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1. INTRODUCTION

The 45th Weather Squadron (45 WS) provides
comprehensive weather services to America’s
space program at Cape Canaveral Air Force
Station (CCAFS) and Kennedy Space Center
(KSC). Two of the services provided by the 45 WS
are the daily 24-Hour and Weekly Planning
Forecasts, both of which include a probability of
lightning occurrence. This information is used for
general planning of operations at CCAFS and
KSC. These facilities are located in east-central
Florida at the east end of ‘Lightning Alley’, seen in
Figure 1 as the red area oriented southwest to
northeast across the center of Florida. The current
lightning probability forecast is based on a
subjective analysis of model and observational
data and the output from a new objective lightning
forecast tool (Lambert et al. 2005, Lambert and
Wheeler 2005) developed by the Applied
Meteorology Unit (AMU) (Bauman et al. 2004).
This paper describes the new lightning probability
forecast tool and on-going efforts to improve its
performance.

The objective lightning forecast tool is a set of
equations that provide a probability of lightning
occurrence for the day on KSC/CCAFS during the
lightning season in central Florida, which typically
begins during the second half of May and ends
during the second half of September. Results from
several statistical performance tests indicated that
the equations showed a significant increase in skill
over other standard forecasting methods, good
reliability, an ability to distinguish between non-
lightning and lightning days, and good accuracy
measures and skill scores. Given the overall
improved performance, the equations were
transitioned to 45 WS operations in time for the
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2005 lightning season. In order to use the complex
equations, the AMU provided a graphical user
interface (GUI) that the forecasters could use to
input the required parameter values and output the
probability of lightning occurrence for the day.

Figure 1. Mean annual lightning flash density
across the continental U.S., 1989 — 1998.

Since the development of these equations,
new ideas regarding certain predictors have been
formulated and a desire to make the tool more
automated has been expressed by 45WS
forecasters. It is anticipated that modifying the
predictors will improve the performance of the
equations, and automating the tool will reduce the
time spent by forecasters in producing the daily
lightning probability. The AMU was tasked to re-
examine and modify the calculation method of
certain predictors, and to create an automated tool
in the current operational weather display system
for the 45 WS. The following sections discuss
aspects of the current tool, the analyses for the
updating the predictors, and the method for
automating the input and output of the equations.



2. CURRENT TOOL

The current tool is a set of five logistic
regression equations, one for each month of the
lightning season (May-September), that provides a
probability of lightning occurrence for the day
based on data available by 1100 UTC (0700 EDT),
when 45 WS issues the daily planning forecasts.
Each equation has 5-6 predictors that were
chosen from a larger set of candidate predictors
through an iterative process (Lambert and
Wheeler 2005). All of the predictors were derived
from data collected during the lightning seasons in
the years 1989-2003.

The 45 WS requested that a GUI be
developed to facilitate user-friendly input to the
complex equations. A GUI was created using
Microsoft® Excel® Visual Basic® and delivered in
an Excel file. The 45 WS was involved in the GUI
design and development by providing comments
and suggestions on interim prototypes, ensuring
that the final product met their operational needs.

2.1 Data

Data from three sources were used in the
equation development: 1) the Cloud-to-Ground
Lightning Surveillance System (CGLSS) 2) 1000
UTC CCAFS (XMR) sounding, and 3) 1200 UTC
soundings from across the Florida peninsula.

The CGLSS data were used to determine
lightning occurrence on each day in the period. It
is a network of six sensors that provides date/time,
latitude/longitude, strength, and polarity of cloud-
to-ground lightning strikes in the local area
(Figure 2). The CGLSS data were found to provide
greater spatial accuracy and flash detection in the
KSC/CCAFS area than the National Lightning
Detection Network (Harms et al.,, 1998). The
CGLSS data were used to calculate two candidate
predictors: 1) the daily lightning climatology, and
2) the 1-day lightning persistence. These data
were also used as the ground truth for developing
the forecast equations.

There are three XMR soundings taken per day
at 1000, 1500, and 2300 UTC during the lightning
season. The 45 WS uses data from the 1000 UTC
sounding for developing their daily planning
forecasts by 1100 UTC. These data were used to
calculate those stability parameters normally
available to 45 WS forecasters, to be used as
candidate predictors in the equation development.

Those parameters include
e Total Totals,
e K-Index,
e Cross Totals,
e Lifted Index,
e Severe Weather Threat Index,
e Showalter Index,
e Thompson Index
e Temperature at 500 mb,,
e Mean 800-600 mb Relative Humidity (RH),
e Precipitable water,
e Convective Inhibition, and
e Convective Available Potential Energy.
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Figure 2. Map of east-central Florida. The
locations of the six CGLSS sensors are shown
as red circles. The names and numbers of
each sensor are adjacent to the red circles.

The 1200 UTC soundings at Miami (MIA),
Tampa (TBW), and Jacksonville (JAX), FL were
used to determine the daily flow regime. It was
established in Lericos et al. (2002), confirmed by
Stroupe (2003), and reconfirmed by Lambert and
Wheeler (2005) that the large-scale flow regime
has a strong influence on the distribution of
lightning over the Florida peninsula. Therefore, the
flow regimes defined by Lericos et al. (2002) were
used as candidate predictors in the equation
development. The same sounding data and
procedures used in Lericos et al. (2002) were
used in Lambert and Wheeler (2005) to calculate
the flow regimes. Specifically, the average wind
directions in the 1000-700 mb layer were




calculated from the sounding data at MIA, TBW,
and JAX. The combination of the three average
directions was used to determine the flow regime
for each day. The current MIA and JAX sites were
located at West Palm Beach, FL (PBI) and
Waycross, GA (AYS) prior to 1995. The AYS and
PBI data were used as proxies for JAX and MIA,
respectively, during the period 1989-1994. A map
of the sounding locations is shown in Figure 3.
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Figure 3. Map of the FIorlda Peninsula. The
red dots show the locations of all soundings
used in this task.

2.2 Graphical User Interface

The Excel GUI was requested by the 45 WS
to facilitate user-friendly access to the complex
logistic regression equations. This was done for
ease and speed of use, and to ensure accuracy.
When using the GUI, the forecaster inputs data
into two dialog boxes, and a third dialog box
displays the equation output. The first dialog box
requests the month and day (Figure 4). The
second requests the values for the predictors in
the equation (Figure 5). There are five versions of
this second dialog box, one for each month

(Lambert and Wheeler 2005). The final dialog box
displays the probability of lightning occurrence in
percent (Figure 6).
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Figure 4. The first dialog box queries the
user for the Month and Day values. The
Continue button brings up the next dialog box.

Entering the month and day in the first dialog
box (Figure 4) is straightforward. The user clicks
the down-arrow next to the Month and Day text
boxes and chooses the appropriate values.
Choosing the month determines which equation
will be used to calculate the probability of lightning
occurrence, and choosing the day determines
which daily lightning climatology value will be used
as a predictor in the equation.

The second dialog box (Figure 5) contains
choices for the predictors specific to the month
being evaluated. Choosing the values in the
second dialog box requires the user to determine
the values from various sources, then input the
information manually. The first choice is for
persistence, or whether or not lightning occurred
in the area the day before. The second choice is
that of flow regime, which must be determined
subjectively from sources other than the 1200
UTC soundings as the lightning forecast must be
issued at 1100 UTC. Finally, the values for the
sounding stability parameters that are predictors
for the month of interest must be entered either by
using the drop-down boxes or typed in manually.
Error checks are built into the GUI in case an
unrealistic value is entered.
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Figure 5. This dialog box allows the user to
set the predictors for the selected month, in
this case July. The “New Date” button closes
this dialog box and returns control to the first
dialog box in Figure 4. The “Calculate
Probability...” button displays the equation
output in Figure 6.

After making all the choices in the second
dialog box, the user clicks the “Calculate
Probability...” button, which displays the third
dialog box (Figure 6) containing the probability of
lightning occurrence for the day.

PROBABILITY OF LIGHTNING ﬂ

The probability of lightning being
observed in at least one of the
KSC/CCAFS advisory circles today
from 0700 - 2400 EDT is:

84 %

Calculate Another Probability ‘

Figure 6. The equation output dialog box
showing the probability of lightning
occurrence for the day.

2.3 Equation Predictors

The statistical technique chosen for equation
development was logistic regression. The more-
familiar linear regression has several weaknesses
in probability forecasting. It can allow unrealistic
calculations of probabilities greater than 100% or
less than 0%. Linear regression also can not
calculate the sudden change in probability when a
parameter passes beyond a threshold value as
often happens in the atmosphere. Logistic
regression bounds the probabilities by 0% and
100% and allows for sudden changes in
probability as predictor values exceed a threshold,
or it can allow for nearly linear response of the
probability to the predictor. Everitt (1999) showed
that logistic regression versus linear regression
yielded 48% better skill when using the same
predictor variables and data.

All candidate predictors were tested prior to
and during equation development to determine
which of them in what combination would provide
the best probability forecast of lightning
occurrence. The predictors were selected using an
iterative technique to maximize the variance
explained and to avoid statistical over-fitting.
Details of the predictor selection process are given
in Lambert and Wheeler (2005).



The resulting predictors chosen for each
month are shown in Table 1 and listed in order of
importance to predicting the occurrence of
lightning. The predictors of 1-day persistence,
daily lightning climatology, and flow regime were
chosen for every month. The average relative

humidity (RH) in the 800-600 mb layer in the XMR
sounding was chosen in four out of the five
months, May being the only exception. This is an
indication of the importance of these predictors
over the entire warm season.

Table 1. The predictors for each monthly equation in rank order of their importance in
predicting lightning occurrence. The predictors in red were chosen in every month, and the
predictor in blue was chosen in four months. The predictors in black were chosen two or less

Temp at 500 mb

Daily Climatology

Flow Regime

800-600 mb RH

times.

May June July August September
Thompson Index 800-600 mb RH | Total Totals K-Index Persistence
Flow Regime Persistence Persistence Flow Regime Flow Regime
Persistence Lifted Index 800-600 mb RH Total Totals 800-600 mb RH
Daily Climatology Flow Regime Daily Climatology | Daily Climatology | Daily Climatology

Lifted Index

Persistence

3. IMPROVMENTS TO THE TOOL

Several new ideas about the calculation of
some of the predictors have been proposed. In the
current task, three new predictor calculations are
being investigated:

1) Daily lightning climatology,
2) Flow regime, and

3)Mean RH in the 800-600 mb layer of the
XMR sounding.

These are important predictors for warm season
lightning occurrence as indicated in Table 1.

3.1 Daily Climatology

The CGLSS data were used to develop a
climatological daily lightning occurrence. The only
consideration was whether lightning occurred in
the KSC/CCAFS area or not. The number of
strikes was not considered. This matches the
procedure followed for the 45 WS planning
forecasts. The ‘raw’ frequency of occurrence was
rather noisy, as evidenced by the light blue curve
in Figure 7. To reduce the noisiness, a center-
weighted seven-day Gaussian smoother with a
scale parameter of three days was applied to the
daily values. The result is the smooth dark blue
line in Figure 7. The last seven days of April and
first seven days of October were used to calculate

the smoothed frequencies at the beginning of May
and the end of September, respectively. These
smoothed values were used as the daily
climatology predictor in the equations.
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Figure 7. The daily raw (light blue), 7-Day
smoothed (dark blue), and 15-Day (red)
climatological frequency values of lightning
occurrence for the lightning-season in the
years 1989 — 2003.

However, the seven-day smoothed
climatology had peaks and troughs that did not
seem to have a meteorological explanation, and it
appeared that further smoothing was needed.
Preliminary tests were done using a 15-day
Gaussian smoother with a scale parameter of



seven days, and results showed a more smooth
progression of lightning occurrence probability
through the lightning season, as shown by the red
line in Figure 7. The last 15 days of April and the
first 15 days of October were used to calculate the
smoothed climatology for the beginning of May
and the end of September, respectively. The daily
climatology values using the 15-day smoother will
be tested in the equations.

3.2 Flow Regime

The method outlined in Lericos et al. (2002)
used the average wind direction in the 1000-700
mb layer at MIA, TBW, and JAX to determine the
peninsular-scale flow regime. The average wind
direction in the 1000-700 mb layer at each station
was calculated for each 1200 UTC sounding using
a depth-weighted averaging method in which the
depth for each observation was the distance
between the halfway points between adjacent
observations. The flow regime for each day
depended on the layer-averaged wind direction at
each of the three stations. There are seven flow
regimes named according to the resulting flow
over KSC/CCAFS:

e Southwest flow (SW-1) when the ridge
associated with high pressure over the
Atlantic Ocean was south of MIA,

¢ Southwest flow (SW-2) when the ridge was
between MIA and TBW,

e Southeast flow (SE-1) when the ridge was
between TBW and JAX,

¢ Southeast flow (SE-2) when the ridge was
north of JAX,

o Northwest flow (NW) when the layer-
averaged wind direction at all three stations
was 270°-360°,

¢ Northeast flow (NE) when the layer-
averaged wind direction at all three stations
was 0°-90° and

e ‘Other’ flow when the layer-averaged wind
directions did not fit any of the above flow
regimes.

Table 2 shows the number of days each flow
regime occurred in the period of record along with
the percentage of the total days in the period, and
the probability of lightning occurrence found for
each flow regime. Note that the ‘Other’ category
contained the largest number of cases in the data

set, just over 44% of the total number of days in
the period. The probability of lightning occurrence
during the ‘Other’ flow patterns was also
significant at 44%. Clearly, with such large values,
the ‘Other’ category should not be ignored.

Table 2. The total number of days in each
flow regime for the entire period of record,
warm seasons in the years 1989-2003, and
the associated probability of lightning
occurrence over KSC/CCAFS.
Probability
Flow Regime 'l('ao/taolf#TLc',)?aj;}s of
? Lightning

SW-1 0
Ridge S of MIA 27 (12.7) 66 %
SW-2
Ridge between 218 (10.2) 2%
MIA/TBW
SE-1
Ridge between 283 (13.3) 51 %
TBW/JAX
SE-2 0
Ridge N of JAX 218 (10.2) 39 %
NW 93 (4.4) 43 %
NE 100 (4.7) 18 %
Other (Regime o
Undefined) 945 (44.4) 44 %
TOTALS 2128 49 %

To help determine the flow regime for the days
in the ‘Other’ category, the average wind direction
in the 1000-700 mb layer of the XMR sounding
will be calculated and used to determine the low-
level flow over the KSC/CCAFS area. This will be
used in combination with the other stations to
discern the appropriate flow regime, if one can be
established. The XMR wind direction will also be
used to confirm the flow regime in situations where
the subtropical ridge is just north or south of the
area (SW-2 and SE-1 in Table 2, respectively).

The values in Table 2 reflect the statistics for
the entire warm season. The probability of
lightning occurrence values for each individual
month (not shown) were used as the predictors in
the equations for each month. As the number of
days in each flow regime changes, the probability
of lightning occurrence in each will likely change,



also. New flow regimes will be determined from
the ‘Other’ category for each individual month and
new probabilities of lightning occurrence
calculated. These new values will be used in the
re-development of the equations to determine if
they increase the skill of the forecast.

3.3 Mean 800-600 mb RH

The mean 800-600 mb RH from the XMR
sounding was one of the more common
predictors. This parameter was first used in the
Neumann-Pfeffer Thunderstorm Index (NPTI)
(Neumann, 1971). The NPTI was the operational
lightning forecasting tool for the 45 WS prior to
development of the equations discussed in this
report. It was created over 30 years ago and tuned
to the local KSC/CCAFS area, and computing
power at that time did not allow for a thorough
analysis of the sounding data to determine an
optimal moisture layer for the lightning forecasts.
Use of the 800-600 mb layer was perpetuated in
following studies with no attempt to test other
layers. The most appropriate layer for the mean
RH may indeed be different and could change with
the progression of the warm season.

As of the writing of this paper, an exact
technique for determining the optimal layer for the
mean RH has not been developed. However, it will
be an iterative technique that calculates the mean
RH in several layers between the surface and
500 mb. The correlation of these RH values to
lightning occurrence will be calculated for each
month and the layer with the best correlation will
be used for the monthly equations. Again, new
logistic regression equations will be developed
and compared to the performance of the current
equations.

3.4 New Valid Area

The final improvement involves a redefinition
of the valid area. The current tool provides the
probability of lightning in a rectangular area
enclosing all of the 45WS KSC/CCAFS and
Astrotech lightning advisory areas, represented as
circles in Figure 8. Each advisory circle has a
5 n mi radius. While this includes all the users of
the lightning probability in the 45 WS planning
forecasts, it leads to a slight over-estimate of the
lightning probability due to the large area in the
rectangle that is outside the lightning advisory
circles. This is especially true since the

climatological lightning flash density increases
inland from the coast. For the new tool, the 45 WS
requested to use only the KSC/CCAFS advisory
areas and exclude the Astrotech area. The new
valid area is to the right of the dashed line in
Figure 8. Even though one of the lightning
advisory areas is excluded, the probability forecast
should be more representative of lightning
occurrence in the KSC/CCAFS area.

I ‘-___-..c..."... W
Figure 8.The valid area for the current
lightning probability forecast tool (entire area

in image) and the new valid area (to the right if
the dashed line).

3.5 Equation development and testing

The same development and training datasets
used in Lambert and Wheeler (2005) will be used,
as well as the same testing procedures. The
predictors in the current equations not being
modified in this study (see Section 2.3, Table 1)
will remain the same. After each new predictor
value is calculated with the new procedures
outlined in Section 3, new equations will be
developed and their skill compared to that of the
current set of equations.

A set of equations will be developed for each
new predictor, and equations will be developed for
all possible combinations of the new predictors. It
is possible that the non-linear combination of the
new predictors with the other predictors may not
be as skillful as the current equations. Careful
attention must be given to how much each
individual predictor combined with the other
predictors improves the forecast and what



combination of the new and original predictors
improves the forecast the most.

4., AUTOMATED TOOL

The final part of this work will be to create an
automated tool in the current operational weather
display system for the 45 WS, the Meteorological
Interactive Data Display System (MIDDS). The
lightning probability forecast for the day is only one
forecast parameter of many that the forecasters
must prepare for the 1100 UTC briefing.
Automating the objective lightning probability
forecast tool will reduce their workload and
minimize the possibility of entering incorrect
values into the GUI.

The tool will be invoked by a command
entered by the forecaster on the MIDDS, and a
background program will retrieve the date and all
the sounding stability parameters needed for the
equation. The values for 1-day persistence and
flow regime will likely have to be entered manually.
The program will prompt the user anytime such
input is needed.

5. POTENTIAL FUTURE WORK

Several other ideas to enhance the lightning
probability tool have been proposed but are not
being pursued at this time. The first possibility is to
create forecast equations for the first half and
second half of May and the first and second half of
September. Since the typical lightning season
starts during the second half of May and decays
during the second half of September, the driving
mechanisms may differ across these time periods,
and so different optimal predictors may apply.
Likewise, combining periods across the months
may yield better skill. For example, the second half
of June through the end of August may represent
a more thermodynamic environment where the jet
stream and other synoptic drivers have become
insignificant. Considering this time period as a
single entity may yield more reliable performance
through increased sample size. The daily average
maximum wind aloft may be a good indicator for
the average dates of the ‘thermodynamic season’.
Additional candidate predictors might be El Nino
state, a new flow regime to consider easterly wave
influence, and de-weight 1-day persistence if the

flow regime changes. The tool could also be
enhanced by adding data from the Lightning
Detection and Ranging (LDAR) network as ground
truth and in developing the 1-day persistence and
daily climatology predictors

6. SUMMARY AND CONCLUSIONS

The AMU developed and the 45 WS
implemented a new lightning probability tool for
use at KSC/CCAFS in east central Florida. The
tool uses logistic regression equations for each
month of the lightning season (May-September) to
calculate the lightning probability. The predictor
variables were selected from a set of candidate
predictors that included several typical sounding
parameters, the lightning flow regime across
peninsular Florida, 1-day lightning persistence,
and daily lightning probability climatology. The tool
has been very successful and further
improvements are currently in-progress. These
improvements include improving the daily lightning
probability  climatology  through increased
smoothing, using the XMR sounding to further
delineate the flow regimes, and investigating if the
mean 800-600 mb RH is the optimal layer for mid-
level moisture. Finally, the tool is being automated
to save forecasters valuable time when producing
the planning forecasts for their 1100 UTC briefing.
The authors hope to pursue other enhancements
to the tool in the future.
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