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Abstract- Accurately 16 years of lightning data from the Lightning Imaging Sensor (LIS) was analyzed to determine the 
spatial distribution of lightning flashes over the Greater Metropolitan Severe Thunderstorm Warning Area (GMSTWA). 
Primary each detectable lightning event is considered as a key atmospheric factor and thereafter nearly about 2505 lightning 
observations were combined to form the first “lightning climatology dataset” of a thundery-warned region, with its sprawling 
suburban area, and a population of nearly 4.8 million. 
A "climatologically oriented GIS" was intently applied by importing all lightning observations into ArcGIS software, to 
create appropriate distinct digital layers needed for the subsequent spatial analysis. A range of spatial statistics and pertinent 
analytic tools mainly for analyzing and mapping of existing spatial patterns among data layers have been applied. 
Progressively, within a Model Builder setting, a Nearest Neighbor Index (NNI), an Anselin's Local Moran Index and a 
Kernel Density function were introduced to the applicable personal database. The resulting spatial LIS indexes have 
established dissimilar spatial patterns, indicating clusters of lightning events statistically significant inside of GMSTW. 
The concluding outcomes indicate that more than 90% of the flashes occur during October to March with a single peak in the 
summer from December to January, and a substantial lightning activity in February, indicating a prominent diurnal afternoon 
peak. Spatial indexes illustrate that the most frequent and energetic lightning events happen over the western parts of the 
Sydney Metropolitan Area, Hornsby Plateau and mainly over the western elevated parts over the Blue Mountains. 
Remarkably, less frequent lightning flashes were surprisingly noticed adjacent the coastal areas.  
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I. INTRODUCTION 
 
Lightning is well-known as a very important and 
critical weather phenomenon, which affects people 
and the environment directly and indirectly in a 
global scale (NASA, 1996). of inter-cloud, intra-
cloud, cloud-to-air or cloud-to-ground flashes, the 
latter being the most dangerous to humans, natural 
environment and urban infrastructures (Blong, 1997). 
Every year, in Australia, several deaths resulting from 
lightning activities are reported (EMA, 2009). Such 
features also play a very imperative interrelated role 
in severe thunderstorms evolution especially over 
heated high ground (Williams, 2005; Bureau of 
Meteorology, 2011).  
Accordingly, quantification and mapping of lightning 
has become a very important area of research 
throughout the world as a result of the effect of 
lightning on telecommunications, power utilities, 
aviation and the insurance industry, among other 
socioeconomic impacts (McMaster, 2001; Australian 
Government, 2007). The technology of remote 
sensing and their capabilities now enable on a 
regional scale to detect nearly all lightning strikes in 
real-time with the ability to also locate the strike with 
high temporal and spatial accuracy (Christian and 
Goodman, 1987; Christian et al., 1989). This is often 
complemented with ground-based detection 
networks, to improve reliability and detection 
efficiency. Such consistent information has been 
successfully used in many areas to quantify the 
distribution of lightning through various remote  

 
sensing analytic techniques (Rasuly, 2011). At 
present, image processing and GIS integrating 
analysis could yield high-quality results for diverse 
applications such as assessing lightning risk for road 
and rail network, transmission systems, modelling 
thunderstorm dynamics and estimating rain quantity, 
particularly in highly populated areas where the 
ground based climate observations could not be 
simply accessed (Norwood, 1983). 
 
In Australia, lightning is regarded to be as potentially 
hazardous to both people and property (Rasuly, 
1996). For example, in the period 1803 to 1992, there 
have been 650 registered fatalities attributable to 
lightning in Australia (Coates 1996; Kuleshov et al., 
2002). In addition, bushfires, which result in damage 
to the natural environment, property and loss of life, 
are also associated with lightning. Given the potential 
hazards associated with lightning, knowledge about 
the tempo-spatial distribution of lightning is also 
important for, among other applications, climatic 
studies (Bureau of Meteorology, 2007). In current 
study, data from the LIS data aboard the TRMM is 
therefore analyzed with the aim of quantitatively 
investigating of lightning data over a specific 
thundery warning region, captured during an 
achievable longest period from January 1998 to 
December 2013. 
 
II. DETAILS EXPERIMENTAL  
 
2.1. Study Area Climate 
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The GMSTWA is located on the south-east coast of 
Australia, in NSW includes the Sydney Metropolitan 
Area, which is expanding rapidly inland and 
contains highly populated and industrialised  
pockets. Such area contains the Sydney 
Metropolitan, Wollongong, Shell Harbour, Kiama, 
Wingecarribee, Wollondilly, Blue Mountains, 
Hawkesbury, Gosford and Wyong Local 
Government Areas (LGAs). Notice figures 1 and 2 
for more details. The study area is located in the 
Eastern part of NSW and was defined a particular 
meteorological area in which warnings could be 
issued, whenever severe thunderstorms are occurring 
in an area or are expected to develop or move into 
the area during the ensuing few hours (Bureau of 
Meteorology, 2012). The warnings describe the area 
under threat and the particular hazards likely to be 
associated with the thunderstorms (Matthews and 
Geerts, 1995). Such region, with its sprawling 
suburban area, and a population of approximately 
4.8 million, is Australia’s oldest and the most 
populated region, which is located in the western 
part of the Tasman Sea, South Pacific Ocean in the 
east. More than a forth of Australians live in such a 
severe thundery warning defined area. Sydney, as 
the nation’s largest city, is located in the eastern 
inner part of the GMSTWA. The study area 
geographic location is shown in NSW and Australia 
in Figure 1. 
 

 
Fig. 1. The location map of the study area 

 
2.2. Data Selection Procedure 
The current study analyzed data from the satellite-
based lightning imaging sensor (LIS) aboard the 
Tropical Rainfall Measuring Mission (TRMM) which 
was launched in November 1997 as a joint USA and 
Japanese mission aimed at understanding the global 
energy and water cycle by providing distributions of 
precipitation and the associated thermodynamics over 
the tropics. The LIS data was obtained from the 
NASA EOSDIS Global Hydrology Resource Center. 
The TRMM LIS measures total (intra-cloud, inter-
cloud, cloud-to-air and cloud-to-ground) lightning 
with high detection efficiency during both day and 
night at a sampling resolution of approximately 90 
seconds over any given area during an overpass 
(NASA, 2013). The primary data source for this study 
is the quality controlled version 4.1 LIS flash 
observations in which there are improvements from 

the known limitations in the data processing 
algorithms of the preliminary (4.0) version. The data 
for the period January 1998 to December 2013 was 
downloaded using the online search tool from 
NASA’s website. This data consists of information on 
the date, time, location, number of events, number of 
groups and radiance values. To compute diurnal 
cycles of lightning, the LIS lightning flash data were 
accumulated and averaged over 2-hour time bins for 
each individual hour of the day in order to mitigate 
sampling bias (Negri et al., 2002). The raw data was 
imported and saved as a Microsoft Excel spreadsheet 
for input into ArcGIS software for tempo-spatial 
analysis. Then, captured data sets, including the study 
area’s location layers, were stored as a Geodatabase 
to allow easy integration of the digital information 
directly into GIS geoprocessing functions. The 
distribution of lightning flashes for the period under 
review is shown in Figure 2. Notice that the total 
number of lightning events (observed from 1998 to 
2013) is indicated inside of each of LGAs. 
 

 
Fig.2.  Spatial distribution of lightning events as observed by 

LIS sensor over GMSTWA from 1998 to 2013. The total 
number of lightning events are indicated for each of LGAs. 

 
2 -3 Methods Applied 
The interest for this preliminary study was to find out 
if lightning is a random activity or if there are space 
trends or clusters (i.e. if certain areas are more prone 
to lightning) within the GMSTWA. A few of the 
geoprocessing functions in ArcGIS were applied to 
calculate statistical values and to identify the 
locations of statistically significant lightning clusters 
(ESRI, 2005). Calculations were based on the 
Euclidean (straight line) distance between supposed 
points (lightning events) and the spatial 
conceptualization was an Inverse Distance Weighting 
method, which assured that no local lightning flashes 
were excluded from the analysis (Boots and A Getis, 
1988; Tango, 1995). Three dissimilar indices were 
calculated as a measure of spatial distribution of 
lightning in the study area weighted by lightning 
attributes. Within a Model Builder setting, a Nearest 
Neighbor Index (NNI), an Anselin's Local Moran 
Index and a Kernel Density functions were 
progressively applied. The null hypothesis for these 
pattern analysis approaches states that there is no 
pattern, i.e. the expected pattern is one of 
hypothetical random chance (Lauren and Mark, 
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2010). The Z score, which is a measure of standard 
deviation and a test of statistical significance that 
helps decide whether or not to reject the null 
hypothesis, was calculated for all sorts of analyses 
(Ord and Getis, 1995). 
 
First, The NNI was expressed as the ratio of the 
observed distance to the expected distance to be a 
hypothetical random distribution (Mitchell, 2005). In 
ArcGIS setting, the NNI tool measures the distance 
between each feature (lightning flashes) centroid and 
its nearest neighbour's centroid location, by averaging 
all associated nearest neighbour distances. If the 
average distance is less than the average for a 
hypothetical random distribution, the distribution of 
the features being analysed is considered clustered. If 
the average distance is greater than a hypothetical 
random distribution, the features are considered 
dispersed. The average nearest neighbour ratio is 
calculated as the observed average distance divided 
by the expected average distance, with expected 
average distance being based on a hypothetical 
random distribution with the same number of features 
covering the same total area. The NNI is given as 
Equation 1: 

       
Where 퐷  is the observed mean distance between 
each feature and its nearest neighbor could be 
calculated from the following equation: 

 
And 퐷  is the expected mean distance for the features 
given in a random pattern: 

 
In the above equations, 푑  equals the distance 
between feature 푖 and its nearest neighboring feature. 
푛 corresponds to the total number of features, and 퐴 
is the area of a minimum enclosing rectangle around 
all features, or a user-specified area value. The 
average nearest neighbour Z-score for the statistic is 
calculated as: 

 
If the NNI is less than 1, the pattern exhibits 
clustering, if the index is greater than 1, the trend is 
toward dispersion (Illian et al., 2008). The equations 
used to calculate the average nearest neighbour 
distance index and z-score are based on the 
assumption that the lightning points being measured 
are free to locate anywhere within the study area. It 
means that there are no barriers, and all observations 
(points) are located independently of one another. 
The p-value is a numerical approximation of the area 
under the curve for a known distribution, limited by 
the test statistic (Figure 4). But, it must be remember 
that the z-score and p-value for this statistic are 

sensitive to changes in the study area or changes to 
the area parameter. For this reason, only compare z-
score and p-value results from this statistic when the 
study area is fixed. Because the NNI considers only 
the distance to the nearest neighbouring point, it is 
somewhat insensitive to complex patterns and may 
not consider the overall spatial arrangement of points 
in the distribution (ESRI, 2005). 
 
To evaluate points for overall pattern, it is necessary 
to employ a more advanced analytical technique such 
as spatial autocorrelation indices; hence the Anselin's 
Local Moran Index was then computed (Marron and 
Padgett. 1987; Fischer and Getis, 2010). This index 
was used as a local indicator of spatial association, 
which is calculated for individual zones around each 
observation within a defined neighborhood to identify 
clusters and outliers (Haining, 2005). It is calculated 
as Equation 2: 

 
 
Where n is the number of points, Wij denotes the 
spatial weight matrix, and x denotes the frequency of 
the lightning. Because the distribution of the statistic 
is not known, high positive or high negative 
standardized scores are taken as indicators of 
similarity or dissimilarity respectively. If Moran’s 
index value for any lightning flash point is positive, 
then the lightning has values similar to neighbouring 
features’ values. If the value is negative, then that 
point is quite different from neighboring values 
(Anselin, 1995). The occurrence of lightning due to 
spatial location and timing for each individual event 
were clustered to reveal clustering patterns. The Z 
score, described earlier, was also calculated in this 
regard. 
 
For generalizing incident geographic locations of 
lightning occurrence to an entire area a Kernel 
Density Interpolation estimator was introduced 
(Gatrell, 1994). Basically, a Kernel density tool 
calculates the density of point features such as 
lightning occurrence locations in a search radius 
around all similar features. Conceptually, a smooth, 
curved surface is fitted over each incident lightning 
flash point in kernel density procedures regarding all 
observations (Kelsall and Diggle, 1995). The surface 
value is highest at the location of the occurrence point 
and diminishes with increasing distance from the 
point, reaching zero at the search radius distance from 
the point. In practice, the density rate at each output 
raster cell is calculated by adding the values of all the 
kernel surfaces where they overlay the raster cell 
centre, based on a quadratic kernel function (Scaillet, 
2004)). In generated raster maps, frequency, lightning 
duration and radiance value (as main attribute fields) 
were chosen to evaluate observations greater than 
others, depending on their locations in the area 
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context of the study area. The general form of the 
kernel density estimator is as Equation 3: 

 
 
Where 퐾  (.) is the kernel function, 휆 is the 
bandwidth, 푛 is the sample size 푥 , ℎ outlines the 
smoothing factor and 푣 specifies the vertical scaling 
factor. More details on the subject could be found in 
the relevant sources (Scott, et al., 2000). All above 
mentioned spatial analysis were settled and executed 
in a Model Builder framework, as automating the 
standard ArcGIS software. Simply, each Model 
Builder is a geoprocessing application in which there 
are software facilities to enter create, edit, query and 
map all spatial layers in an ArcGIS setting (Scott and 
Getis, 2008).  
 
III. RESULTS AND DISCUSSION 
 
The results of the current research are given in the 
current section according to the main aims of the 
study and as a few appropriate techniques were 
applied. The NNI is an important tool of GIS, 
indicating of possible spatial patterns in the lightning 
data sets. The relevant result is shown in Figure 3. 
The results of the Anselin’s Local Moran Index 
appear to confirm the results of the NNI test, namely 
that a degree of clustering appears to be evident in the 
lightning flashes.  
 
The zones having higher absolute Local Moran Index 
were selected and regarding a confidence level of 
95% for the Z-score, the clusters were identified and 
shown in Figure 5a. The z-scores and p-values are 
measures of statistical significance which tell us 
whether or not to reject the null hypothesis, feature by 
feature. In effect, they indicate whether the apparent 
similarity (a spatial clustering of either high or low 
lightning values) or dissimilarity (a spatial outlier) is 
more pronounced than one would expect in a random 
distribution.  
 
In the output model, classes (cluster/outlier types) 
could be distinguished as: cluster of high values 
(HH), cluster of low values (LL), outlier in which a 
high value is surrounded primarily by low values 
(HL), and outlier in which a low value is surrounded 
primarily by high values (LH); all were known 
statistically significant at 0.05 levels. For mapping 
purposes, the entire noon-significant clusters were 
removed from the final model. 

 
Fig. 3. The NNI values for lightning flashes inside GMSTWA 

 
The NNI appears as 0.99 which is indicative of a 
significant clustering pattern. As Figure 4 indicates 
there is less than 1 percent likelihood that this 
clustered pattern of lightning distribution could be the 
result of random chance. To test the significance, the 
value of Z is compared with a normal distribution. 
The NNI and standard normal deviates (Z score=-
22.31) of the lightning dataset indicates that the 
lightning flashes exhibit some significant degree of 
clustering statistically. 
 
The next stage of the analysis was to perform cluster 
analyses in an attempt to identify the individual 
clusters of pits with similar lightning flash values that 
the descriptive statistical tests seem to indicate exist. 
Thus, Anselin’s Local Moran Index was applied to 
the lightning data; given a set of weighted features. 
By applying this index, it is possible to identify 
statistically significant hot spots, cold spots, and 
associated spatial outliers, for lightning duration 
(micro-seconds) and radiance values (watts/m2). 
 

 
Fig. 4. The Anselin's Index for a) lightning duration and b) 

radiance values inside of GMSTWA 
 
In a similar manner, once again the Anselin's Index 
was applied for lightning data, attributed with 
radiance values. The output model is shown in Figure 
5b. By this way, the output model was run indicating 
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three classes; HH for a cluster of high values, HL for 
a cluster of high values surrounded by low values, 
and, LH signifying some of lightning flashes with 
low radiances which are surrounded by high values, 
all statistically significant at 0.05 level. Generally, the 
Anselin's Index illustrates locations inside of 
GMSTWA in which lightning activities (and 
associated attributes) have been likely concentrated in 
different clusters during the last sixteen years, 
meaningfully. In the last step of analysis, to visualize 
the spatial distribution of lightning flashes over the 
GMSTWA, a Kernel Density tool was applied to the 
data with three of possible uses including: a) density 
of lightning frequency, b) lightning duration, and c) 
lightning radiance values, by weighting their attribute 
fields to the their geographic locations. Figure 5c 
presents the possible patterns for lightning frequency, 
lightning duration and radiance values observed over 
the GMSTWA. Related raster-based distribution 
patterns are evidently indicated that the highest 
lightning occurrence is seen over the western parts of 
the Sydney Metropolitan Area and mainly the north 
of the study area. 
 

 
Fig. 5. Output of the Kernel Density technique 

 
By careful inspecting of lightning distribution 
patterns, two more incidence causeways could be 
visually recognized; one passage starts from the Blue 
Mountains curved over the elevated areas of 
Hawkesbury, Gosford and Wyong LGAs in the north. 
Another course tops some parts of Wingecarribee and 
Wollondilly. In contrast, it seems that the coastal 
areas experience less lightning activities, except some 

parts of Wollongong, Sydney CBD and Gosford; they 
would appear as several small-scaled pockets with 
relatively more lightning flashes during the time 
considered. In the meantime, over much of the study 
area, lightning magnitudes appears moderate, low or 
in noon-significant levels. 
 
CONCLUSIONS 
 
It was demonstrated that lightning observations from 
space will clearly delineate the regions of convection 
embedded within large thundery cloud patterns. 
Consequently, the detection of lightning from space 
specifically identifies those regions that are of 
paramount importance in severe thunderstorm s 
process and the associated outputs such as gusty 
winds, tornados, hailstones and torrential rainfalls 
with flash flooding in the region. This ability to 
uniquely identify and quantify the convective core 
regions of severe storm systems - for instance, the 
existence of a momentous relationship between total 
rain volume and lightning flash rate - presents the LIS 
sensor as an important part of TRMM satellite. 
 
In the absence of an organized thundery lightning 
dataset provided by a dense ground-based detecting 
network, the study area can benefit from the analysis 
of more sophisticated satellite information. In 
upcoming investigations, direct comparisons of the 
LIS data with coincident TMI, VIRS, PR, CERES 
and OTD TRMM productions could provide 
important information about dissimilar sorts of 
thunderstorms, including detecting of cloud types, 
estimates of the rate of precipitation, storm height and 
other atmospheric parameters which can be 
synoptically processed to quantify weather records 
and relevant climate observations. Undeniably, the 
combination of GIS with appropriate satellite-based 
meteorological data (for example, MODIS images) 
produces exciting synergies for improved decision-
making in the future. By combining quality controlled 
data with other up-to-date geo-referenced weather 
observation it is now possible to perform more 
advanced spatial analysis. Therefore, ultimate output 
models could practically solve a wide range of critical 
application issues such as: prediction of severe 
thunderstorm occurrences, recognition of possible 
climate change circumstances and improving the 
current disaster management programs throughout the 
GMSTWA, with a complex physical-climatic 
environment. 
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