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b Centro de Investigaciones en Láseres y Aplicaciones (CITEFA-CONICET), San Juan Bautista de La Salle 4397, CP. B1603ALO, Villa Martelli, Argentina
a r t i c l e i n f o

Article history:

Received 15 October 2012

Received in revised form

5 December 2012

Accepted 31 December 2012
Available online 17 January 2013

Keywords:

Tropical Africa lightning

World Wide Lightning Location Network

Lightning imaging sensor
26/$ - see front matter & 2013 Elsevier Ltd. A

x.doi.org/10.1016/j.jastp.2012.12.025

esponding author. Tel.: þ54 351 4334051x41

ail address: burgesse@famaf.unc.edu.ar (R.E. B
a b s t r a c t

The lightning flash rate over tropical Africa was analyzed using lightning data of two independent

lightning detection systems, the World Wide Lightning Location Network and the Lightning Imaging

Sensor. Spatial and time distributions of lightning activity were studied using different spatial and

temporal scales. Results show a very localized high-lightning activity center on the west side of the

Albertine Rift Mountain, located east of the Congo Basin, and substantial lightning activity in the center

of the region. Both centers show low variations on the lightning activity throughout the year and a

marked diurnal cycle with a maximum lightning activity in the local afternoon. A secondary lightning

activity center was found over Lake Victoria, which has an annual variation similar to that of the Congo

Basin lightning activity centers but does not show a marked diurnal cycle. The lightning activities

observed seem to be strongly influenced by topography and are in agreement with the small

temperature ranges and with the rainfall observed in the region.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Three zones have been long recognized as major components
of the global electrical circuit (Whipple, 1929): Africa, South
America and the Maritime Continent. These three zones stand
out in all global maps of lightning activity with Africa dominating
over the other two (Brooks, 1925; Christian et al., 1999; Boccippio
et al., 2000; Christian et al., 2003).

There is a great deal of work related to the lightning activity
over Africa with a clear agreement that it is mainly concentrated
in the tropics with less intensity over South Africa and over the
Mediterranean Sea coast in the north. In the tropical region, the
Congo Basin shows the highest lightning activity followed by
the Gulf of Guinea in the west and by the Ethiopian Highlands in
the north-east. Albrecht et al. (2011) found a maximum flash rate
of 232 fl km�2 yr�1 over the Congo Basin, which is the second
high lightning activity center of the world after Lake Maracaibo
(Bürgesser et al., 2012).

Several studies have analyzed the lightning activity over Africa
and the Congo Basin by using satellite data. For instance, Williams
and Satori (2004) used lightning data from the Optical Transient
Detector (OTD) and from the Lightning Imaging Sensor (LIS), and
found a pronounced semi-annual behavior in the flash rate for the
Congo Basin, with maxima at equinox months (March, September)
and a minimum in July. They reported an enhancement over the
ll rights reserved.
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ürgesser).
higher terrain on the eastern edge portion of the Congo basin.
Nevertheless, the authors concluded that this was a small factor in
the overall lightning activity. Collier and Hughes (2011a) derived
annual lightning flash rate patterns for most African countries
using superimposed annual and semi-annual sinusoidal compo-
nents. For the Democratic Republic of Congo, these authors found
intense lightning activity from November until March with an
annual average lightning activity of 47.8 km�2 yr�1. The amplitude
of the annual variation was significantly smaller than the annual
mean, indicating that there is an significant level of lightning
activity throughout the year.

The lightning activity over tropical Africa, particularly over the
Congo Basin, presents spatial and time distributions with some
features which are not fully detected with satellite data. In this
work, the World Wide Lightning Location Network (WWLLN)
Stroke B data (Rodger et al., 2009) are used to examine the
lightning activity over tropical Africa. By covering the region with
a 0.11�0.11 grid cell, the high lightning activity centers in the
region were recognized and analyzed in terms of diurnal to inter-
annual time scales.
2. Dataset

The lightning data used in this study came from two indepen-
dent lightning detection systems, the World Wide Lightning Loca-
tion Network (WWLLN) and the Lightning Imaging Sensor (LIS).

The WWLLN (http://wwlln.net) is a real-time, world-wide,
ground network that detects preferentially strong lightning strokes.
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The WWLLN receivers detect the very low frequency (VLF) radiation
(3–30 kHz) from a lightning stroke and use the time of group arrival
(TOGA) to locate the position of the lightning. The propagation and
low attenuation of VLF waves in the Earth-Ionosphere waveguide
allows, with fewer antennas compared with other ground detection
systems, a global and real-time detection of lightning activity
(Dowden et al., 2002, 2008; Lay et al., 2004; Rodger et al., 2005;
Jacobson et al., 2006).

The WWLLN had 20 stations at the beginning of 2004 and
reached more than 55 stations during 2012. The stations consist
of a 1.5 m whip antenna, a Global Positioning System (GPS)
receiver, a VLF receiver, and a processing computer with Internet
connection. Residual minimization methods are used in the TOGA
data at the processing stations to create high quality data from
lightning locations. The WWLLN data processing ensures that the
residual time is less than 30 ms and that the data delivered by the
network correspond to lightning strokes detected by at least five
stations (Rodger et al., 2009). The lightning location accuracy of
the network is �5 km (Abreu et al., 2010).

The Lightning Imaging Sensor is a space-based instrument, on
board the Tropical Rainfall Measurement Mission (TRMM) satel-
lite (http://thunder.msfc.nasa.gov), specifically designed to con-
tinuously detect the total lightning activity, both intra-cloud (IC)
and cloud to ground (CG) (Christian et al., 1999), of any given
storm that passes through the field of view (600�600 km2) of its
sensor. The observation time of a given storm is 80 s. Since the
TRMM satellite orbit has an inclination of 351, the LIS instrument
can only detect lightning activity between 351 north latitude and
351 south latitude. The LIS data used in this study belong to the
period between 1998 and 2011 and include the spatial location of
each flash (latitude, longitude) detected. Also, the data contain a
grid, with spatial resolution of 0.51�0.51, with the effective
observation time of each grid cell. The total observation time for
each cell is about 400,000 s.
Fig. 1. Upper-Left Panel. Spatial distribution of the flash rate computed using LIS data be

scale in meters over sea level (GLOBE). Lower-Left Panel. Main Cloud Top Temperature
The Cloud Top Temperature (CTT) and Air Surface Temperature
(AST) data used come from the Atmospheric Infrared Sounder
(AIRS). AIRS is an instrument on board the Aqua satellite, which is
part of the NASA Earth Observing System (http://airs.jpl.nasa.gov/).
AIRS measures the infrared brightness of the Earth’s surface and
atmosphere in 2378 spectral channels ranging from 3.7 to 15.4 mm
(Chahine et al., 2006). The geophysical parameters have been
averaged and binned into 11�11 grid cells covering the entire
globe. AIRS observations are neither simultaneous nor synchronous
with LIS observations. The data used are version 5, level 3 products
and correspond to the period between 2003 and 2008.
3. Results and discussions

Fig. 1 (Upper-Left Panel) shows the flash rate derived from LIS
overpasses between January 1998 and December 2011 over
Africa. A spatial resolution of 0.51�0.51 was used on the map.
This figure shows that the main lightning activity is confined in
the tropical zone between 101N and 101S. The Congo Basin is
located within this area and extends over six countries: Cameroon,
Central African Republic, Congo, Democratic Republic of Congo,
Equatorial Guinea and Gabon; it is well recognized that it has one
of the highest rates of lightning activity in the world. The region
presents a background lightning activity of 40 fl km�2 yr�1 and
also shows a spatial distribution with centers of higher lightning
activity on the eastern edge of the Congo Basin region and the
central region with lightning activities larger than 80 fl km�2 yr�1.
The tropical lightning activity in Africa is enclosed by the Sahel and
Sahara Deserts in the north and by high terrain elevations
(41000 m) in the south (Bie and Katanga Plateau) and east
(Albertine Rift Mountain) as can be observed in Fig. 1 (Upper-Rigth
Panel). The ground elevation data used in Fig. 1 (Upper-Right
panel) were obtained from the Global Land One-kilometer Base
tween 1998 and 2011. Upper-Right Panel. Topography of the region with the color

. Lower-Right Panel. Main Surface Temperature.
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Elevation (GLOBE, http://www.ngdc.noaa.gov/mgg/topo/globe.
html).

Fig. 1 also displays the annual mean CTT (Lower-Left Panel)
and the annual mean AST (Lower-Right Panel) over Africa as
measured by AIRS. The Congo Basin presents the lowest mean
annual CTT over Africa with values colder than 250 K and a mean
annual AST warmer than 300 K. The CTT is a good indicator of the
vertical development of the cloud and low CTT values are usually
related to deep convection (Fu et al., 1990; Liu et al., 1995; Hong
et al., 2005; Aumann et al., 2007). Many studies indicate a strong
link between lightning production and the microphysical and
dynamical characteristics of the clouds, particularly deep
convective clouds (DCC). The lightning activity in DCC is expected
to depend on the intensity of vertical air motion, which is closely
related to the storm height (Williams, 1985; Price and Rind, 1992;
Ushio et al., 2001; Ávila et al., 2010). The Congo Basin seems to
gather the most favorable thermodynamic conditions to produce
deep convection; these are moisture, higher AST and lower CTT;
which can lead to significant lightning activity.

Fig. 2 shows the flash rate detected by LIS (FRLis, Upper Panel)
between 1998 and 2011 and by WWLLN during 2011 (FRw, Lower
Panel) for the spatial windows between [�101; 151] of latitude
and [101; 401] of longitude with a spatial resolution of 0.51�0.51.
Both maps also show the ground elevation contours with the
same spatial resolution used in the lightning maps. As can be
observed, both lightning maps show a similar spatial flash rate
distribution with the center of high lightning activity in the east
of the Congo Basin and the region with substantial lightning
activity in the center of the region. The WWLLN detected a
maximum flash rate of 4 fl km�2 yr�1 at the center of the high
Fig. 2. Spatial distribution of the flash rate computed using LIS data (FRLis, Upper

Panel) and WWLLN data (FRw, Lower Panel) and the height contours (GLOBE).
lightning activity area and 1.5 fl km�2 yr�1 on the central region,
while LIS detected 135 fl km�2 yr�1 and 60 fl km�2 yr�1, respec-
tively. Assuming a detection efficiency for LIS of 0.85 (Boccippio
et al., 2002), a detection efficiency of WWLLN over the Congo
Basin region of 2–3% can be estimated. Clearly, this fairly low
detection efficiency is a consequence of the low number of
WWLLN stations in Africa, which means that only very high-
peak current CGs were detectable in these regions. However, in
spite of the low detection efficiency of WWLLN, both lightning
datasets (WWLLN and LIS) show a good spatial correlation with a
Pearson coefficient of 0.69 (po10�4) and the WWLLN seems to
be capable of detecting the main features of the lightning spatial
distribution over the Congo Basin.

Fig. 2 displays once again that the region of lightning activity is
limited by the high terrains (41000 m) on the south and east of
the Congo Basin. The western and eastern border can be observed
in Fig. 3 (Upper panel), where the profile of topography (blue
dotted line) and the flash rate (black line) detected by LIS (FRLis)
for a grid cell of (0.51�0.51) centered at �1.751 of latitude and
between [51; 401] of longitude are presented. The profile shows
low lightning activity at the western longitude (o101) which
corresponds to the Atlantic Ocean (zero meters ground elevation).
Between [101; 251] of longitude (Congo Basin) the African
Continent presents a ground elevation of 500 m with substantial
lightning activity (40–60 fl km�2 yr�1). Toward the east, an increase
Fig. 3. Profile of topography (blue dashed line) and flash rate detected by LIS (solid

line) for the grid cell of (0.51�0.51) centered at �1.751 of latitude and between

[51; 401] of longitude (Upper Panel), for the grid cell of (0.51�0.51) centered at

27.251 of longitude and between [�351; 351] of latitude (Lower Panel).

(For interpretation of the references to color in this figure caption, the reader is

referred to the web version of this article.)
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of the lightning activity is observed which is coincident with an
increase in ground elevation. The flash rate shows a peak between
[251; 301] of longitude, which corresponds to the center of lightning
activity observed in Figs. 1 and 2. The peak is located at the west
side of the Albertine Rift Mountain. Another peak with
20 fl km�2 yr�1 can also be observed between the Albertine Rift
Mountain and the Kenya Highlands, between [311; 351] of longitude,
which corresponds to the location of Victoria Lake.

Fig. 3 (Lower panel) shows the same as Fig. 3 (Upper panel) but
for the grid cell of (0.51�0.51) centered at 27.251 of longitude and
between [�351; 351] of latitude. For latitudes between �351 and
�101, the topography shows terrains with altitudes above 1000 m
which correspond to the Katanga Plateau. These latitudes show
lightning activity of less than 20 fl km�2 yr�1. For latitudes between
�51 and 51, the lightning activity presents a peak with more than
100 fl km�2 yr�1 which corresponds to the high lightning activity
center observed previously. Towards the north, the lightning activity
decreases and reaches values of zero for latitudes greater than 151,
which correspond to the Sahel and Sahara Deserts.
Fig. 4. Spatial distribution of Fw,n values for the yea
In order to analyze the annual evolution of the spatial
distribution of the lightning activity in the Congo Basin, the total
flashes per year (Fw[i,j]) detected by the WWLLN in each grid
point centered in [i,j] of latitude and longitude, with a spatial
resolution of [0.11�0.11], were computed for each year between
2005 and 2011. In order to take into account the detection
efficiency variation of WWLLN due to the addition of new
antennas and upgrades on the detection algorithm, the values of
Fw[i,j] were normalized to the total flashes in the spatial window
considered for the whole year ð

P
i

P
jFw½i,j�Þ. Thus the parameter.

Fw,n yearð Þ i,j½ � ¼
Fw½i,j�P

i

P
jFw½i,j�

is used as an indicator of the lightning activity on each grid
point. Fig. 4 shows the spatial distribution of Fw,n in the spatial
windows between [�51; 51] of latitude and [201; 301] of long-
itude. For these spatial windows, the Pearson coefficient between
the flash rate detected by LIS and by WWLLN during 2011 is 0.78
(po10�4). In all the years analyzed, both the high-lightning
rs between 2005 and 2011 for the Congo Basin.



Fig. 5. Spatial distribution of Fw,n values for the years between 2005 and 2011 for Lake Victoria.

Fig. 6. Evolution of the fw,n for the Democratic Republic of the Congo (solid line)

and the sinusoidal fit presented by Collier and Hughes (2011) (dashed line).
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activity region and the central region can be observed. The high-
lightning activity center is confined between [�31; 01] of latitude
and [261; 291] of longitude, while the central region presents
a more disperse flash rate distribution and does not show
a particular spatial distribution pattern.

Similarly to Fig. 4, Fig. 5 shows the annual lightning activity for
the spatial windows between [�31; 11] of latitude and [311; 351]
of longitude; the border observed in the figure corresponds to
Lake Victoria. For every year analyzed, the results show that the
lightning activity is largely confined over the lake, and over the
northeast area, with less lightning activity over the south region
of the lake. For this region, the lightning dataset from LIS and
WWLLN give a good spatial correlation with a Pearson coefficient
of 0.88 (po10�4). The flash rate detected by LIS over Lake
Victoria is higher than 30 fl km�2 yr�1 on the north area and
around 10 fl km�2 yr�1 on the south area.

Using satellite data from LIS and OTD, Collier and Hughes
(2011a) studied the climatologies of the lightning activity for
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most of the African countries. The most intense lightning activity
over Africa occurs in the Democratic Republic of the Congo, which
lies entirely within the Congo River Basin. They proposed that the
average annual variation in lightning can be represented by
annual and semiannual sinusoidal components. Fig. 6 displays
the daily evolution of the lightning activity of the Congo Basin.
The daily value of the amount of lightning flashes (fw) detected by
WWLLN within the spatial window between [�101; 51] of
latitude and [151; 301] of longitude was computed. Again, in
order to take into account the variation in the detection efficiency
of the WWLLN, the fw values were normalized to the total number
of flashes in the year. Thus the variable

f w,n ¼
f wP

All yearf w

is used as an indicator of the daily variation of the lightning
activity of the region. Fig. 6 shows the moving average with 32
days of fw,n (black line) and the sinusoidal fit proposed by Collier
and Hughes (2011a) for the Democratic Republic of the Congo
(blue dashed line). The 32 days smoothing average of fw,n was
chosen to remove the effect of day-to-day variations from the
time series data and to create the equivalent of monthly averages
(Aumann et al., 2006, 2007). Both curves show good temporal
correlation with the minimum lightning activity around June.
And, despite the semi- and annual component found by Collier
and Hughes (2011a), both curves show a broad maximum
extending from November to February. Although, the WWLLN is
not capable of detecting the semiannual variation, it can detect
the main features of the monthly variation in lightning activity
and fw,n seems to be good indicator of this variation

The variable fw,n was also used to study the inter-annual
characteristics of three different regions: the high-lightning
activity center located between [01; �31] of latitude and [271; 291]
of longitude (Fig. 7a), the central region limited by [21; �51] of
latitude and [201; 251] of longitude (Fig. 7b), and the region over
Lake Victoria (Fig. 7c). Fig. 7 shows the mean value of fw,n with a 32
days moving average of these three regions. The three regions
present a similar annual variation with low amplitude and with
less lightning activity between June and August. The high-lightning
activity center (Fig. 7a) and the central region (Fig. 7b) show good
correlation on the daily lightning variation with a Pearson coefficient
of 0.83 (po10�4). The annual variation at Lake Victoria is correlated
to the high-lightning activity region and the central region with
Pearson coefficients of 0.66 (po10�4) and 0.57 (po10�4), respec-
tively. The main difference on the lightning activity variations of
Lake Victoria and the Congo Basin is the peak around March and
April observed over Lake Victoria. Throughout the year, the Congo
Basin presents high temperatures, with mean values of �300 K, and
an annual range of �6 1C and a diurnal range between 101 and 15 1C
(Nicholson, 2001). In short time scales, several studies found a
positive correlation between tropical lightning activity and surface
air temperature (Price, 1993; Markson and Price, 1999; Price and
Asfur, 2006). Therefore, the low amplitude between the high and
lower lightning activity periods observed is consistent with the low
range in the annual temperature of the region. Nicholson (2000)
reported a rainy season over the Congo Basin lasting between
10 and 12 months with a maximum rainfall during November.
The mean annual rainfall is higher than 1500 mm�1, reaching
2000 mm�1 in the central region.

Lake Victoria presents substantial rainfall occurring through-
out the year with a mean annual rainfall of 1200 mm�1

(Nicholson, 2000). Asnani (1993) found a quasi-permanent trough
that lingers over Lake Victoria due to locally induced convection,
orographic influence, and lake-land thermal contrast which tends
to favor convection over the lake throughout the year. However,
the seasonal rainfall over Lake Victoria shows a bimodal regime
which is mainly controlled by the north–south ITCZ migration
across the region. This seasonal cycle shows a long rainy season
between March and May, when the maximum value of rainfall is
observed, and a short rainy season between October and Decem-
ber. Although the ITCZ migration seems to be controlling the
seasonal rainfall over the regions, Collier and Hughes (2011b)
found a weak relationship between equatorial lightning activity
and the ITCZ over Africa. This seems to be due to the asymmetry
in the moisture (water vapor) carried by the air moving into the
ITCZ from the south (Congo Basin and Gulf of Guinea) and from
the north (Sahara).

Fig. 8 shows the diurnal variation in lightning activity of the
three regions analyzed in Fig. 7. The vertical bins represent the
fraction of the total lightning during a whole year as a function of
local time; counts are grouped into 1-h bins. The diurnal cycle of
the high-lightning activity center and the central region (Fig. 8a
and b) displays scarce lightning activity between 6:00 and 12:00
and a peaks between 16:00 and 20:00 local times. The diurnal
cycle observed in the high lightning center and the central region
is consistent with the global observation by LIS and the OTD,
which show that tropical continental lightning has a clear diurnal
peak in flash rate during the local afternoon (Williams et al., 2000).

On the other hand, the diurnal cycle of the lightning activity
over Lake Victoria (Fig. 8c) shows little variation during the day.
Two small peaks can be observed, one of them between 15:00 and
19:00 local time and another one between 23:00 and 05:00 local
time, with lower lightning activity between 11:00 and 13:00 local
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time and between 20:00 and 22:00 local time. Ba and Nicholson
(1998) studied the convective activity over the Rift Valley lakes on
East Africa using satellite-derived convective indices and rainfall
measurements. They found two maxima in the diurnal cycle of
the convective activity over Lake Victoria, one during the morning
and a second one in the afternoon. Fraedrich (1972), using a
simple model, found a peak in the nocturnal circulation over Lake
Victoria which generally occurs between midnight and early
morning hours when the lake surface is warmer than the
surrounding land area. Song et al. (2004), using a nested coupled
model, found that the heat transport between the warmer and
shallower southeastern sector of Lake Victoria to the colder pool
of water over the northeastern sector, results in an asymmetric
lake-surface temperature distribution. This temperature distribu-
tion modifies the overlying wind circulation over the Lake and
induces a higher average surface temperature of the Lake.
The increase in the evaporation area due to the higher surface
temperature is compensated with the low-level atmospheric
horizontal outflow, induced by the temperature gradient, result-
ing in a decrease in the cloud cover and rainfall over the Lake.
The mean winds (Song et al., 2004) over Lake Victoria shows a
diurnal cycle with lake breeze dominating during the afternoon
and evening, and a strong land breeze at night and at early
morning. This diurnal cycle, in conjunction with the Rift Valley
topography, produces a more intense rainfall region over the east
of Lake Victoria, which could explain the lower lightning activity
over the warmer sector of the Lake.
4. Conclusion

The LIS results report that the Congo basin in Africa has the
highest lightning activity, throughout the year, with resultant
flash densities exceeding 50 fl km�2 yr�1. The lightning activity
over this region presents a pattern with a localized center of high
lightning activity located on the western foot of the Albertine Rift.
This center is located between [01; �31] of latitude and [271; 291]
of longitude and has a flash rate density exceeding
100 fl km�2 yr�1. Results seem to indicate that the topographic
relief forces air upwards that further enhances thunderstorm
development and can subsequently lead to an increase in light-
ning activity.

The Congo Basin shows high surface air temperature, low
values of the cloud top temperature and substantial annual
rainfall. The low amplitude in the lightning annual variations is
consistent with the low annual variation of temperatures in the
region and with a rainy season lasting almost all year long.
The diurnal cycle observed is consistent with global observation
for tropical region with a peak in flash rate in the late afternoon
(local time) and with the rainfall diurnal cycle.

Significant lightning activity was also found over Lake Victoria
which presents similar daily variation in flash rate and a diurnal
lightning activity without a marked cycle.

Lightning activity is related to atmospheric convection which
occurs due to the heating of the boundary layer by solar radiation
during the day or by the mixing of air masses of different
densities. Also, topographic forcing can initiate instabilities that
trigger the thunderstorm formation.
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