0.5 s for the
maximum time difference and 20 km for the distance. The distance
criterion is larger than those usually found in the literature for regional
detection networks, as for example 10 km proposed by Cummins et al.
(1998) for the US NLDN, and Mdkeld et al. (2010) for the ALDIS network
in northern Europe. This distance criterion usually corresponds to the
maximum error of location of a stroke (Rivas and De Pablo, 2002) but
for the present long range detection network WWLLN the error of
location is obviously larger than 10 km. For the time criterion, it is of
the same order than that for regional networks, usually fixed at 0.5 s
between two successive strokes (Cummins et al., 1998), the baseline
of the network has no influence on this parameter.

The criteria here considered for gathering strokes have been applied
for each year of the studied period in order to focus on the number of
flashes. Several parameters in relation with the flashes provided by
the WWLLN change over the 9-year considered period, especially after
2008. For example the number of flashes is around 2,500,000 in the
first four years and increases regularly from 2009 to reach 9,181,456
in 2013. The proportion of flashes with only one stroke decreases from
about 90% during the first years to 80% in 2013, while the average
multiplicity is around 1.1 at the beginning of the period and close to
1.3 at the end. The evolution of all these parameters is interpreted in
terms of DE improvement by comparing with data provided by LIS
during the same period over the same area. Indeed, the total number
of flashes detected by this space sensor is almost constant year after
year. The sample can be considered large enough since the yearly flash
number from LIS is around 188,000. Its variation does not exceed
more than 4% of this value. The total amount of flashes that LIS could
detect by continuous observation of the study area is estimated from a
simple space and time integration of data acquired by the orbiting
sensor. It is estimated that the sensor detects only 0.124% of the total
lightning flashes. The detection efficiency of the WWLLN relative to
LIS evolves from ~2% during the first four years to ~6% in 2013. The
trend is the same as in other parts of the world. By comparing with
ocean regions, it is lower and it increases less rapidly. For example in
SWIO, Bovalo et al. (2012) found 8.5% for 2011 while the present
study provides a value close to 3%. Likewise, DeMaria et al. (2012)
showed the WWLLN DE over two ocean basins increased faster during
the period 2005-2010, from about 1% to 20% for East Pacific and from
3% to 20% for Atlantic. Rudlosky and Shea (2013) analyzed also the
detection efficiency over a large area of western hemisphere during
the period 2009-2012. They found the smallest values over land
increasing from 4% to 6.4% during the period, large values over ocean
increasing from 12.3% to 17.3%, with the largest values over north
hemisphere, 10.7% in 2012, while it is 4.9% over south hemisphere.
The present study gives 4.44% in 2012 for a land area mainly located
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in south hemisphere which is consistent with other observations. It is to
be noted that DE is 44% higher in 2007 compared with previous or next
year. Other studies confirm this tendency as Bovalo et al. (2012) and
Rodger et al. (2008) who found an increase of 47% and of about 63%, re-
spectively for the whole Earth because of the use of a new algorithm.
However, the increase of DE is not continuous over the whole period,
even at the scale of the year since it decreases for example from 2005

to 2006, or from 2007 to 2008. We can think that at the beginning of
the period with a lower number of stations, the effect of a fault in a sta-
tion may be stronger.

The annual cycle of lightning activity exhibits a period of high
activity between October and March, during which about 10% of the
total lightning flashes are produced each month, and a period of low
activity from June to August with about 4.5% of the total flashes
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produced each month. Then, the lightning activity seems to follow the
sun displacement above the study area since a proportion of 66.67% is
located in the southern hemisphere. However, the distribution of the
flashes is not symmetrical on both sides of the equator as indicated by
different plots of the lightning density, while the yearly distribution of
the sunshine is. The larger values of the density are mainly located
south of the equator. If we compare the number of flashes on both
sides of the equator up to 10 degrees latitude, 56.45% are located in
the southern hemisphere, in average over the 9-year period. Fig. 13 dis-
plays the zonal distribution of flashes detected by WWLLN within the
whole study area, in 2005, 2007 and 2013. This distribution confirms
the dissymmetry with respect to the equator since its maximum is
clearly localized in the southern hemisphere between 2°S and 1°S
depending on the year. All yearly distributions present a similar global
shape. This dissymmetry to the southern hemisphere over Africa was
also observed for the highly reflective cloud from satellite observation
by Waliser and Gautier (1993). By using this parameter for the ITCZ
location they concluded its mean location was in the southern
hemisphere for a slightly longer duration and at larger latitudes.
Furthermore, they noted the ITCZ has a broader range over continent,
especially for Africa. Likewise, Zagar et al. (2011) found the same
dissymmetry for the zonal distribution of the precipitation over the
African continent by using data from ERA Interim reanalyses. Thus, in
their figure 4e displaying the meridional profiles of precipitation for
different durations and over the whole continent, the annual profile
exhibits a main maximum at a latitude of about 2-3°S and a secondary
maximum at about 6-7°N, which strongly looks like the profiles in the
present Fig. 13. They found also that over the tropical continents, the
ITCZ is different whether it is determined from winds or precipitation
criteria.

According to Nicholson (2009) and others, the ITCZ location strongly
varies longitudinally over Africa and its mean location is more
northward in western Africa, especially in January and its range is very
broad along the year in eastern Africa, between 10°S in January and
close to 15°N in August. Over the western region of the study area, the
ITCZ varies a lot with latitude in January. The seasonal lightning density
distributions confirm the observation from Christian et al. (2003) inso-
far the maximum density shifts northwards across the equator from
December till June-August period according to the general ITCZ
migration and associated forcing parameters as wind and convergence.

As explained in Collier and Hughes (2011), the lightning activity does
not exactly reflect the ITCZ location in Africa, since it depends on the
underlying terrain and humidity of air.

The density of the lightning flashes can reach large values, even
when DE is only 2% at the beginning of the period. We have to keep in
mind that DE is calculated in reference to LIS that detects the whole
lightning activity although WWLLN detects mainly the CG flashes.
Furthermore, the lightning activity is very strong in this region of the
world (Albrecht et al., 2011; Christian et al., 2013; Cecil et al., 2014).
The maximum of the lightning activity is located in eastern DRC in a
region along and part of a mountain range at altitudes that can exceed
3000 m, regardless of the reference year and the period of the year. In
2013, this maximum in terms of lightning flash density and number of
stormy days reaches 12.86 fl km~2 and 189 days, respectively. Further-
more, the number of flashes per stormy day is located in the same
region, which means the thunderstorms are there, more numerous,
more intense, more stationary, or all three at once. The lightning density
values are not representative and directly comparable to those from
other regions of the Earth covered by regional lightning detection
systems as for example the NLDN in US (Orville and Huffines, 2001)
because the DE is low. The annual maximum value is systematically
located in the eastern DRC, in the same area noted by many authors
for the maximum over the whole Earth, as Christian et al. (2003) who
falsely attributed it to Rwanda, Cecil et al. (2014), and Albrecht et al.
(2011). By applying the DE issued from comparison with LIS data, the
local maximum value of the total lightning flashes FD’ .« is estimated
for each year in the present study and reported in Table 1. The mean
value is found equal to 157.23 fl km—2 yr—', which is quite comparable
to the value 160 fl km~2 yr~! reported by Albrecht et al. (2011).
Because the resolution in the present study is 0.1° x 0.1° we find higher
values than Christian et al. (2013) who reported 82.7 flkm ™2 yr~! from
LIS at a resolution of 0.25° x 0.25°. Nevertheless, we find also the
maximum is well located in the east part of Lake Kivu.

The main maximum of the lightning density found in the eastern
region of the study area confirms the ITCZ location does not explain
alone the lightning activity. This maximum is present along the year
and it can be due to a combination of easterly humid air lifted by the
relief located west of Lake Kivu. This observation clearly illustrates the
observation made by Collier and Hughes (2011) reported above.
According to a simulation of the climatology in the Basin of Lake
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Victoria by Anyah et al. (2006), the prevailing easterly trades can
transport moisture at large-scale and significantly enhance precipita-
tion over the lake. As explained in Ba and Nicholson (1998) who studied
the convective activity over the lakes in eastern Africa, convective
precipitation over Lake Victoria is maximum early in the morning. In
the present case, humidity may be transported from the Lake Victoria
500 km apart or from Indian Ocean more eastward. Indeed, according
to the global lightning climatology, few lightning flashes are reported
between the Indian Ocean and this maximum location (Christian
et al,, 2003). The presence of the mountain range as illustrated in
Fig. 12e—f is a key element for the development of the storms likely to
produce strong lightning density. Such situation is commonly observed
close to Lake Maracaibo in Zulia state in Venezuela, in which Munoz
et al. (2016) shows the role of the complex topography and the
Maracaibo Basin Nocturnal Low Level Jet in lightning enhancement.
Pujol et al. (2005, 2011) described and quantified the microphysical
processes involved in the triggering and development of convective
precipitation due to orographic effects, in presence of a lake. They
noted the lake can act as a secondary moisture source which can favour
local convection, and mountainous slopes favour updraughts which
permits a downwind extension of the convective system by ejection of
precipitating particles according to the fountain particles concept.
Finally, by using observations and computation, they highlighted
characteristics of the microphysics favourable to electric charging
mechanisms in a configuration comparable to that of the local
maximum observed in the present study.

The secondary maximum in Congo Basin that is broader might
benefit favourable conditions for thunderstorm development as moist
air due to local evaporation or advection from Guinea Gulf combined
with lifting associated with the ITCZ from November till March since it
is more pronounced during this period, especially for the first years.
However, although less accurate, it is also present during the period
June-August, and is therefore associated with local conditions.
Since the orography is relatively smooth in this area, the conditions
favourable for thunderstorm development would be mainly due to
unstable humid air.
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