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Sammanfattning 

Denna studie har genomförts som en förstudie till ett projekt om meridional 
förflyttning av den Intertropiska konvergenszonen (ITCZ) och dess relation till 
blixtaktivitet i östra tropiska Stilla havet (ETP). Målen för detta projekt var att 
analysera och förbättra blixtdata som ska användas för en sådan studie och besluta 
om en metod och korrekt tidsskala för dataanalys och ITCZ-index framtagande. 
Explorativ dataanalys har praktiserats med World Wide Lightning Location Network 
(WWLLN) data och ITCZ-index data. Resultat indikerar att den mest fördelaktiga 
tidsskala som ska användas i dataanalys för ovanstående studie är 15 dagar och att 
ITCZ-approximationer kan erhållas genom användning av nederbördsindex och 
molntoppstemperatur. Blixtdata som har uppstått genom atmosfäriska system som ej 
är kopplade till ITCZ har analyserats. Denna rapport föreslår Uppsala Universitet att 
bli del av World Wide Lightning Location Network, vilket skulle tillåta fortsatt arbete 
med detta och liknande projekt.  

Abstract 

This study has been performed as a pilot study for a project regarding the meridional 
migration of the Intertropical Convergence Zone (ITCZ) and its relationship with 
lightning activity in the Eastern Tropical Pacific (ETP). Objectives of this study were 
to analyze and improve lightning data to be used for such a study and to decide on a 
method and proper time scale of data analysis and ITCZ index development for this 
study. Exploratory data analysis has been practiced with World Wide Lightning 
Location Network (WWLLN) data and ITCZ index data. Results suggest that the most 
beneficial time-scale to be used for the above study is 15 days and that ITCZ 
estimations can be obtained via the use of precipitation index and cloud top 
temperature. Lightning data originated from atmospheric systems not associated with 
the ITCZ has been analyzed. This report proposes that Uppsala University should 
become part of the World Wide Lightning Location Network, enabling further work 
regarding this and similar projects.   
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1. Introduction 

1.1 Relevance of study 
To reduce costs and prevent collateral damages due to lightning activity, detection 
and prediction of atmospheric discharges is of much importance to the society. 
Accurate lightning location data can be used to prevent forest fires (Coorey, 2003) 
and distinguish tropical cyclone (TC) intensification at weaker storm stages (Abarca 
et al., 2011) which are important as societal prospects. Nowcasting of extreme 
weather that can be associated with lightning, such as storms, heavy hail, floods and 
tornadoes (Poelman, 2010), is an important element of meteorology.  

Atmospheric discharges can generate great electric currents when the 
radiated electromagnetic field interacts with electrical systems (Coorey, 2003) and 
thus cause damage to electronics. Since we live in a highly technological society, 
large damages to electronics and costs due to lightning may occur more frequently 
why research about lightning activity is of common interest. There are economic 
aspects of lightning research as well as scientific and societal since there is a 
demand for accurate and real-time lightning location data from different industries, 
like electricity distributors, aviation, insurance companies (Rodger et al., 2006) and 
train networks (Poelman, 2010).   

 The Intertropical Convergence Zone (ITCZ) is one of the major rain 
producing systems in the world, why this system is of vital importance in many 
countries for agriculture, water supply, hydropower, the natural environment etc. 
which in turn affect the economy in these countries, among others. The annual 
migration of the ITCZ is a source of the dry and rainy seasons that occur in the 
tropics (McIlveen, 2010, -a). This study will focus on the migration of the ITCZ in the 
region of the Eastern Tropical Pacific (ETP).  

1.2 Lightning detection 
An atmospheric discharge radiates an Electromagnetic Pulse (EMP) that can be 
detected in a wide frequency range (Rodger et al., 2006). Lightning Detection 
Systems (LDS) are based on detection of the radiated EMP from atmospheric 
discharges and can obtain the time and location of a lightning stroke and in some 
cases also the polarity, current amplitude and number of strokes per flash, even 
though these are generally not as accurately measured (Sonnadara et al., 2014). 
LDS can be either ground-based or space-based, and ground-based LDS are either 
multi-station LDS or single station LDS. The single station LDS are less accurate 
than multi-station LDS but much cheaper to operate, in general. Several lightning 
detection units need to detect a discharge for a multi-station LDS to determine its 
location (Rodger et al., 2006).      

The optical lightning radiation is emitted from the hot lightning channel 
and propagates in all directions. Observed from the ground, the optical radiation is 
easily hindered whereas optical radiation is well detected from space (Finke, 2009). 
Advantages of space based lightning detection are, the uniform detection efficiency 
over large areas, the ability to detect both Cloud-to-Ground (CG) and Intra Cloud (IC) 
lightning events and the ability to detect lightning activity over scarce regions 
(Boccippio & Christian, 1999). However, satellite based lightning detection cannot 
cover all areas of the world at any instance (Abreu et al., 2010). The Lightning 
Imaging Sensor onboard the Tropical Rainfall Measuring Mission is a satellite based 
lightning detector which data have been used for detection of convective clouds, 
estimation of precipitation in thunderclouds and separation of storms with different 
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amount of updrafts (Christian et al., 1999). Radar can also be used as a lightning 
detector and can give information about the lightning channels (Poelman, 2010).  

1.3 Objectives and limitations of study  
This study has been an exploratory project performed in group seminars with focus 
on data analysis. Objectives for this study were decided: 1) to analyze and improve 
lightning data to be used for a study of the meridional migration of the ITCZ and 
lightning activity in the ETP, 2) to decide on a method and proper time scale of data 
analysis and ITCZ index development for this study. Questions for this proposed 
project involves: Can lightning data be used as a proxy for the ITCZ, and in turn, for 
the meridional migration of the ITCZ? 

Some certain limitations were set to this study: 1) consideration was only 
done for the meridional migration of the ITCZ, and so leaves out the zonal migration 
of the ITCZ, 2) the temporal scale was restrained to one year - the year of 2013, 3) a 
certain area of the ETP was extracted from the data. This particular region was 
determined since only lightning activity associated with the ITCZ will be analyzed, 
though other interfering systems cannot entirely be eliminated. Figure 1 shows the 
selected area for this study, which range from latitude 5°S to 15°N and longitude 
150°W to 82°W apart from the north-east corner which leaves out the Central 
American land mass. Lightning due to convective cells over land has thus been 
eliminated as a source of error. Lighting due to TC and Mesoscale Convective 
Systems (MCS) is a source of error that has been considered; see section 3.1, as are 
Madden Julian Oscillations (MJO), easterly waves and the double ITCZ, see section 
2.2, 2.2 and 2.3.2, respectively.   

Lightning data used in this study is the World Wide Lightning Location 
Network (WWLLN) data, see section 2.1. Other data used in this study are ITCZ 
index data, see section 3.1. References used for this study involves work from Prof. 
Jorge Amador as main references, since many of these papers discuss features of 
the climatic region selected for this study. Waliser and Gautier (1993) and several 
performance assessments on the WWLLN data have been reviewed. The following 
section reviews background relevant for this study. Section 3 describes the method 
used, followed by sections for result, discussion and finally conclusions.  

 
Figure 1. The blue box represents the boundary of the selected area for this study. 
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2. Background 

2.1 WWLLN data 
The WWLLN is a collaboration between over 50 voluntary universities and institutions 
worldwide and a global system of lightning receivers. The radiated EMP from an 
atmospheric discharge in the very low frequency range (3 – 30 kHz), i.e. radio waves, 
propagates long distances through the waveguide formed by the surface of the earth 
and the bottom of the ionosphere (Earth-Ionosphere Waveguide) without any severe 
attenuation and are called sferics. CG stokes mostly emit sferics, while IC strokes 
emit EMP with the bulk in the very high frequency range (Cummins et al., 2000). 

The WWLLN sensors can detect sferics up to 10.000 km distance from 
an atmospheric discharge (Rodger et al., 2009). However, to locate the latitude and 
longitude of a lightning flash, the data from detecting receivers is transmitted to a 
central processing computer that compares the time of group arrival and exact 
location due from GPS of the different units. WWLLN is a multi-station lightning 
detection system and a lightning stroke can be located if five or more receivers detect 
the sferic (R. H. Holzworth, 2013). Figure 2 presents the geographical positions of all 
WWLLN sensors worldwide and as seen the sensor distribution could improve if 
sensors were installed at high latitudes and in the Asian and African continent. The 
ultimate goal of the WWLLN is to have a worldwide CG detection efficiency > 50 % 
and a spatial accuracy of < 10 km (Rodger et al., 2006).  

The detection efficiency of the WWLLN has been evaluated using 
comparative lightning detection networks. Abreu et al. (2010) found the detection 
efficiency for the WWLLN to be 2.8 % and highly dependent on the peak current, with 
a peak current threshold of ~20 kA and a mean absolute location accuracy of 7.24 
km with a standard deviation of 6.34 km. This can be compared to the results that 
Lay et al. (2004) found when comparing WWLLN to a Brazilian lightning location 
network, which was one of the first WWLLN assessment articles. The detection 
efficiency was calculated to 0.3 % and the location accuracy was found to be 20.25 ± 
13.5 km. Rudlosky & Shea (2013) compared the WWLLN data with the Lightning 
Imaging Sensor onboard the TRMM satellite and found a mean detection efficiency 
between latitudes 38°S and 38°N of 9.2 % for data of the year 2012. Over ocean this 
detection efficiency was higher, in some cases over 20 %. Since the number of 
WWLLN sensors are increasing each year, the detection efficiency is increasing 
(Abreu et al., 2010).  

The WWLLN has lower detection efficiency of lightning events at close 
distances from the WWLLN stations due to low dispersion of the waveform (Rodger 
et al., 2006). Also, the attenuation in the Earth-Ionosphere Waveguide has a diurnal  
variability, as the attenuation is larger during noon than midnight due to changes in 
ionization density (Rodger et al., 2006). It has been found that despite of WWLLNs 
low detection efficiency worldwide the WWLLN data can be used to study mesoscale 
meteorological phenomena, for example tropical cyclone intensification (Abarca et 
al., 2011).   

The WWLLN can detect both IC and CG lightning (Jacobson et al., 2006) 
but one conclusion is that WWLLN is better suited to detect the first return stroke of a 
lightning flash since the WWLLN data detect sferics (Rodger et al., 2009) and since 
WWLLN favors high peak current strokes (Rodger et al., 2006). Poelman (2010) 
found that the median return stroke peak current for the first stroke of a lightning flash 
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Figure 2. Global distribution of WWLLN sensors. Image computed in Matlab with metadata 
from WWLLN and open source mercator projection world map. 

is two to three times stronger than for subsequent strokes, which supports this 
conclusion. Jacobson et al. (2006) claims that the WWLLN detect flashes since in 
most cases only one stroke is detected within a lightning flash, why WWLLN 
detection henceforth is termed “flashes” in this study.    

2.2 Climate in the region of Central America 
The climate in the region of Central America is highly complex, due to some unique 
properties belonging to the area. The climate is imprinted by two oceans, separated 
by a narrow land mass. Due to this, one cannot study the ETP without considering 
the Caribbean Sea as they are coupled in many ways (Amador, personal 
communication). One example of this is tropical cyclones in the ETP which are often 
associated with disturbances from the Caribbean Sea, such as easterly waves (Avila 
& Pasch, 1995).The land mass also has a mountain range, which acts as a forcing 
mechanism for wind. Climatic features in this region are many; traveling easterly 
waves, MJO, the Mid-Summer Drought (MSD), the trade winds, the ITCZ, convective 
systems, tropical storms and cyclones, the warm pools, cold air intrusions and low 
level jets (LLJ) (Amador, 2008). The tropical region is a source of momentum and 
heat which is associated with many of these systems (e.g. Amador et al., 2006).   

All these systems might affect the lightning pattern over the region, why 
one part of this project has involved locating and considering them. One evident 
example of the complexity of this region is the precipitation pattern in Costa Rica 
which has large differences over short distances in the country. Not only is the 
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precipitation pattern dependent on the trade winds and the migration of the ITCZ, but 
also due to the Mid-Summer Draught, sea surface temperatures, tropical cyclones, 
cold fronts and easterly waves (Amador et al., 2006) amongst other. The following 
paragraphs present some of the many climatic features that occur in this area.   

The near equatorial region receives more incoming shortwave radiation 
than the mid and high -latitudal regions. This results in differential heating which 
manifests as heat transportation from the tropics towards mid-latitudes at high levels. 
As the warm air reaches the subtropical regions, the air subsides and give rise to the 
almost constant high Sea Level Pressure (SLP) at latitudes close to 30°N and 30°S 
(Holton, 2004, pp. 321). The low level winds over sea surfaces in these regions 
evaporate water, but due to the thermal inversion only low level stratus clouds is 
established, which contribute to the high SLP (Philander et al., 1996). The SLP 
exhibits intra-seasonal variations with maximum SLP at mid-latitudes during boreal 
summer and winter and also undergoes a north-south movement (e.g. Amador et al., 
2006).  

The trade winds are part of the circulation known as the Hadley cell, and 
play a major role by advecting moisture from mid-latitudes towards the equator at low 
levels. This role of the trades in moisture transport is crucial since the precipitation 
exceeds the evaporation at and near the ITCZ (Amador et al., 2006). The trade winds 
affect the intensity and position of the ITCZ (Magaña et al., 1999) and they are driven 
by strong SLP contrasts between the tropics and subtropics (e.g. Amador et al., 
2006). Also, changes in the intensity of the trade winds and LLJ in the Caribbean Sea 
affect the precipitation over the Pacific slope of Central America due to funneling of 
wind through mountain gaps. These winds from Caribbean also imprint on the upper 
layers of the ETP through wind stress curl and the precipitation they cause (Amador 
et al., 2006). The ITCZ is part of the large scale general circulation systems in the 
region as a feature of the Hadley cell with convergence of trade winds, see section 
2.3. 

Easterly waves are tropical depression disturbances that mostly originate 
from Africa (McIlveen, 2010, -b, Riehl, 1954). They are oriented north to south, have 
a westward movement and a period of 3-4 days (Burpee, 1972). These have great 
impact on the Intra-American Low Level Jet and precipitation variability over 
Caribbean (Serra et al., 2014) and also TC formation in both the Atlantic Sea and the 
ETP (Avila & Pasch, 1995). The MJO is a disturbance of convective activity that 
travels eastward at a period of 30-90 days and is associated with several large scale 
atmospheric features around the globe, such as TC formation and El Niño events 
(Madden & Julian, 1972, Serra et al., 2014). Generally, the MJO is developed 
through a low SLP anomaly in the Indian Ocean which creates an enhanced 
convection and moisture convergence and higher tropopause height. The oscillation 
reaches peak intensity in the western Pacific but weaken due to cooler SST over the 
central Pacific (Holton, 2004).  

There are some intra-seasonal tropical modes in both the Caribbean Sea 
and the ETP that affect convective activity in these regions. Convective activity 
associated with MJO in the ETP is less prominent than the MJO signal in the Indo-
Pacific region (Serra et al., 2014). The eastern tropical Pacific MJO has a 30-90 days 
mode and a northward and eastward propagation. There is also a 10-30 days mode 
which imprints on the precipitation pattern over the ETP (Serra et al., 2014).  

The Caribbean Sea receives little precipitation in the annual mean 
(Amador et al., 2006), but some precipitation disturbances are related to intra-
seasonal variability, mostly from tropical depression waves, i.e. easterly waves, as 



11 
 

described above (Amador, 2008). Precipitation in the Caribbean region is also due to 
cold air fronts (Amador et al., 2006) which are mostly common in December, January 
and February (Amador, personal communication). The interaction between the Intra 
American Low Level Jet and intra-seasonal systems are highly affecting the different 
precipitation patterns over different regions in Central America (Serra et al., 2014). 
For example, when the MJO is coupled to the Intra American Low Level Jet, a 30-90 
days precipitation disturbance can be seen over Caribbean (Serra et al., 2014). TC, 
cold fronts, easterly waves and precipitation of “temporales” kind are precipitation 
disturbances over the ETP (Amador et al., 2006).  

The MSD is a decrease in precipitation in the annual precipitation pattern 
over parts of Central America, usually in the Pacific slope. The decrease in 
precipitation occurs during July – August, which is in the middle of the rainy season 
that extends from May to October/November. The MSD is not due to the double 
crossing of the ITCZ over Central America (see section 2.3.2), since the MSD acts in 
several separated places and has a large meridional extent, nor is it associated with 
the meridional migration of the ITCZ, as is the case in other places which have 
double precipitation maximum (such as the Amazon Basin). The MSD is caused by 
the trade winds, since the easterly trade winds strengthen at the onset of the MSD 
and due to topographic barrier, strong subsidence occur at the Pacific slope. This 
leads to weaker convergence and convection at the ETP which results in less 
precipitation. At the end of the MSD period, when the easterly trade winds weaken, 
the convergence enhances which leads to more intense convective activity and more 
precipitation (Magaña et al., 1999). 

The Intra American Low Level Jet (IALLJ) is a regional feature over the 
Caribbean Sea which manifests as a trade wind current with its core at 15°N, 75°W 
(Amador, 2008). It has an annual cycle and is zonally extended with a wind maximum 
of approximately 10-11 m/s near the top of the boundary layer. It I thought that the 
IALLJ is highly affected by easterly waves. During the months May to July the 
easterly waves lose energy and momentum which strengthen the IALLJ and causes 
the jet to peak in July. From August to October, the IALLJ affect the easterly waves 
by contributing with momentum, why the IALLJ decreases in intensity (Salinas, 2006,  
Amador, 2008). The IALLJ is an important feature in the Caribbean and matters for 
the precipitation distribution in both the Caribbean and the ETP. In the Caribbean 
Sea normally very low values of precipitation is received every year, partly due to the 
IALLJ and the low-level divergent wind associated with the jet entrance. The IALLJ is 
thought to be driven by continental differential heating (Amador et al., 2006) 

Another regional feature in Central America is the warm pools which are 
large areas of high SST over the Caribbean Sea and the Pacific Ocean. The 
presences of warm pools are typically favorable for cyclogenesis development over 
these regions (e.g. Amador et al., 2006), why many TC are born over these areas. 
The cold tongue is a feature with colder temperatures than the surroundings in the 
near equatorial region in the ETP and associated with little convective activity. Both 
the cold tongue and the warm pools affect the ITCZ as described in section 2.3.1. 

The annual variability in surface temperature in the tropics are very small 
compared to the diurnal differences (e.g. Amador et al., 2006). Over land, 
precipitation is mainly caused by thermal heating of land surfaces which give rise to 
convection on a daily basis whilst seasonal precipitation is mostly caused by trade 
wind convergence, i.e., the ITCZ (Amador, 2008). Lightning activity over land have 
diurnal patterns, by the assumption that lightning is due from convective activity. 
Lightning activity over oceans also generally has a diurnal variability, but the daily 
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peak in lightning activity last longer and is not as intensive as lightning over land 
(Enno, 2011). 

Land-sea breeze is a mesoscale system that occurs in Central America 
when the dominating trade winds are weak, which happens during the rainy season 
(Taylor & Alfaro, 2005). Topography in Central America is a forcing mechanism for 
wind flow, and is responsible for much of the precipitation that falls at higher 
elevations (Amador, 2008).    

Thunderstorms are local weather systems that comprises of 
cumulonimbus clouds which are born in convective cells. These cumulonimbus 
clouds grow due to convection of an unstable air mass, frontal systems (usually cold 
fronts) or orographic air flow (Isaksson & Sveriges meteorologiska och hydrologiska 
institut, 2010, pp. 8). Cloud electrification in a convective cell are due to properties of 
ice particles and supercooled water droplets in the cloud (Mattos & Machado, 2011).   

Mesoscale convective systems (MCS) are clusters of several individual 
convective cells merged together and is in the order of 100 km across. They are 
separated from multicellular storms by the size (Trapp, 2013, pp. 162). MCS have a 
timescale of several hours, and a distinct shape seen from radar images (Trapp, 
2013, pp. 233). They also play a major role in precipitation in the tropics, as most 
rainfall is produced through MCS. Lightning activity and severe weather conditions 
are associated with MCS (Mattos & Machado, 2011). Should MCS grow much larger, 
they are referred as mesoscale convective complexes, which are more long-lived 
than MCS (Trapp, 2013, pp. 263). 

2.3 The Intertropical Convergence Zone 

2.3.1 Global ITCZ 
The Intertropical Convergence zone is defined as the area of which maximum 
convergence of trade winds occur near the equator (Holton, 2004, pp. 371) and is a 
zone of a relative low SLP and strong convection due to maximum incoming solar 
radiation. Due to this convection, strong precipitation occurs at and near the ITCZ 
with high cloud coverage and often intense lightning activity (Wu et al., 2003). The 
ITCZ is a part of the Hadley cell in the global circulation, with divergence of large air 
masses at high level polewards. The SLP gradient in the meridional direction 
between the equatorial region and the subtropical highs causes the air to accelerate 
towards the ITCZ, which is known as the trade winds (e.g. Amador et al., 2006). Due 
to the Coriolis force, the northerly trade winds are deflected westward, why the winds 
are measured as north-easterly.  

The ITCZ is migrating during the course of the year in both the 
meridional and zonal direction. Generally, the ITCZ migrates to the south during 
boreal fall and winter and to the north during boreal spring and summer. Over land, 
this migration is mostly due to the solar declination angle whereas over ocean the 
migration is also due to ocean properties, like Sea Surface Temperatures (SST) 
(Waliser & Gautier, 1993). The migration of the ITCZ is different in different 
longitudes depending on ocean, wind and surface properties (Philander et al., 1996) 
and the global mean location of the ITCZ is in the northern hemisphere during boreal 
summer and in the southern hemisphere in the boreal winter. However, the ITCZ at 
most longitudes tends to favor the northern hemisphere which is thought to be due to 
the higher rate of landmass in that region which affects the global heat distribution 
(Waliser & Gautier, 1993). The length scale of the annual migration of the ITCZ 
varies with longitude, from roughly 10 ° in the ETP to nearly 30° in the Indian Ocean, 
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due to different properties of the sites, i.e. monsoonal circulations and SST patterns 
(Waliser & Gautier, 1993).  

Latent heat is released when convective clouds forms at the ITCZ which 
is vital for earth’s energy balance and the clouds associated with the ITCZ plays a 
major role for the earth´s global albedo (Waliser & Gautier, 1993). Donohoe et al. 
(2013) showed that the atmospheric heat transport across the equator is related with 
variations in the position of the ITCZ. It was also found that the relationship between 
the annual mean shift of the ITCZ and the atmospheric heat transport across the 
equator depends on the maximum distance of the ITCZ from the equator.   

2.3.2 Maritime ITCZ 
As mentioned above, the migration of the ITCZ on a global scale varies with 
longitude. Over land, the ITCZ mainly follows the migration of the sun, whilst over 
ocean, especially the eastern Pacific Ocean and the Atlantic Sea, the annual 
migration of the ITCZ is somewhat lagged. This is thought to be due to the thermal 
inertia over these oceans. Over the Indian and western Pacific Ocean, monsoonal 
circulations imprint on the convective activity, and the annual migration of the ITCZ is 
less prominent (Waliser & Gautier, 1993). It has been noted that the Eastern Tropical 
Pacific ITCZ mostly stays in the northern hemisphere throughout the year and 
undergoes a relative weak north to south migration, but more clearly is the changes 
in the intensity of the convective activity. The migration of the ITCZ in the ETP is 
illustrated in figure 3, where the mean location of the ITCZ each month has been 
computed using a climatology data set. The most intense period of the ITCZ is seen 
as the darker colors in figure 3 which was found during boreal fall. This corresponds 
to the warmest temperature in the cold tongue (Waliser & Gautier, 1993).  

The meridional migration of the ITCZ in the region of Central America is 
complex, since the ITCZ over the ETP and tropical Atlantic Ocean shares many 
properties but are not always at coherent positions (Amador et al., 2006). SST 
strongly affects the ITCZs position since high SST favors convection (e.g. Amador et 
al., 2006). Waliser and Gautier (1993) also verified this relationship for the ETP. It 
was found that the meridional profile of convection over the ETP is highly dependent 
on the SST, and there is a signal indicating the presence of the cold tongue. Figure 4 
is an image computed by Waliser and Gautier (1993) and presents the mean 
meridional location of the ITCZ at the ETP and compares it with the maximum SST 
over the region. The scale of the left hand side in this image is the number of days 
per month of Highly Reflective Clouds in the region, since only the days of large scale 
highly reflective cloud systems were extracted from the original data set and used as 
a proxy for the ITCZ. This corresponds to the bold type line, whilst the thinner line is 
the SST. This image shows that the ITCZ in the ETP is highly dependent on the SST, 
as the latitude of the most commonly latitudinal location of the ITCZ (peak in 
convective days) coincides with the latitude of maximum SST.   

The ITCZ over the ETP sometimes has a double signal most noticeable 
during the months March and April, which can also be seen in figure 3. This signal is 
highly related to the two maxima’s of SST located at either sides of the equator, 
separated by the cold tongue. The double ITCZ exists in other places in the tropics 
as well, but it is most identifiable over the ETP. During El Niño years, the double 
signal of the ITCZ over ETP ceases to exist, due to the closure of the cold tongue 
(Zhang, 2001). The annual precipitation pattern in the ETP generally follows the 
ITCZ, with rainfall reaching about 3000 mm per year for the core 
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(Amador et al., 2006), why the ITCZ indices based on the center of mass of 
precipitation used in this study is a fair proxy for the ITCZ.  

3. Method 

The goal of this project is to investigate the meridional migration of the ITCZ and its 
relationship with lightning activity in the ETP. Estimates of the ITCZ and its migration 
have been a major issue in this study. Some days the ITCZ cannot be seen, why 
computing estimates are somewhat problematic. In short, the main method of this 
project has been to firstly locate and remove lightning data that do not origin from the 
ITCZ and secondly, to perform case studies to develop method for ITCZ estimates 
and correlation analysis with lightning data.  

Exploratory data analysis was used when processing the WWLLN data 
and the ITCZ index data. The WWLLN dataset was used since this data was a new 
topic of study for the institution (CIGEFI) and also since it was easily available. The 
approach of data analysis was appropriate for this study since metadata was missing 
and since there have not been many studies using this dataset why there was a need 
to gain knowledge about the data before use.  

3.1 Exploratory data analysis 

The WWLLN data analyzed was over the year of 2013. The 2013 data was 
appropriate for this study since there were only two tropical cyclones and eight 
tropical storms active that year in the selected region (in the far northern parts), 
eliminating most lightning activity interfered by these phenomenon. The tropical 
cyclones, Gil and Henriette, developed to cyclone strength at July 31th and August 
6th, at latitude 13.7°N and 13.5°N and longitude 120.2°W and 130.4°W, respectively 
(Crouch, 2012). Figure 5 shows the total number of lightning flashes occurring during 
the year 2013. The ellipses seen in the contours represent the days of which there 
were a tropical cyclone (black) or tropical storm (magenta) active in the region. It is 
seen in the image that only the TC seems to coincide with peak lightning activity, why  

Figure 4. Image computed by Waliser and 
Gautier (1993). Mean location of the ITCZ at 
ETP over the course of the year, computed 
by the use of a climatology data set. The 

darker colors correspond to a higher 
frequency of large scale cloud systems. 

Figure 3. Image computed by Waliser and 
Gautier (1993). In bold line - number of 

days/month of large scale convective cloud 
system at ETP over latitude, in thin line - SST at 
ETP over latitude. Both computed by the use of 

a climatology data set.  
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Figure 5. Total number of lightning flashes occurring in the ETP for 2013. Y-axis: days of the 

month, x-axis: months of the year 2013. The contours specify the different amounts of 
lightning occurrence where blue is low amount of lightning flashes and red is high amount of 
lightning flashes. Ellipses in magenta correspond to the time periods of tropical storms in the 
region and ellipses in black correspond to the time periods of tropical cyclones in the region. 

these were further investigated. Figure 6 shows a histogram of the total lightning 
flashes occurring at latitudes below 10°N (green) and the total lightning occurring at 
latitudes higher than 10°N (black) for the month of August. The peak lightning activity 
occurred during August 5th and 6th, which corresponds to the development of TC 
Henriette. For TC Gil, a similar peak was shown in analysis during July 30, one day 
before the storm grew to cyclone strength. It is indicated that these cyclones affect 
the lightning activity, although it is not statistically certain that all lightning occurrence 
these days are solely due to the TC, why no removal of data has been made. There 
is a chance that the ITCZ is merged together with the TC, especially during August, 
where it is seen that most lightning occur at latitudes higher than 10°N.   

Figures of 10-days mean of lightning activity on a 1°   1° resolution map 
over the selected region were computed for the period of 2013. A few of these 
images showed signs of lightning due to convective cells, and once found, the 
corresponded time periods were further analyzed. Figure 7 shows one of these 
images, this one for January 11- 20, where there can be seen a MCS in the north-
western part of the map. Figure 8 presents this case as a histogram with the total 
lightning activity for the region and time period. As seen in this figure it was 
concluded that the convective cell seen in figure 7 was due to lightning activity during 
the second day of this ten-day period, i.e. January 12, indicating a MCS. The lighting 
data for these particular cases within a region surrounding the MCS based on the 10-
days mean lightning map figures, were extracted from the data set, eliminating 
lightning activity interference with MCS.  
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Figure 6. Total number of lightning flashes occurring during August, 2013, in the ETP. Y-
axis: amount of lightning flashes, x-axis: days of the month August. The black bars are 

lightning occurring at latitudes higher than 10°N and the green bars are lightning occurring at 
latitudes lower than 10°N. The highest peaks of lightning occurrence in August coincide with 
the development of TC Henriette, at day 5 and 6. During these days, most lightning occurs at 

latitude higher than 10°N. 

Lightning activity due to thermal heating of land has been eliminated for 
this study through the selection of the specific area, discussed in section 1.3. Other 
issues that may interfere with the lightning / ITCZ relationship are for example 
lightning activity due to MJO or easterly waves. There are no good methods of 
separating lightning due to these phenomenon and the ITCZ within the timeframe for 
this project why these have been considered as sources of error. There are two days  
missing in the data set, Nov 2 and Nov 3, which also has been considered as a 
source of error. Figure 9 shows the total number of lightning flashes occurring in the 
ETP each day for 2013. As seen, there are many peaks throughout the year, 
indicating different intra-seasonal oscillations.  
 Apart from WWLLN data, ITCZ index data has also been used in this 
study. The ITCZ index data has been developed by researchers at CIGEFI and it is 
an index for the location of the ITCZ. It is built on the center of mass of precipitation 
with data used from the Tropical Rainfall Measuring Mission (TRMM) (Hidalgo et al. 
n.d.), why the data contains daily values for the latitude and longitude of the center of 
mass of precipitation. The ITCZ indices will henceforth be called ITCZ indicesP 

(precipitation). Analysis of the ITCZ indicesP shows a big spread over the course of 
the year. Figure 10 shows the latitudinal location of the indices for each day over the 
year 2013 and it is seen that these indices undergo a meridional migration. The 
highest value of the ITCZ indicesP for both latitude and longitude minus the minimum 
value for the same were calculated as 19.0870° and 37.5676° respectively. As 
discussed in section 2.3.2, the ITCZ at ETP undergoes a relative weak north-to-south 
movement normally about 10 ° of latitude and only in the northern hemisphere. For 
periods of double ITCZ, the ITCZ indexP should be located around the equator due  
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Figure 7. Daily mean lightning activity in the ETP, computed by the use of a 10-day time 

scale for January 11 – January 20, 2013. Dark red colors correspond to lightning occurrence 
bigger than 1000 flashes/day in the mean.  

 

 
Figure 8. The total number of lightning flashes in the ETP for January 11 – January 20, 

2013. Day number two in this time period have significantly higher value of lightning flashes.  

 

 
Figure 9. Total number of lightning flashes in the ETP over the days of 2013.  
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   Figure 10. Latitudinal location of the ITCZ indicesP in the ETP over the days of 2013. 

to the center of mass of precipitation, why the large spread of these indices indicates 
the need for additional estimates of the ITCZ location.  

3.2 Case studies 
Two specific days in the year 2013 where there could be seen a belt of clouds in the 
tropics, likely the ITCZ, were chosen for case studies. The specific days of the cases 
were June 18 and April 17, 2013. Satellite images over these particular days were 
downloaded (GOES 15) and manipulated such that lightning data was shown on top 
on the images, and a visual correlation between convective clouds and lightning data 
could be seen. Figure 12 shows this case study as a result in this project. Using 
Matlab, a script was written to analyze the number of lightning flashes falling within 
the pixels of the red, green or blue colors in the satellite image which are correlated 
with different cloud top temperatures, see appendix. This analysis method can be 
used for the proposed data of Cloud Top Temperatures (CTT) from satellite images, 
further discussed in section 4.2, provided that the data is quantified. The proposed 
method to be used for the project is also described in section 4.2 and has been 
concluded by literature studies. 

4. Result 

4.1 Lightning data  
The data has been improved via the removal of lightning data due to other 
atmospheric systems than the ITCZ. This has been done for MCS and convection 
over land as described in sections 3.1 and 1.3, respectively. The best timescale to 
analyze the ITCZ in terms of lightning activity has been decided to 15 day-averages, 
since for a smaller time scale the ITCZ is not always shown in the mean (convective 
cells usually dominate) and for larger time scales there might be interference from 
intra-seasonal modes. Also, via analysis of 10 and 20-days mean of lightning events 
on a 2D-map (such as figure 7) it was concluded that the bigger time scale on 
average tends to hide low-intensive lightning occurrence even though it shows a 
more coherent pattern. The concluded 15-days timescale can be used to compute 
spatial averages of lightning data in correlation analysis with 15-days averages of 
ITCZ estimates. Magaña et al. (1999) used 14-days mean of precipitation in their 
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study of the MSD. This time scale proved sufficient to show the bimodal seasonal 
pattern of precipitation over parts of Central America. The migration of the ITCZ is 
also a seasonal feature, why this time scale seems reasonable. Zhang et al. (2001) 
used monthly averages for precipitation for a study of the double ITCZ, but this was 
climatology over many years which motivate the time scale.  

4.2 ITCZ estimates and correlation analysis 
The mean latitude of all lightning flashes and the ITCZ indicesP were computed for 
each day of the year 2013. In figure 11, the blue dots represent the value of the 
difference in latitudinal distance (degrees) between the two for every day of the year 
2013. This figure shows that the mean lightning occurrence in the ETP differ from the 
center of mass of precipitation (ITCZ indicesP) during most days, as many of the dots 
are far away from zero. This either indicates the need for additional estimates of the 
ITCZ or that lightning activity in the ETP is not well suited as a proxy for the ITCZ and 
its migration. Development of ITCZ estimates are thus needed to conclude this.   

Figure 12 shows one image of the case studies described in section 3.2 
where the magenta dots are lightning flashes occurring within one hour before and 
after the satellite image was taken, and the blue, red and green colors of the satellite 
image correspond to different cloud top temperatures. It can be seen that all lightning 
activity is related with convective clouds, but not all convective clouds are associated 
with lightning activity. This was an important finding since it enabled the continuing 
step which is to find a statistical correlation between the two. The result concluded 
from the case study was that CTT from satellite images can be used to obtain more 
certain ITCZ estimates and for correlation analysis with lightning data. This proposed 
method was concluded since CTT is a proxy for convective activity, which in turn is 
associated with the ITCZ, and is described below.  
 The proposed method is similar to the method used by Waliser and 
Gautier (1993), where satellite images were used to identify large scale convective 
cloud systems and those days containing these cloud systems could be used as a 
proxy for the ITCZ. When only extracting the satellite data of those days with large 
scale (>200 km horizontally) deep convective cloud systems, the errors from other  
 

 
Figure 11. Difference in ITCZ indicesP latitudinal location and mean lightning flashes 

latitudinal location in the ETP for every day of 2013. 



20 
 

 

 
Figure 12. Satellite image of the ETP from GOES 15, NOAA, with lightning discharges 

highlighted. The image represents one of the two case studies, 18th June 2013, where dots in 
magenta are lightning flashes within one hour before and after the satellite image was taken. 

Red, green and blue are different values of cloud top temperatures in the satellite image.  

cloud features in this data is limited. The data provides information not only about the 
location of the ITCZ, but also about the intensity of the ITCZ by looking at the number 
of days extracted every month. The satellite image data, i.e. CTT data, can be used 
for two purposes; 1) to calculate more certain ITCZ estimates in combination with the 
given ITCZ indicesP for the extracted days and 2) to be compared directly with 
lightning data in a statistical analysis. The latter was agreed on after a case study 
shown a visual correlation between lightning activity and convective clouds as seen 
on a satellite image, see section 3.2. 

5. Discussion 

The temporal scale of analysis was confined to one year. For the purpose of this 
study, to investigate the migration of the ITCZ in the sense of lightning activity, the 
temporal scale of one year is believed to be sufficient to get an idea whether or not 
lightning data can be used as a proxy for the ITCZ. More clear results might emerge 
from having lightning data over many years but since the data is very heavy, data 
analysis have been delimitated. The spatial scale of this study, the ETP ranging from 
latitude 5°S to 15°N and longitude 150°W to 82°W, is well suited to study large scale 
atmospheric features such as the ITCZ. However, for the purpose of identifying a 
double ITCZ which is rarely located below 8°S (Waliser & Gautier, 1993), the data 
size of the CTT from satellite images could be increased by some degrees in the 
lower latitude limit to see this signal more clearly. The proposed project of using 
lightning data to study the meridional migration of the ITCZ in the ETP is an 
innovative approach of the WWLLN data. 

5.1 Recommendations 
The ITCZ is a very important feature in the Central American region and a source of 
the dry and wet –seasons, which in turn affect the agriculture, hydropower, social life 
etc. Research about the ITCZ and the possible anomalies in its migration is thus 
important as a societal prospect. One future prospect is to find proxies for the 
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location of the ITCZ to be used in atmospheric models and forecasting. Collier & 
Hughes (2011) stated that lightning cannot be used as a proxy for the ITCZ in Africa, 
but there are possibilities for this in other parts of the tropics, e.g. the eastern tropical 
Pacific. The following three paragraphs discuss how the proposed project would 
continue in terms of deciding ITCZ estimates and correlation analysis with lightning 
data.  

To find good estimates of the ITCZ, i.e. new ITCZ indices, it has been 
concluded to use the ITCZ indicesP and CTT from satellite image data. The ITCZ 
indicesP have already been given in terms of daily values. The CTT will be used via 
satellite images to develop ITCZ estimates for those days with large scale deep 
convective activity. This is a method adapted from Waliser and Gautier (1993) who 
claimed that organized large scale convective cloud systems is a good proxy for the 
ITCZ. The ITCZ indicesP and these ITCZ estimates can be merged together for more 
certain estimates of the location of the ITCZ. The first concluded method to obtain 
results regarding the relationship between lightning activity and the ITCZ in the ETP 
is correlation analysis with these ITCZ estimates and lightning location data.  

The second method to obtain results regarding the relationship between 
lightning activity and the ITCZ in the ETP is to do a statistical analysis with lightning 
data and CTT. This can be performed in a similar manner as the case study, see 
section 3.2, where lightning activity that is correlated with convective clouds within 
the extracted satellite data discussed above can yield results. If it is shown that there 
is lightning activity associated with these clouds for most of the extracted days, the 
lightning activity could perhaps be used as a proxy for the ITCZ and the meridional 
migration of the ITCZ.  

2013 was a neutral ENSO year why the cold tongue in the equatorial 
ETP was present which implies that there could be a double crossing of the ITCZ 
(Zhang, 2001). This must be taken into consideration when computing ITCZ 
estimates for the year. A suggestion is to simply compute two ITCZ estimates for 
those extracted days of satellite image data that show a bimodal pattern in the 
convective cloud systems. When these estimates will be compared with the ITCZ 
indicesP special treatment will be required. Even though 2013 was not a warm phase 
of ENSO, the year was globally very warm (NOAA, 2013). How this has affected the 
lightning pattern or ITCZ cycle is still unclear.   

The following paragraphs discuss recommendation that follows from this 
study. It has been shown that there is a shallow meridional circulation cell in the 
region of the eastern tropical Pacific as opposed to the classical model of the Hadley 
cell (Zhang et al., 2004). Since the Hadley cell is an important feature of general 
circulation models (Collier & Hughes, 2011) this might have implications for 
forecasting. Easterly waves and MJO in the ETP are precipitation interferences that 
are not fully understood, and further research is needed regarding these subjects.  

Uppsala University has a division for lightning research (Division for 
Electricity and Lightning Research) which started operating the Swedish lightning 
detection in 1979, though the system nowadays is managed by Svenska Kraftnät and 
the Swedish Meteorological and Hydrological Institute, SMHI (Sonnadara et al., 
2014). For this study to be continued, it is hereby suggested that Uppsala University 
takes part of the World Wide Lightning Location Network, not only to help improve the 
detection efficiency of the WWLLN but also to be able to require lightning data. Other 
studies and project work amongst students and researchers may benefit from this 
suggested collaboration.  
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5.2 Discussion of results 
The Mid-Summer Draught (MSD) is a minimum of precipitation during the rainy 
season in Central America (Magaña et al., 1999). This might affect the annual 
distribution of lightning activity for smaller spatial scales than proposed for this study. 
For instance, if analysis was over Central America this would have to be taken into 
consideration.  

A study of lightning activity and the ITCZ has been done over Africa 
(Collier & Hughes, 2011) where it has been concluded that the lightning activity is not 
a good locator for the ITCZ on short time scales. For longer time scales the same 
result holds – the lightning activity is situated to the south of the position of the ITCZ. 
The authors claim that this is due to the influence of terrain and humidity. However, 
for this investigation both the terrain and the humidity are somewhat constant why 
there is reason to believe that this study might show a different result.  

Other ways to estimate the location of the ITCZ than proposed could 
perhaps be to use data of low level winds, solar declination angle (Collier & Hughes, 
2011), SST or the outgoing longwave radiation. The low level winds are motivated 
due to the definition of the ITCZ, and can be used to show convergence. Data for this 
could for example be from QuickScat, a satellite based scatterometer which 
measures sea surface properties and where the sea level winds are derived. The 
solar declination angle could be used for studies involving the ITCZ, but this is 
perhaps more appropriate to use for studies over land since the ITCZ migration over 
oceans are not as highly dependent on solar declination angle as for the ITCZ 
migration over land. For maritime ITCZ, SST is an important parameter which might 
indicate the position of the ITCZ. For the ETP, Waliser and Gautier (1993) showed 
that the ITCZ position and the SST were highly related, as descried in section 2.3.2, 
why this parameter could be considered for this type of study. The outgoing longwave 
radiation is shown to have an annual mean minimum in the zonal direction between 
the equator and 10°N in the ETP (Amador et al., 2006), consistent with the mean 
position of the ITCZ (Waliser and Gautier, 1993). The usage of this parameter 
requires satellite data, which is proposed for CTT as an ITCZ estimator. 

5.3 Sources of error 
MJO and easterly waves are sources of error in this study. Also, there were two days 
of data missing (November 1st and 2nd) 
in the complete set which can give a 
slight error. It might be difficult to 
retrieve good satellite images over the 
ETP that can be compared with the 
lightning data. Since the area of interest 
is quite large, the optimal would be if the 
nadir point, the point right below a 
remote sensor, of the satellite images is 
located in the middle of the area, i.e. at 
latitude 5°N and longitude 116°W. Since 
there is no such satellite, there will 
always be an error when comparing 
data from satellite images and lightning 
data. To reduce the error it might be 
suitably to use satellite images from two 
instruments, GOES 15 and GOES 13 for 

Figure 13. Total number of lightning flashes at ETP 
over the months of 2013. 
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example. The satellite images used in this project for the case studies were IR 
images from geostationary satellite GOES 15 with nadir point at 135°W. In the case 
study the error of the comparison between the satellite image and lightning activity is 
especially big at the far eastern end, where the earth’s curvature is highly noticeable.   

Figure 13 shows the total number of lightning flashes for each month of 
2013 for the selected region. The overlying trend of the WWLLN data is increasing 
when looking at recent years. However, it cannot be concluded that the data size is 
increasing for the year of 2013. In this figure it is also seen that the largest amount of 
lightning flashes detected with WWLLN sensors over ETP were in April and May. 
This is the same time as the double crossing of the ITCZ over the region. It might be 
possible that this is the cause for the lightning peak. Waliser and Gautier (1993) 
showed that the intensity of the ITCZ is strongest at boreal fall over the ETP. This 
does not seem to coincide with the lightning pattern, which either indicates that 
lightning activity is not only associated with the ITCZ in this region or that the ITCZ for 
2013 does not follow the climatological mean. A combination of both is most 
plausible. 

Cirrus clouds have low CTT, which could be a problem for the analysis of 
satellite image data. However, there are some institutions that compute satellite 
images with convective scale. These clouds can be separated from cirrus clouds via 
the size of the supercooled water droplets or ice particles that composes the clouds 
(Cooperative Institute for Meteorological Satellite Studies, 2014).  

TC have been analyzed in this study and it has been concluded that they 
affect the lightning pattern but that it is difficult to separate the lightning occurrence 
due to TC and ITCZ, since the ITCZ might be located in the region of the TC. Also, 
only TC that had its center at latitudes lower than 15° N has been considered in this 
study, even though TC with centers above this limit might affect the lightning activity 
since the TC can extend over large distances.   

6. Conclusions 

This study has been performed as a pilot study for a project regarding the meridional 
migration of the Intertropical Convergence Zone (ITCZ) and its relationship with 
lightning activity. Questions to be answered for such a study involves: Can lightning 
data be used as a proxy for the ITCZ, and in turn, for the meridional migration of the 
ITCZ? The area of study is the ETP and this area exhibits many climatic features 
evaluated in this project. TC and tropical storms have been considered, as well as 
MCS, convection over land, intra-seasonal patterns and the double crossing of the 
ITCZ. The exploratory approach of the data analysis has been well suited for the 
purpose of this study.  
 The proposed method to acquire estimates of the ITCZ is to combine 
ITCZ indexP with CTT data from satellite images. It has been suggested to use the 
method adapted from Waliser and Gautier (1993), which is to extract the daily 
satellite data of which show large scale convective cloud systems (>200 km in the 
zonal direction) and do further analysis. Lightning activity can either be compared 
with ITCZ estimates or directly related to the CTT data via statistical analysis to 
obtain results. The time scale of lightning data analysis for this study has been 
decided to 15-days mean. 
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Appendix  
%% Take out a part of the image that we want 
img = imread('2013-06-18-12.jpg','jpeg'); 

  
startrow = 425; 
endrow = 634; %650 
startcol = 426; %420 
endcol = 1115; 
cutImg = img(startrow:endrow,startcol:endcol,:); 

  
min_x = -150; 
max_x = -87; 
min_y = -6; 
max_y = 30; 

  
figure('color',[1 1 1]); 
set(gcf,'Units','normalized'); 
set(gcf,'Position',pos); 
new_img = imagesc([min_x max_x], [min_y max_y], flipdim(cutImg,1)); 
set(gca,'ydir','normal'); 

  

 
%% Makes the matrix for the colors 2D. 
% Takes out the red, green and blue for the image. 
redChannel = cutImg(:,:, 1); 
greenChannel = cutImg(:,:, 2); 
blueChannel = cutImg(:,:, 3); 

  
% Make  matrix with the pixels that have bright colors. 
indices_r = zeros(210,690); 
indices_g = zeros(210,690); 
indices_b = zeros(210,690); 

  
for i = 1:210; 
    for j = 1:690; 
        if redChannel(i,j) > 100 
            indices_r(i,j) = redChannel(i,j); 
        end 
        if greenChannel(i,j) > 100 
            indices_g(i,j) = greenChannel(i,j); 
        end 
        if blueChannel(i,j) > 100 
            indices_b(i,j) = blueChannel(i,j); 
        end 
    end 
end 

  

 
la = -5:1:15; 
lo = -150:1:-82; 
strokes = zeros(length(la),length(lo)); 

  
j1 = find(data1(:,2) == 6 & data1(:,3) == 18 ); 
if j1 ~= 0 
    strokes_on_day = data1(j1,:); 
else 
    j2 = find(data2(:,2) == 6 & data2(:,3) == 18); 
    strokes_on_day = data2(j2,:); 
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end 

  
for i = 1:length(la)-1 
    for j = 1:length(lo)-1 

         
        k = find(strokes_on_day(:,7)>la(i) & strokes_on_day(:,7)<la(i+1) & 

strokes_on_day(:,8)>lo(j) & strokes_on_day(:,8)<lo(j+1)); 
        if k ~= 0 
            strokes(i,j) = strokes(i,j) + length(k); 
        end 
        clearvars k 
    end 
end 
  

 
% Find all pixels in strokes which have high amount of lightning strokes. 
strokes_new = zeros(21,69); 
for i = 1:21; 
    for j = 1:69; 
        if (strokes(i,j) > 100); 
            strokes_new(i,j) = strokes(i,j); 
        end 
    end 
end 

  
clear i j 

 
corr_nr = 0; 
a = find(strokes_new ~= 0); 
comp_nr = length(a); % This is as many pixels that have big lightning 

activity 

  
for i = 1:21; 
    for j = 1:69; 
        k = find(indices_r(i*10-9:i*10,j*10-9:j*10));  

% There are 100 pixels in the indices matrices in one pixel of the stroke 

matrix. Find-command finds all pixels that are not zero.  
        if strokes(i,j) ~= 0 && length(k) > 50; 
            corr_nr = corr_nr + 1; 
        end 
        clearvars k 
    end 
end 
% Do the same for indices_b and indices_g!  

ratio = corr_nr/comp_nr 
% Ratio of as many pixels that are colored and that have many lightning 

stokes over 
% the total number of pixels that have many lightning strokes. 

  

 


