


resolution of the dataset is 30 arc-seconds (~500m).
Specific visualization methods include plan-view
representations with elevation isoclines to identify
terrain gradients, and 3D renderings using elevated
viewing points and solar illumination to provide
clearer perception of terrain gradient direction.

2.3. Classification of Ground Contacts

Ground contacts were classified as “existing”
(PEC - established by an earlier stroke in the flash)
or new (NGC). A recent study [Stall et al.] carried out
in southern Arizona identified the LLS-derived return
stroke and flash parameters that strongly correlate
with the establishment of a NGC. These included the
threshold-to-peak rise-time of the closest-reporting
sensor, stroke order within the flash, and peak
current. The authors used GPS-synchronized video
observations to classify the PEC and NGC strokes.

In the study presented here, 59 PEC and 60 NGC
strokes obtained by Stall et al. were employed to
train a Linear Discriminant function. In the most
general form explored in this work, the three
parameters identified by Stall et al. were combined
with both the separation distance from earlier strokes
in the flash and the ratio of this distance to the
estimated median location error (ellipse semi-major
axis - see [Cummins et al]), resulting in a
discriminant function with 6 parameters:

DISC =
0.59 — 0.0034 Ip — 0.96 RT + 0.930rder +
0.068 D - 0.42(D / SMA) @

where Ip is the stroke peak current in kA (all
negative values), RT is the risetime (threshold-to-
peak) in us, Order is the stroke index within the flash
(1 through M, where M is the flash multiplicity), D is
the separation distance (km) from the closest earlier
strokes in the flash, (D/SMA) is the ratio of this
distance to the ellipse SMA for the current stroke,
and the value 0.59 is the scaling constant required to
place the classification threshold at zero. Negative
values of DISC are associated with NGC strokes.

The classification matrix for this training dataset
shown below indicates ~87% correct classification,
with similar classification errors for both PEC and
NGC strokes. However, two of the variables shown
in equation (1) do not contribute as expected, based
on the work of Stall et al. First, larger (more
negative) peak current should indicate a NGC
stroke, but this results in a small positive increase in
the discriminant function. Second, an increasing
distance (D) should also indicate a NGC stroke, but
this also produces a positive increase in the
discriminant function. This behavior can occur if a
variable is correlated with another variable in the
equation, particularly for small training datasets. For
this reason, these two parameters were excluded

from the final discriminant function used in this work,
shown below.
DISC =
0.75 — 0.96 RT + 0.90rder - 2)
0.38 (D / SMA )

Table 1. Classification Table for training dataset, using 6 classification
parameters.

True Classification
NGC PEC
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The classification scores for the training dataset
will typically be better than what can be achieved in
actual use of a classifier. Unfortunately our available
dataset is too small to have an independent “test”
dataset to evaluate performance, so a “jackknife”
procedure was used in the evaluation. More
specifically, individual observations were excluded,
and discriminant coefficients were obtained from the
reduced set of observations (missing one event).
These coefficients were then used to classify
excluded events, resulting in 119 sets of parameters.
The classification results for this analysis are shown
in Table 2.

Table 2. Classification Table for jackknife analysis, using only four
classification parameters.

True Classification
NGC PEC
c
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Interestingly, the performance for NGC strokes
using only 4 variables and the jackknife procedure is
the same as for the full dataset and 6 classification
parameters. There is a 3% increase in classification
error for the PEC strokes, but more than 80% of the
events are still correctly classified.

The discriminant coefficients derived using the
jackknife procedure had some sensitivity to the
exclusion of individual events. This is illustrated in
histograms in Figure 1, showing the distributions of
the discriminant coefficients. The “*” in each



histogram indicates the coefficient value obtained
using the complete dataset.
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Figure 1. Histograms of classification parameters obtained suing
jackknife procedure. The “*” represents the values obtained using all 119
training observations.

The three LLS parameters all showed about 10%
variation, with clearly dominant modal values and 2-
3 “outliers.” The most variable parameter (in terms of
percentage change) was the *’offset”, which only
serves to “center” the discriminant function about
zero. The outliers are sufficiently large to suggest
that Stall et al. may have misclassified a few events.
It would be likely to misclassify some NGC strokes
as a PEC, due to (1) the fact that only one camera
was used, and (2) because of the difficulty in
resolving near-ground channel splitting for distant
lightning. Both of these issues would allow some
NGC events to appear to be in the same channel.

The classification histograms shown in Figure 2
support the likelihood of a few errors in the camera-
based classification. Note that the PEC histogram
reaches a local minimum count of 4 for the
discriminant value of +1, and then increases for
discriminant values of 0 and -1. The results shown
here suggest that the discriminant classifier may well
perform better than is reflected in the classification
table provided in Table 2.

There are a number of reasons to be concerned
about the sensitivity of the classifier to the regional
variations of LLS parameters and to the small
training dataset. The histograms in Figure 3 illustrate
some of the problems. Figure 3a shows the
classification results in Figure 2, re-plotted without
using the a-priori knowledge of the “true”
classification. Note that this distribution has its most-
probable values occurring near the classification
threshold (zero). This indicates that small errors in
the discriminant coefficients can produce a
significant shift in the percentages of NGC and PEC
strokes.
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Figure 2. Classification histograms showing the count of video-
classified events as a function of the discriminant value. Negative values
are classified as new ground contacts (NGC).
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Figure 3. Classification diagnostic data. (a) Classification histogram
from Figure 2, ignoring the classification type; (b) Estimated percentage
of strokes establishing a NGC, as a function of stroke order.

Figure 3b shows the estimated percentage of
stokes that create a NGC, as a function of stroke
order, when this classification procedure was applied
to the 6-year NLDN dataset in the small region of



southern Arizona. This region is the area used in
both the original Stall et al. study and in the study of
Valine and Krider. The percentage of second strokes
creating an NGC (77%) is significantly higher than
the 43% found by Valine and Krider. It is possible
that the true percentage is higher than was found in
those single-camera studies, but the magnitude of
this difference suggests that the estimates to be
provided in the following section should be
interpreted with some caution. It should be noted
that the analyses thus far -- including a review of the
spatial pattern of Chi-square and SMA values --
show very little spatial variation within the 5x5
degree domains presented in this study. Thus it is
likely that the spatial patterns of the number of
ground-contacts-per-flash are potentially more
robust than the absolute values. Future work will

both refine the classification method and better
guantify the uncertainty.

3. RESULTS.

In this section, negative ground stroke density (GSD)
and the average number of ground contacts per
flash (CPF) are presented for both the central and
western domains. Each domain is presented
separately, followed by an interpretation of the
results.

3.1. Central Domain

The GSD and CPF for the central domain are
shown in Figures 4 and 5, respectively. The left-hand
panels show the 2-D projection of these data
overlaid by 100m elevation isoclines (black lines).
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Figure 4. 6-year ground stroke density (GSD) for negative flashes near the Ozark Mountains. (a) Data overlaid by 100m isoclines. (b)
viewed from an elevated viewing and, with solar illumination at that same angle.

Figure 5. 6-year average number of ground contacts per negative flash (CPF) for negative flashes near the Ozark Mountains, (a) overlaid
by 100m isoclines, (b) viewed from an elevated viewing and, with solar illumination at that same angle.



The right-hand panels show the same data overlaid
on the DEM data as 3-D renderings using elevated
viewing points and solar illumination.

The highest GSD values (12-15 per km?jyr)
generally occurred in regions of highest terrain
gradient, depicted by the closest spacing of the
100m isoclines in Figure 4a. Additional insight into
the specific locations of the GSD maxima is provided
in Figure 4b, showing high density in large areas of
uniform slope and increasing altitude. Some of the
large-gradient regions appear to be “protected” from
high lightning incidence, while a few of the lower-
gradient regions to the west and northwest (see

arrows) exhibit some of the highest incidence. This
GSD is consistent with orographically-driven
thunderstorm development and propagation with low
level moisture and winds preferentially arriving from
the south and south-east.

The estimated CPF values in Figure 5 vary
between 1.5 and 2.1, with higher values occurring
throughout the area of high terrain and high terrain
gradient. The lower CPF values in the range of 1.4-
1.7, found in the low-lying areas, are consistent with
the values reported in the literature [Stall et al;
Thottappillil et al.; Valine and Krider].

Figure 6. 6-year ground stroke density (GSD) for negative flashes near the Rocky Mountains. (a) Data overlaid by 100m isoclines. (b)
viewed from an elevated viewing and, with solar illumination at that same angle.

Figure 7. 6-year average number of ground contacts per negative flash (CPF) for negative flashes near the Rocky Mountains, (a) overlaid
by 100m isoclines, (b) viewed from an elevated viewing and, with solar illumination at that same angle.



Video-based observations of multi-contact flashes
have not been carried out in mountainous regions
(for practical reasons), thus we cannot currently
validate the higher estimates in the higher, complex
terrain (1.7 to 2.1).

The CPF and GSD values in this domain show very
different behaviors with respect to local elevation
and terrain gradients. Interestingly, the regions of
highest slope and highest GSD (32.7 N, -95.2 W)
have moderate CPF values. This is best seen by
comparing the 2-D panels in Figures 4 and 5.

3.2. Western Domain

The plan-view GSD and CPF for the western
domain are shown in Figures 6 and 7, respectively.
The left-hand panels show the 2-D projection of
these data overlaid by 100m elevation isoclines
(black lines). The right-hand panels show the same
data overlaid on the DEM data as 3-D renderings
using elevated viewing points and solar illumination.

The highest GSD values (6-8 per km?/yr) again
occurred in regions of highest terrain gradient,
depicted by the closest spacing of the 100m
isoclines in Figure 6a. Figure 6b illustrates that the
highest densities generally occurred more than
halfway up the mountain slopes. As in the central
region, some of the large-gradient regions appear to
be “protected” from high lightning incidence, while a
few of the lower-gradient regions to the southeast
exhibit some of the highest incidence. This GSD is
consistent with orographically-driven thunderstorm
development and propagation with low level
moisture and winds preferentially arriving from the
south (Gulf of California) and south-east (Gulf of
Mexico).

The estimated CPF values in Figure 7 vary
between 1.5 and 2.1, with higher values occurring
throughout the area of high terrain and high terrain
gradient.

4. DISCUSSION AND CONCLUSIONS

The terrain-related behavior for the GSD is
consistent with orographically driven thunderstorm
development and propagation along the rising terrain
slopes facing the arrival direction of low-level
moisture and winds. This is not the case for the
estimated CPF values. The minimum CPF values in
the range of 1.5-1.7 are found in the low-lying “flat”
areas, and are consistent with the values reported in
the literature. However, values of 1.8-2.1 found at
higher local elevations in complex terrain have not
been reported. This could be because video
observations required to make direct measurements
are difficult to obtain in mountainous terrain.

More analysis is required to validate these CPF
estimates. Since low soil electrical conductivity
(commonly found in mountainous terrain) and terrain
gradient itself have an impact on the arrival-time and
wave-shape of return-stroke waveforms, it is quite
likely that these CPF values are too high and tht the
terrain-related effects may be exaggerated.

Nonetheless, there are reasons to believe the
general spatial behavior of CPF presented here.
More specifically, as the negative leader “tree”
propagates towards complex terrain, there can be
many “candidate” attachment points based on (1) the
distance-to-ground for the various leader branches,
and (2) the variation in electric field enhancement
produced by sloped and jagged terrain. Clearly
these findings are intriguing, and more analysis is
needed.
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