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ABSTRACT: This study applied remotely sensed cloud-to-ground (CG)
lightning strike location data, a digital elevation model (DEM), and a geographic
information system (GIS) to characterize negative polarity peak current CG
lightning Earth attachment behavior. It explored the propensity for (i) flashes to
favor topographic highpoint attachment and (ii) striking distance (a near-Earth
attachment force) to increase with peak current. On a 16 000 km2 10-m DEM
covering a section of southeast and south-central Colorado, a GIS extraction
method identified approximately 5000 hilltop and outcrop highpoints containing
at least 15 m of vertical gain in a 300-m radius neighborhood with a minimum
horizontal separation of 600 m. Flashes with peak currents ranging from 220 to
2119 kiloamps (kA), collected between February 2005 and May 2009, were
subdivided into 10 kA classes and mapped on this modified DEM. Buffers of 100-,
200-, and 300-m radii created around each highpoint were used to assess the
hypothesis that striking distance increases with higher negative peak current.
Point-in-polygon counts compared actual CG strike totals to random point totals
received inside buffers. CG strikes favored topographic highpoints by as much as
5.0% when compared to random points. Chi-square goodness-of-fit tests further
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corroborated that actual CG strikes at highpoints were generated by a more
nonrandom process. A positive trend between striking distance and peak current
was also observed. Although this correlation has been characterized in controlled
settings, this study is the first to document this physical process at real-world
landscape scales over multiple years.
KEYWORDS: Cloud-to-ground lightning; Lightning attachment theory;
Atmospheric hazards; Geographic information systems; Remote sensing

1. Introduction and background
Lightning attachment to the ground is ‘‘one of the least understood and most
poorly documented processes of the cloud-to-ground lightning discharge.’’ (Rakov
and Uman 2003, p. 137). Whereas much of research on lightning attachment theory
has taken place in a research domain dominated by laboratory-based numerical
modeling, controlled simulation, and monitoring of individual lightning strikes at
specialized field facilities, this paper uses remotely sensed cloud-to-ground (CG)
lightning strike location data, a digital elevation model (DEM), and a geographic
information system (GIS) to empirically document long-standing assumptions about
lightning attachment behavior. Although this work supports extant lightning theory, it illustrates how GIS may be employed to examine theoretical questions about
lightning and to enhance applied concerns related to lightning protection system
design and structure site selection.
Since Benjamin Franklin’s work with electricity (Franklin 1774), air terminals
(lightning rods) atop buildings and structures have intercepted and safely routed CG
lightning current into the ground. Criteria for air terminal height, placement, and
spacing distance were based on the cone of protection concept. This concept fixed
the apex of an imaginary skyward-pointing cone to the tip of a grounded air terminal
(Golde 1977). Objects in the cone’s interior space were thought to be protected from
CG strikes. From Franklin’s time through the late 1930s, cone angle ratios (cone base
radius to cone height) described in lightning protection literature varied from 0.125
to 9.0 (Schwaiger 1938). The large variation in cone angle ratios and associated
uncertainty of air terminal effectiveness was likely a function of the reduced scales
and reduced voltages used in laboratory tests that simulated lightning behavior. In a
discussion of zones of protection from lighting, Rakov and Uman (Rakov and Uman
2003) question the soundness of any reduced-scale laboratory-based study that simulates the lightning attachment process (Rakov and Uman 2003).
Throughout the twentieth century and into the twenty-first century, lightning scientists continue to refine the Franklin-era cone of protection concept. Researchers
have developed sophisticated physics and electrogeometrically based models to better understand lightning attachment behavior and to improve lightning protection
system designs. Much of this research has been tied to models tested in downscaled
laboratory conditions or in field campaigns where CG flashes are triggered or
monitored and studied individually over relatively small spatial and temporal scales.
These foundational works on CG attachment behavior are organized around the
concepts of lightning ‘‘leaders’’ and ‘‘striking distance.’’ Leaders, a precursor to
lightning, are self-propagating electrical discharges creating a channel in the atmosphere with enhanced electrical conductivity (Rakov and Uman 2003). In about
90% of all CG lightning, the strike involves the attachment of a descending leader
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Figure 1. Peak current vs striking distance. Relationship expressed on curve 1 is
adapted from Golde (Golde 1945); curve 2 is from Wagner (Wagner 1963);
curve 3 is from Love (Love 1973); curve 4 is from Rühling (Rühling 1972);
and points x are from Davis (Davis 1962).

from a negatively charged cloud base to an ascending leader from a positively
charged area on the Earth below a storm (Rakov and Uman 2003). These are negative
CG strikes. For negative CG strikes, striking distance is a measure of how far skyward
an ascending Earth-connected positively charged leader extends before it reaches a
breakdown value and attaches to a descending negatively charged leader (Cooray
et al. 2007).
It is widely recognized in lightning attachment research that a correlation exists
between striking distance and the current in negative polarity CG flashes (Golde
1945; Wagner 1963; Rühling 1972; Love 1973; Eriksson 1974; Lee 1978; Mousa
and Wehling 1993; Petrov and Waters 1995; D’Alessandro and Petrov 2006; Cooray
et al. 2007) (Figure 1). A strike’s peak current, which is measured in kiloamps
(kA), is visually the brightest lightning process and represents the largest waveform in a series of nearly instantaneous strokes that occur in CG flashes (Rakov and
Uman 2003). Mathematical and reduced-scale laboratory-generated values (Rakov
and Uman 2003) have documented a positive, curvilinear relationship between
striking distance and peak current that deviates considerably in slope, especially
with higher peak current (Figure 1). For example, at approximately 290 kA, a
striking distance ranges from just under 100 m (Wagner 1963) to approximately
340 m (Rühling 1972). Understanding how these two flash parameters covary is
important because it forms the basis for lightning protection strategies that dictates,
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Figure 2. Model of the RSM. The RSM defines zones into which CG lightning of certain
kiloamp ranges should not strike.

among other key safety criteria, the gauge, placement, and spacing of air terminals
and other CG-intercepting objects.
A common and practical means to visualize striking distance is through the
‘‘rolling-sphere method’’ (RSM) (Szedenik 2001), a model introduced by Lee in
1978 (Lee 1978) (Figure 2). The concept of striking distance rests at the core of the
RSM. Following the RSM, the terminus of the upward, positively charged propagating leader resides in the center of an imaginary sphere with a radius equaling
the striking distance (Rakov and Uman 2003). Thus, if an imaginary sphere whose
radius represented a striking distance were rolled along the ground, any point of
contact would represent a potential CG strike location. Low peak current rolling
spheres, which are smaller in diameter than high peak current rolling spheres,
contour more closely to the ground and may not sense taller objects that are nearby
but lie beyond their striking distance. Reciprocally, based on the geometry of a
sphere, the RSM presumes that higher peak current flashes are more likely to sense
and potentially strike objects that protrude high above Earth’s surface.
As suggested above, major weaknesses in understanding the peak current–striking
distance relationship are (i) the fact that conclusions drawn from reduced-scale
lightning models are not particularly reliable and (ii) the theoretical basis from which
CG attachment behavior is derived. A third constraint in understanding attachment
behavior is related to the small number of data-driven case studies in which a direct
link is made between peak current and the specific Earth surface configuration where
CG attachment occurred. Exceptions include investigations at documented strike
locations (Hodanish et al. 2004; Holle 2005; Baba and Rakov 2007; Loendorf 2008;
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Hodanish 2009; Mäkelä et al. 2009; Shindo and Suda 2009). This weakness in
understanding the geography of CG attachment through empirical means is largely
due to the hazardous, capricious, and fleeting nature of lightning. Examining the
spatial relationship between thousands of CG flashes (by peak current) and thousands of isolated salient landscape features will assess (i) the propensity for lightning
to favor highpoint attachment and (ii) the postulation that a positive relationship
exists between striking distance and peak current.
Because theory dictates that striking distance depends on the peak current, it is
assumed that higher peak current flashes, with their larger RSM diameters, should
sense and strike protruding near-Earth objects more frequently than featureless
areas. This idea is based on the assumption that downward-propagating leaders, as
they approach upward leaders attached to ground objects, will be redirected at their
near-Earth striking distance and thus attach more frequently at highpoints. The
near-Earth attractive effect of lightning has been visually confirmed in a small
number of photographs as an abrupt change in direction in the CG channel (at a
node called the orientation point) where the descending leader enters its striking
distance and attaches to isolated, tall Earth-grounded objects (Gulyás and Szedenik
2009). If a tendency for topographic highpoints to attract more CG flashes than
surrounding areas is observed, the concept of striking distance and the associated
RSM will be supported empirically. More importantly, if highpoints are found to
attract higher concentrations of high peak current flashes, then the longstanding
assumption that a positive relationship exists between striking distance and peak
current will also gain support. These relationships have been confirmed in controlled settings, but they have not been validated in actual landscapes over extended
periods of time.

2. Study area
A 16 000 km2 section of southeast and south-central Colorado (bound by 37.008–
37.908N , 103.908–105.758W) serves as the study site for this research (Figure 3).
The region is well situated between four ground-based lightning sensors. One is
located near La Junta, Colorado, and the others reside in New Mexico and northern
Texas (USPLN 2010).
The study area displays a varied range of topographic features. These include high
mountain peaks that extend above tree line, high basins, basalt capped plateaus,
steeply incised canyons, and protruding volcanic dikes. Climate types range markedly from arid (,25 cm annually) in the western San Luis Valley region to moist
(89–101 cm annually) in the high elevations to semiarid (25–38 cm annually) in the
northeastern two-thirds of the area (USDA–NRCS 1997). Mountainous and southcentral sections of the study area receive frequent thunderstorms during the spring
and summer months. The section of the study area extending from the southern
Sangre de Cristo mountain range across the Raton Mesa boasts some of the highest
CG flash densities in Colorado (Hodanish and Wolyn 2006). From the period 1985 to
2005 (missing year 2000 data), Hodanish and Wolyn (Hodanish and Wolyn 2006)
measured greater than five CG strikes per square kilometer per year in south-central
sections of the study area. This study, covering the period February 2005 through
May 2009, measured as high as 8.1 negative polarity CG strikes per square kilometer
per year in climatologically and topographically favorable areas (Figure 4).
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Figure 3. Study area within southeast and south-central Colorado.

3. Methods
3.1. Overview
The first step in the GIS workflow required derivation of local highpoints on a
DEM (Figure 5). Some highpoints fell on actual summits, whereas others were
located along ridges or on steep, convex slopes. Subsequent steps created circular
buffers of three different radii surrounding all highpoints (Figure 6). The buffers
served as containers for tallying and comparing the number of actual strikes to the
number of random points that fell in the buffer (Figure 7). Two methods—one
descriptive and one statistical—compared differences between actual strikes and
random points captured within the buffers. The multistep GIS workflow, described in
detail below, was executed using Environmental Systems Research Institute (ESRI)
ArcGIS 9.3.1 GIS software environment.
3.2. Data and data preparation
To analyze the spatial relationship between landscape highpoints and CG strike
locations by peak current, two geospatially referenced datasets were assembled in a
GIS: (i) a mosaicked 1/ 3 arc sec, 10-m resolution U.S. Geological Survey (USGS)
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Figure 4. Negative polarity CG flash densities across study area for duration of study
period.

National Elevation Dataset (NED) DEM and (ii) U.S. Precision Lightning Network
(USPLN) negative polarity CG strike locations with peak current values as attributes. The USPLN advertises strike location spatial accuracy of 250 m (USPLN
2010). The CG lightning data utilized in this study were collected continuously
from February 2005 through May 2009. Rare (1.2% of sample) positive flashes
were removed from the dataset because their ground attachment behavior varies
from negative flashes (Berger and Vogelsanger 1969). Positive CG strikes often
follow a horizontal trajectory through clear air before striking the ground several
kilometers to 40 km (NOAA 2010) away from the parent storm (Carey et al. 2003).
Known as ‘‘bolts from the blue’’ (Hodanish 1996), the tendency for positive CG
flashes to travel great distances compromises the ability of ground sensors to determine x, y attachment location with the same accuracy as negative CG flashes.
Following a raster-based point extraction method developed by Wentz et al.
(Wentz et al. 2001), 5118 topographic highpoint features were identified and
mapped on the DEM (Figure 5). Highpoint mapping was achieved using a series of
raster reclassifications with input parameters as follows: A highpoint must have at
least 15 m of vertical gain in a 300-m-radius neighborhood and must contain a
horizontal separation from other highpoints of at least 600 m. The vertical gain
setting of 15 m was used to ensure that the lowest highpoints extend into a realistic
rolling-sphere-intercepting striking distance. Also, an elevation gain value of 15 m
created a total number of highpoints that roughly corresponds to the observed
highpoint distribution of the study area (e.g., 5118 highpoints creates a highpoint,
on average, every 3 km2 across the landscape).
The 5118 highpoints mapped in the previous step were not initially derived as true
points. Rather, they were selected grid cells on a raster image. Thus, the first step in
the buffer process involved converting the set of selected cells to discrete vector-based
points whose location is the center of each highpoint cell. Around each highpoint
(now a true point), 100-, 200-, and 300-m-radius buffers were created (Figures 6 and
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Figure 5. Section of USGS DEM showing sample locations of GIS-mapped highpoints.

7). The 300-m-radius (600-m diameter) buffers, which are 350 m larger than the
documented 250-m mean location accuracy of the CG strike data (USPLN 2010),
served as a catch-all container to test the notion that CG strikes concentrate near
highpoints. The 200- and 100-m-radius buffer sizes, with their 400- and 200-m diameters, most closely matched the 250-m mean accuracy of the CG strike location
data. Assuming CG strikes do indeed favor attachment to local highpoints, the
smallest buffer size should show higher strike clustering than the larger two.
All CG strikes recorded in the study area between 220 and 2119 kA were divided
into 10 kiloamp classes in the following format: 220 to 229 kA, 230 to 239 kA,
240 to 249 kA, . . . , and 2110 to 2119 kA. The data were broken into exactly 10
sets for ease of data analysis and to ensure that the sample size of CG flashes and
random numbers did not exceed the processing capacity of the computer hardware
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Figure 6. Sample of 100-, 200-, and 300-m-radius buffers around highpoints.

used for this study. All strikes were then summed by kiloamp class. Parsing, ordering, and summing CG strikes by peak current provided the necessary organization
to explore the notion that a positive relationship exists between striking distance and
peak current.
The last data preprocessing step placed random points across the entire study area.
Using the totals for actual strikes in each kiloamp class, six sets of random points
were mapped for each kiloamp class and for each buffer size (six sets of random
numbers 3 10 kiloamp classes 3 three buffer sizes). All 180 sets of random points
were spatially constrained to fall within the precise coordinate boundaries of the
study area. Comparing the sums of actual strikes (actual distribution) to randomly
generated points (expected distribution) collected in the buffers served as the basis to
confirm or reject the notion that CG strikes favor highpoints. These actual-to-random
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Figure 7. Zoomed-in section of a set of concentric buffers showing GIS-mapped
highpoint as red dot. Actual lightning strike locations are shown as black
triangles.

comparisons by buffer size and by kiloamp class served as the basis to evaluate the
notion that a positive relationship exists between striking distance and peak current.
3.3. Data analysis techniques
Two types of data analyses were performed in this study: one descriptive and one
statistical. The descriptive analysis graphically compared the percent of actual CG
strikes that fell within the buffers to random points that fell within the buffers. This
facilitated comparisons of actual versus random totals for all kiloamp classes and
for all three buffer sizes. Results were expressed as percent changes between actual
strikes and random points as captured in buffers. The second analysis, a Pearson’s
chi-square goodness-of-fit test, quantified how the actual distribution of CG strikes
in all kiloamp classes collected in the three buffer sizes at highpoints varied from
the expected (random) distribution. The Pearson’s chi-square goodness-of-fit test
was also used to examine the extent that highpoints attracted a larger percentage of
CG strikes with higher peak currents given that striking distance increases as peak
currents become more strongly negative.
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Table 1. Differences between the percent actual negative CG strikes received in
buffers and the percent random points captured in buffers. Positive percentages
indicate that highpoint buffers capture more actual strikes than randomly generated
points. Combinations shown in italics show positive percentages or no change.
Kiloamp class
2110
2100
290
280
270
260
250
240
230
220

to 2119
to 2109
to 299
to 289
to 279
to 269
to 259
to 249
to 239
to 229

Total observed
CG flashes
64
89
171
308
516
1033
2242
4894
13 234
41 791

Percent difference between observed and randomized CG flashes
100-m buffer

200-m buffer

300-m buffer

20.52%
10.37%
13.12%
20.49%
11.13%
10.84%
10.62%
10.19%
10.20%
10.14%

10%
12.25%
13.70%
10.92%
13.42%
10.76%
11.61%
10.67%
10.52%
10.80%

11.56%
10.56%
14.29%
15.19%
15.01%
12.34%
12.10%
11.32%
11.26%
11.25%

4. Results
4.1. Descriptive results
The total strikes received in the study area for the duration of the study period were
summed by kiloamp class (Table 1). From these values, change between (i) the
percent of actual CG strikes captured in all buffer sizes and (ii) the percent of random
points captured in buffers was calculated. With the exception of 3 of the 30 combinations of buffer size and kiloamp range [(i) 200-m buffer at 2100 to 2119 kA,
(ii) 100-m buffer at 2100 to 2119 kA, and (iii) 100-m buffer at 280 to 289 kA],
highpoint buffers captured more actual strikes than randomly generated point locations (Figure 8).
For all 10 kiloamp classes, an average of 2.6% more actual strikes than random
points fell within 300-m buffers, 1.5% more actual strikes than random points fell

Figure 8. CG strikes by kiloamp and buffer size relativized as percents. Green bars
above the x axis suggest that highpoint buffers capture more actual CG
flashes than random points.
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Figure 9. Percent change of actual CG strikes over randomly generated points for
300-m buffer only. The gradually increasing trend from right to left trend
ceases at the 2100- to 2109-kA class.

within 200-m buffers, and 0.6% more actual strikes than random points fell within
100-m buffers. For the 300-m buffers only, percentages gradually increased from
1.25% at the 220- to 229-kA range up to 5.19% in the 280- to 289-kA range
(Figure 8). Tracking from the small kiloamp classes to the largest shows a gradual
increase in the difference between observed and randomized flashes. At the 100-kA
level, this relationship begins to weaken. This trend confirms that, as the kiloamp
increases, there is a greater attraction of CG flashes to highpoints, thus descriptively validating the positive peak current to striking distance relationship posited
largely in controlled settings (Golde 1945; Wagner 1963; Rühling 1972; Love
1973; Eriksson 1974; Lee 1978; Mousa and Wehling 1993; Petrov and Waters
1995; D’Alessandro and Petrov 2006; Cooray et al. 2007) (Figures 8 and 9).
4.2. Statistical results
To more thoroughly characterize how well buffers capture distributions of random
points compared to actual CG strikes, a statistical measure was utilized. A Pearson’s
chi-square goodness-of-fit test compared expected number of random flashes collected in each of the 10 kiloamp classes to actual CG strikes for the three buffer sizes
(Table 2). The null hypothesis is rejected when p values are less than or equal to 0.05.
The test demonstrated that a nonrandom process is responsible for the clustering of
Table 2. Pearson chi-square goodness-of-fit test statistics for each buffer distance.
Each test represents a comparison of flash count totals derived from randomized
data (n 5 10) with the count totals derived from the actual observed flashes (n 5 10).
Buffer radius (m)

Pearson’s chi-square goodness-of-fit test statistics

100
200
300

x2 5 37.92, p < 0.01
x2 5 22.93, p < 0.01
x2 5 19.90, p 5 0.01
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Table 3. Pearson chi-square goodness-of-fit test statistics for each of the 10 kiloamp
classes. Each test represents a comparison of flash count totals derived from randomized data (n 5 18; six count totals for each of the three buffer distances) with the
count totals derived from the actual observed flashes (n 5 18). With a few exceptions,
these results corroborate the positive trend between peak current and striking distance evident in the count data (D’Alessandro and Petrov 2006; Cooray et al. 2007).
Kiloamp class
2110
2100
290
280
270
260
250
240
230
220

to 2119
to 2109
to 299
to 289
to 279
to 269
to 259
to 249
to 239
to 229

Chi-square goodness-of-fit test statistics
x2
x2
x2
x2
x2
x2
x2
x2
x2
x2

5 10.73, p 5 0.47
5 18.08, p 5 0.20
5 45.62, p < 0.01
5 36.36, p 5 < 0.02
5 30.82, p 5 0.01
5 75.33, p 5 < 0.01
5 34.50, p 5 < 0.01
5 7.84, p 5 0.97
5 20.54, p 5 0.25
5 45.56, p < 0.01

strikes near highpoints in all three buffer sizes. All three buffer size classes had test
statistics with p values less than 0.01 (Table 2). In each test, a series of 10 random
flash counts were compared to the corresponding series of 10 observed flash counts.
The chi-square goodness-of-fit test was also applied to statistically confirm the
relationship between striking distance and peak current (Table 3). Randomized
distributions of flashes were compared to their actual strike totals in each of the
10 kiloamp classes for all three buffer sizes. Like the descriptive percentage-based
analysis, the statistical test confirmed that the two highest kiloamp classes do not
follow the same trend in terms of higher peak currents favoring highpoints more
than weaker peak currents. These two classes—especially the highest class—
revealed p values that were not significant (2110 to 2119 kA: p 5 0.47; 2100 to
2109 kA: p 5 0.20). Unlike the descriptive percentage-based analysis that showed
a general increase percent in strike concentrations with increased kiloamp, the
statistical test identified two additional outliers: the 230- to 239-kA and 240- to
249-kA classes revealed p values of 0.25 and 0.97, respectively.

5. Discussion
This GIS analysis of lightning attachment patterns, one of the first conducted at
landscape scales spanning kilometers and over a time period of several years, confirmed that CG lightning channels, as they zigzag randomly Earth bound (Rakov and
Uman 2003, p. 378), are influenced when the channel enters the near-surface striking
distance and makes changes in a direction for highpoint attachment. Despite the low
percentage difference between CG strikes and random points captured in buffers
(e.g., 2.49% in 300-m buffers to 1.47% in 200-m buffers to 0.56% in 100-m buffers),
the difference between observed and randomized CG flashes was consistent across
all kiloamp classes. Chi-square tests further validated this trend.
A positive relationship between peak current and striking distance was also
documented. With the exception of the two highest kiloamp classes, a greater than
expected number of flashes were attracted to highpoints in moving from a weaker
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to stronger kiloamp class. Chi-square tests to validate this were also supportive of
this trend; however, there were some outliers. The arbitrary division of kiloamp
classes may in part explain these departures, because the 10 kiloamp intervals for
binning flashes do not necessarily have any meaning in the continuous-scale
world. Other explanations for these departures may be a result of small sample
sizes, polarity errors in raw data provided, or the presence of different attachment
behavior processes in the highest kiloamp classes, as suggested in engineeringbased studies.
Other factors to consider when viewing these results relate to the use of realworld data and surfaces. The distribution of flashes over the study area is
responding to a heterogeneous forcing environment; thus, randomized distributions
of flashes may not necessarily capture the contingencies of flash location arising
from real-world thunderstorms and their flashes. Individual thunderstorms can vary
significantly in their polarity structure, thus introducing variability in the types of
flashes lowered to the ground. Nonetheless, these shortcomings are recognized as
necessary when conducting field-based geographic research and, like the controlled engineering studies from which this GIS analysis builds, no single methodology or scale of analysis lacks its criticisms (Stallins and Rose 2008).

6. Conclusions and implications
For negative polarity CG lightning, this research examined patterns of CG attachment to topographic highpoints and explored the relationship between peak
current and striking distance. Using a GIS, this work empirically documented CG
attachment behavior to support extant studies of lightning attachment theory. Integration of spatial data was undertaken to illustrate how real-world surfaces and atmospheric processes can be configured to test standing assumptions about CG flash
behavior derived from controlled settings. The basic tenets underlying the design of
lighting protection systems—the concept of the striking distance and the rollingsphere method—were shown valid over the larger spatial and temporal scales of the
Colorado study area employed in this paper. Although these tenets have provided and
will likely continue to provide the basis for authoritative lightning protection system
design (ASABE 1988; USDA 2001; IEEE 2004; NFPA 2008), geographic approaches such as the one employed in this paper may be useful for extending the ideas
that originate in engineering contexts. Exploring the attachment geography of hundreds of thousands of CG flashes confirmed anomalies related to attachment behavior
of the highest kiloamp flashes. In an inductive sense, the GIS-based investigation
presented could stimulate research questions that could be addressed using deductive,
more traditional laboratory-based approaches. A geographic approach to the study of
lightning may also be useful to identify how lightning safety standards could (and
should) vary in different regions and at different times. There are not only seasonal
differences in lightning but also weekly differences. Weekend and weekdays, for
example, have been identified as having different lightning regimes because of air
pollution attributed to automobile traffic volumes (Bell et al. 2008).
Integrating field-based analyses with theory and hypotheses obtained from controlled settings may be a productive means to extend our understanding of lightning
attachment theory. Although a field-based geographic approach to lightning pattern
and process may not provide direct insight into lightning physics, this paper shows
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how it can provide lightning scientists with an example of the real-world manifestation of their specialized research.

References
ASABE, 1988: Specifications for lightning protection. American Society of Agricultural and Biological Engineers Rep. EP381.1, 5 pp.
Baba, Y., and V. A. Rakov, 2007: Lightning strikes to tall objects: Currents inferred from far
electromagnetic fields versus directly measured currents. Geophys. Res. Lett., 34, L19810,
doi:10.1029/2007GL030870.
Bell, T. L., D. Rosenfeld, K.-M. Kim, J.-M. Yoo, M.-I. Lee, and M. Hahnenberger, 2008: Midweek
increase in U.S. summer rain and storm heights suggests air pollution invigorates rainstorms.
J. Geophys. Res., 113, D02209, doi:10.1029/2007JD008623.
Berger, K., and E. Vogelsanger, 1969: New results of lightning observations. Planetary Electrodynamics, S. C. Coroniti and J. Hughes, Eds., Gordon and Breach, 489–510.
Carey, L., S. Rutledge, and W. Petersen, 2003: The relationship between severe storm reports and
cloud-to-ground lightning: Polarity in the contiguous United States from 1989 to 1998. Mon.
Wea. Rev., 131, 1211–1228.
Cooray, V., V. Rakov, and N. Theethayi, 2007: The lightning striking distance—Revisited.
J. Electrost., 65, 296–306.
D’Alessandro, F., and N. Petrov, 2006: Field study on the interception efficiency of lightning
protection systems and comparison with models. Proc. Roy. Soc., 462A, 1365–1386.
Davis, R., 1962: Frequency of lightning flashover on overhead lines. Gas Discharges and the Electricity Supply Industry, J. S. Forest, P. R. Howard, and D. J. Littler, Eds., Butterworths, 125–138.
Eriksson, A., 1974: The striking distance of a lightning flash. National Engineering Research
Institute (NEERI) Rep. ELEK 46.
Franklin, B., 1774: Experiments and Observations on Electricity Made at Philadelphia. E. Cave,
16 pp.
Golde, R., 1945: On the frequency of occurrence and the distribution of lightning flashes to
transmission lines. Trans. Amer. Inst. Electr. Eng., 64, 902–910.
——, 1977: The lightning conductor. Lightning, Vol. 2, R. H. Golde, Ed., Academic Press, 545–576.
Gulyás, A., and N. Szedenik, 2009: 3D simulation of the lightning path using a mixed physicalprobabilistic model—The open source lightning model. J. Electrost., 67, (2–3), 518–523.
Hodanish, S., 1996: Integration of lightning detection systems in a modernized weather service office.
Preprints, 18th Conf. on Severe Local Storms, San Francisco, CA, Amer. Meteor. Soc., 428–432.
——, 2009: Lightning fatality 2007 Sep 02 Goldcamp Road west of Colorado Springs Colorado.
National Weather Service Colorado Lightning Casualties Case Studies Rep., [Available online at http://www.crh.noaa.gov/pub/?n=/ltg/ltg_070902_goldcamp.php.]
——, and P. Wolyn, 2006: Lightning climatology for the state of Colorado. Proc. 23rd Conf. on
Severe Local Storms, St. Louis, MO, Amer. Meteor. Soc., P8.5. [Available online at http://
ams.confex.com/ams/pdfpapers/115394.pdf.]
——, R. Holle, and D. Lindsey, 2004: A small updraft producing a fatal lightning flash. Wea.
Forecasting, 19, 627–632.
Holle, R. L., 2005: Lightning-caused deaths and injuries during hiking and mountain climbing.
Preprints, Int. Conf. on Lightning and Static Electricity, Seattle, Washington, Boeing Company,
KMP-33.
IEEE, 2004: IEEE guide for improving the lightning performance of electric power overhead
distribution lines. Institute of Electrical and Electronic Engineers Std. 1410-2004, 39 pp.
Lee, R., 1978: Protection zone for buildings against lightning strokes using transmission line
protection practice. IEEE Trans. Ind. Appl., 14, 465–470.
Loendorf, L., 2008: Thunder and Herds: Rock Art of the High Plains. Left Coast Press, 254 pp.

Unauthenticated | Downloaded 01/09/23 05:57 AM UTC

Earth Interactions

d

Volume 15 (2011)

d

Paper No. 8

d

Page 16

Love, E., 1973: Improvements on lightning stroke modeling and applications to the design of EHV
and UHV transmission lines. M.S. thesis, University of Colorado, 85 pp.
Mäkelä, J., E. Karvinen, N. Porjo, A. Mäkelä, and T. Tuomi, 2009: Attachment of natural lightning
flashes to trees: Preliminary statistical characteristics. J. Lightning Res., 1, 9–21.
Mousa, A., and R. Wehling, 1993: A survey of industry practices regarding shielding of substations
against direct lightning strokes. IEEE Trans. Power Delivery, 8, 38–47.
NFPA, 2008: Standard for the installation of lightning protection systems. National Fire Protection
Association Rep. NFPA-780, 58 pp.
NOAA, 2010: Weather safety outdoors: Bolts from the blue. National Oceanic and Atmospheric
Administration Office of Climate, Water, and Weather Services Rep. [Available online at
http://www.lightningsafety.noaa.gov/bolt_blue.htm.]
Petrov, N., and R. Waters, 1995: Determination of the striking distance of lightning to earthed
structures. Proc. Roy. Soc., 450A, 589–601.
Rakov, V., and M. Uman, 2003: Lightning: Physics and Effects. Cambridge University Press, 687 pp.
Rühling, F., 1972: Modelluntersuchungen über den Schatzraum und ihre Redeutung für Gebäudeblitzableiter. Bull. Schweiz. Elektrotech, 63, 522–528.
Schwaiger, A., 1938: Der Schutzbereich von Blitzableitern. R. Oldenbourg.
Shindo, T., and T. Suda, 2009: Lightning risk on wind turbine generator systems. IEEJ Trans. Power
Energy, 129, 1219–1224.
Stallins, J., and L. Rose, 2008: Urban lightning: Current research, methods, and the geographical
perspective. Geogr. Compass, 2, 620–639.
Szedenik, N., 2001: Rolling sphere—Method or theory? J. Electrost., 51–52, 345–350.
USDA, 2001: Rural Utilities Service design guide for rural substations. United States Department
of Agriculture RUS Bull. 1724E300, 764 pp.
USDA–NRCS, 1997: Colorado climate sheet. United States Department of Agriculture and National Resources Conservation Service National Water and Climate Center Rep. [Available
online at http://www.wcc.nrcs.usda.gov/cgibin/state.pl?state=co.]
USPLN, 2010: United States Precision Lightning Network (USPLN) and North American Precision
Lightning Network (NAPLN) Data Sheet. USPLN Rep., 2 pp. [Available online at http://
www.wsi.com/Collateral/Documents/English-US/USPLN.pdf.]
Wagner, C., 1963: Relation between stroke current and velocity of the return stroke. AIEE Trans.
Power Appar. Syst., 82, 609–617.
Wentz, E., M. Kuby, and B. Vogt, 2001: Extracting high points from statistical surfaces: A case
study using DEMs. Cartography Geogr. Inf. Sci., 28, 259–271.
Earth Interactions is published jointly by the American Meteorological Society, the American Geophysical
Union, and the Association of American Geographers. Permission to use figures, tables, and brief excerpts
from this journal in scientific and educational works is hereby granted provided that the source is acknowledged. Any use of material in this journal that is determined to be ‘‘fair use’’ under Section 107 or that
satisfies the conditions specified in Section 108 of the U.S. Copyright Law (17 USC, as revised by P.IL. 94553) does not require the publishers’ permission. For permission for any other from of copying, contact one of
the copublishing societies.

Unauthenticated | Downloaded 01/09/23 05:57 AM UTC

