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1. Introduction

Abstract

During the past four years, the National Weather

The National Weather Service Eastern Region is carrying out a
Service (NWS) Eastern Region has conducted a
national risk-reduction exercise at the Baltimore-Washington Forenational risk-reduction exercise atthe Baltimore-Washcast Office in Sterling, Virginia. The primary objective of this project
is to integrate information from remote sensor
ington Weather Service Forecast
technologies to produce comprehensive stateOffice in Sterling, Virginia. The focus
of-the-atmosphere reports that promote aviaof this activity is to devise and test
Modernization
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ways in which information from
of the National
and tested to identify aviation-oriented hazardous weather based on data from conventional
complementary atmospheric remote
Weather
radars, a national lightning detection network,
sensor technologies, such as the
Service
and collateral observations from new Autoweather radar system, a lightning
mated Surface Observing System (ASOS) sites
detection network, and the Autothat are being deployed throughout the nation.
mated Surface Observing System
From July through September 1993, an experimental observational product to identify con(ASOS) (Short and McNitt 1991),
vective activity within 30 n mi of six airports
can be integrated to detect hazardfrom southern Virginia to Delaware was transous weather of concern to the aviamitted three times each hour to personnel at
tion
community. Complementary obWeather Service Offices and Center Weather
f ^ r m
servational products of this new genre
Service Units and to the meteorologists and
flight dispatchers of five major air carriers. This
do not rely solely on the data from
user-oriented evaluation and the associated
any single system but rather present
statistical analysis has provided important feed^ENT Of
a fusion of information from numerback to assess the utility of the product as a
ous sources.
supplement to ASOS. Integration of informaThe deployment of ASOS impacts
tion from several products generated by the
new Doppler radar at Sterling with lightning
both weatherforecasting procedures
network data is being pursued for the second
and airport operations. The new,
phase of the project. The National Weather
automated observational system proService will determine the viability of this apvides
for the continuous monitoring
proach to generate products to routinely suppleof many important weather phenomment the information provided by ASOS on
either a national or a local basis.
ena. However, the identification, lo-
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cation, and movement of thunderstorms, which are of considerable significance to
aviation activities, will not be reported by ASOS
(McNulty et al. 1990). Supplemental, thunderstormrelated information can be inferred from radar and
lightning detection system data. Hence, a technique
has been developed, evaluated, and refined to indicate the presence of convective activity based on the
analysis of data from conventional radar reports and
lightning detection information.
The preliminary version of the lightning-radar product (Phase One product) was tested, and the evalua2269
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tion indicated that this product correctly identified
thunderstorms in the vicinity of airports. However, the
initial format of the product required considerable
meteorological interpretation by the users and was
technically restrictive. Several changes were introduced, and an enhanced Phase One product was
formally evaluated during the summer of 1993. For
this product, the radar reflectivity data were processed
to allow identification of storm segments, components, and associated centroids. After comparison
with short-range dynamical model forecasts, summary information was included about the location and
movement of convective storms. In addition, lightning
and radar data were analyzed to determine the presence of a thunderstorm at each evaluation site. A
description of the algorithm and the data utilized by it
are included in sections 2 and 3. The format of the
enhanced product is discussed in section 4. Sections
5 and 6 show examples of the product and discuss the
summer 1993 product evaluation. Section 7 contains
evaluator comments. A summary of the results for the
evaluation is included in section 8.

2. Data and developmental activities
In 1990, various efforts to provide access to data
and to procure, install, and interface computer hardware and software were initiated. Activities focused on
theintegration of information from aconventional weather
radar and a lightning detection network. Routine ingest
and processing of base reflectivity (0.5° elevation
angle) datafrom the WeatherSurveillance Radar (WSR)74S at the Patuxent River (NHK), Maryland, Weather
Service Meteorological Observatory was assured in
November 1990. The receipt and real-time ingest of
cloud-to-ground (CG) lightning data were accomplished via access to the lightning detection network
first administered by the State University of New York
at Albany (Orville et al. 1983) and now operated by
GeoMet Data Services, Inc. This capability has been
operational at the NWS office in Sterling, Virginia,
since July 1990. Each flash datum contains a date and
time stamp, location (latitude and longitude), amplitude, polarity, and multiplicity. The advertised accuracy
of the lightning location information is from 2 to 5 km.
The work during 1991 focused on the local development of computer software to store, process, and
format a product based on information supplemental
to the ASOS observation. This involved the transfer,
storage, and processing of radar, lightning, and ASOS
reports as part of an integrated database. Software
was developed to ingest, store, and process the radar
signal for time windows from 5 to 15, 25 to 35, and 45
to 55 min past each hour. Hence, the product was
2270

created three times per hour. Fifteen-minute ingest
windows from 0 to 15, 20 to 35, and 40 to 55 min past
each hour were used to summarize the lightning
observations. The 15-min window for lightning ingest—starting 5 min prior to the corresponding 10-min
window for the radar data—compensated for both the
variability and delay (approximately 3 min) in the
transmission of radar data.

3. Algorithm description
An aviation-oriented, significant weather product
(Phase One product) was developed to summarize
the location and intensity of both radar and lightning
reports within 30 n mi of six selected airports within the
radar's operational umbrella. Figure 1 depicts the
location of each of the six evaluation sites with respect
to the WSR-74S radar at Patuxent River. In particular,
appropriate information from the radar and lightning
data was analyzed at each site for nine sectors—each
octant of the 360° circle and an overhead sector of 5n mi radius. This type of algorithm was selected in part
to be consistent with efforts by the Federal Aviation
Administration to determine the viability of using singlesite data (or network lightning information alone) for
the identification of thunderstorms near airports (Caniff
1993).

FIG. 1. Location of the six evaluation sites [Norfolk, Virginia
(ORF); Baltimore, Maryland (BWI); Richmond, Virginia (RIC);
Wilmington, Delaware (ILG); Washington National Airport (DCA); and
Dulles Airport, Virginia (IAD)] and the Patuxent River, Maryland
(NHK) radar.
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The initial formatforthe so-called
TABLE 1. Adaptable parameters included in the storm series algorithms. Values for the
Phase One product was evaluated ASOS Risk-Reduction (ASOSRR) Project and the WSR-88D are compared.
during December 1992 and was
found to lack the flexibility necesParameter
WSR-88D
ASOSRR
sary to truly integrate the complementary technologies that were
Radar data resolution (displayed)
available (i.e., there was no way to
Range gate resolution
0.54 n mi
1.0 n mi
associate lightning with radar cen1°
Azimuthal resolution
troids, nor was there any viable
method to create clutter suppresStorm segment
sion algorithms). Hence, by the
spring of 1992 the approach for the
Minimum reflectivity threshold
VIP 3
30dBZ
Phase One product was abanDropout reflectivity threshold
VIP 2
25 d B Z
doned.
2
Dropout number
The premise for the enhanced
Phase One product (hereafter reSegment length threshold
2.0 n mi
2.3 n mi
ferred to as "the product") was one
Maximum number of segments
300
of flexibility that allowed for a more
complete integration of all datasets.
Storm centroid
The goal was to identify with a high
2°
Minimum radial adjacency
2°
degree of confidence the radar echoes that were hydrometeorological
2 gates
Minimum range overlap
2 gates
in nature and posed an aviation
20
Maximum number of identified storms
20
hazard. This was to be performed
by algorithms that located radar cenStorm track
troids, allowing for a direct compariMaximum storm movement
60 kt
60 kt
son of CG lightning flashes to radar
echoes. These algorithms made use
Maximum distance threshold
20 n mi
22 n mi
of dynamical model forecast inforMinimum storm movement
5.0 kt
5.8 kt
mation as an indicator of atmoMinimum distance threshold
1.5 n mi
1.8 n mi
spheric stability and storm motion.
1
The software for the determinaStorm direction limit
±45°
±90°
tion of radar centroids closely resembles the storm series algorithms
Meteorological prediction parameters
(NGM guidance)
associated with the Weather Surveillance Radar-1988 Doppler
Minimum K-index threshold
20°C
(WSR-88D) (Alberty et al. 1991;
Minimum lapse-rate threshold (850-500 mb)
23°C
Crum and Alberty 1993). However,
several modifications were required
because the WSR-74S transmits 1 ASOSRR is with respect to NGM guidance, while the WSR-88D is with respect to an
only the data from a single eleva- individual storm.
tion (approximately 0.5°). Pseudocode from the WSR-88D algorithms
(NEXRAD 1985; Federal Meteorological Handbook of adaptable parameters, which are listed in Table 1.
Unlike the WSR-88D, which displays reflectivity
1991) was obtained from the NOAA Forecast Systems Laboratory (FSL) in Boulder, Colorado, and was data in decibels, conventional radar data are available
used as a model for the development of the project's for six specific VIP (video integrator and processor)
(Shreeve 1969) levels. Within the storm segments
algorithms.
The storm series algorithms consist of four main algorithm, the minimum reflectivity required for a storm
modules that process data in series; each routine transfers segment to be identified is a VIP 3 (41-45 dBZ). This
data to the next algorithm in the stream. The initial is a higher setting than the 30-dBZ value currently in
module, storm segments, processes each individual the WSR-88D storm series algorithms and allows for
radial of base reflectivity data by looking for contiguous a more definitive identification of reflectivity centroids
gates of reflectivities greater than or equal to a speci- (i.e., the tendency to track large areas or lines of return
fied threshold. This threshold is part of an entire series is reduced with the higher setting).
Bulletin of the American Meteorological
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The storm segments algorithm transfers radial
segments of reflectivity data to the storm components
module, which determines adjacency among neighboring segments. If segments pass radial adjacency
and range overlap tests, they are identified and labeled as two-dimensional storm components. These
data are forwarded to the centroid analysis routine that
correlates related components and determines a center of mass for each centroid. Centers of mass are
approximated by accounting for the relationship between equivalent reflectivities and VIP levels. As each
VIP increases, the equivalent reflectivity increases
exponentially. Hence, the center of mass approximation is used to determine a weighted average of the
VIP values for each storm component and to produce
a range gate location for the centroid. From this
information, azimuth, range, and maximum reflectivity
values are determined for each centroid. A maximum
of 50 centroids can be identified and tracked per
processing cycle.
Radar centroids, however, can be generated from
both hydrometeorological returns and from anomalous clutter. This leaves the algorithms susceptible to
tracking false return. Hence, a meteorological prediction package is employed.
The meteorological prediction package, part of the
storm-tracking algorithm, is made up of dynamical
model forecast data from the Regional Analysis and
Forecast System (Hoke et al. 1989) developed at the
National Meteorological Center. Input from the Nested
Grid Model (NGM) is composed of hourly predictions
of 850-500-mb temperature lapse rates, the K index
(George 1960), and forecasts of mean steering-level
winds (850-700 mb) for projections of 1 - 2 4 h. Usually,
only projections of 12 h or less are used, except for
situations when NGM forecasts for the current cycle
are missing. These predictions, combined with the
information about diurnal and seasonal convective
trends and the use of real-time lightning data, allow the
algorithm to provide a first guess as to the hydrometeorological validity of radar centroids.
The storm-tracking algorithm attempts to correlate
current centroid positions with past centroid locations
by using two techniques. The first includes an estimate for storm movement based on mean steeringlevel winds from the hourly NGM forecasts. The
algorithm compares current centroid positions with
those from the previous cycle. If the vector from the old
position to the current position falls within 45° of the
mean steering-level winds, then the centroids are
considered to be directionally correlated. This storm
direction limit threshold is an adaptable parameter.
Several speed tests are then performed against minimum and maximum distance thresholds. These values are based on model data and the average of all
2270

centroid movements calculated from the previous
analysis. If the centroid passes these tests, it then
becomes subject to a clutter suppression routine.
Ground clutter or anomalous propagation (AP)
tends to have little movement with high gradients of
reflectivity. (Also, there is little likelihood that CG
lightning will cluster in the vicinity of AP.) Hence, by
applying tests of atmospheric stability (K index and
850-500-mb lapse rates), atmospheric motion (the
centroid must move a distance that corresponds to at
least a fraction of the movement for all observed
storms, or of the dynamical model wind forecast),
diurnal and seasonal tendencies, and the occurrence
of CG lightning, the meteorological prediction package is able to effectively filter out most AP.
If a centroid has been determined to be hydrometeorological in nature, it is compared to CG lightning data and is given an identifying label. Lightning
flashes within 10 n mi of the radar centroid are
considered to be "associated" flashes for each storm.
Hence, relative flash frequency and trend can be
determined for individual centroids. Each storm is
identified and labeled, and up to 20 storms can be
tracked per cycle.
Once a storm has been identified, the centroid
position is compared to the latitude and longitude of
the nearby airports. The evaluation algorithm uses two
methods to determine whether a thunderstorm is
occurring at the airport.
1) The storm centroid is electrically active (containing
at least one associated lightning flash) and moves
to within 10 n mi of the airport, and the associated
lightning is detected within 7.5 n mi of the airport.
These constraints permit the system to be conservative for the identification of thunderstorm activity, requiring all complementary technologies to be
used in the process. Also, this serves as a quality
control measure against incorrectly flagging the
occurrence of a thunderstorm by spurious lightning
data or false radar returns. Based on previous
studies (Reap and Orville 1990; Reap 1993), 10 n
mi appears to be a representative distance within
which thunder is audible to the human observer.
2) A weak or dissipating thunderstorm associated
with stratiform-appearing radar return occurs at an
airport, producing 50% or more coverage within a
5-n mi circle around the airport (the overhead
sector). The reflectivity values must be light (VIP 1
or 2), and at least one CG flash must be recorded
within 7.5 n mi of the airport during the current
sampling window. This allows for the thunderstorm
flag to be triggered without the presence of an
identified storm centroid, thus accounting for weak
or dissipating thunderstorms.
Vol. 75, No. 12, December 1994
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FIG. 2. Example of evaluation products (enhanced Phase One) for
Wilmington, Delaware, 1555 to 1655 UTC 7 September 1993.

Additional routines were added to the thunderstorm
decision algorithm during postevaluation processing.
These modifications will be described in section 7b.

4. Product format
The enhanced Phase One product shown in Fig. 2
was designed to convey a great deal of information
about conditions in the vicinity of an airport. However,
this product was not intended as a replacement for the
thunderstorm "T" found in present-day observations.
The primary objective was to provide potential users
with a spatial view of current weather from a broadbrush perspective down to the storm scale. As a result,
storm speeds, maximum reflectivities, radar intensity
trends, and CG lightning frequency and trends are all
included in the output product. The syntax is a mix of
both meteorological acronyms and plain language text.
The example in Fig. 2 describes conditions around
New Castle County Airport, Wilmington, Delaware
(ILG), from 1555 to 1655 UTC 7 September 1993. The
first line of the format begins with the station identifier,
the time of the observation (actually the end of the
observation window), and a statement indicating that
all data are valid within a 30-n mi radius of the airport.
The second line, entitled AREA SUMMARY, is a plainlanguage description of both radar coverage and
overall lightning frequency.
Radar coverage and lightning frequency terms
follow conventions outlined in National Weather Service Operations manuals (NWS 1988) and the Federal
Meteorological Handbook (1988). Hence, descriptive
terms—occasional (OCNL; less than 1 flash per
minute), frequent (FQT; 1 to 6 flashes per minute), and
continuous (CONT; more than 6 flashes per minute)—
are used. If no lightning is detected, the term NO CG
Bulletin of the American Meteorological
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LTG is indicated in the message. Similarly, if lightning
data are not available from the network, CG LTG
DATA N/A is used, and the system would apply radar
and model data to the previously described algorithms
to determine the approximate location of thunderstorms near airports.
The terminology used to describe radar coverage is
more complex. Because conventional base reflectivity
data usually contain some low-intensity "noise," a
sliding-scale filter is used. If no CG lightning is detected within 50 n mi of an airport, then echo coverage
(of any intensity) within a 30-n mi radius of the airport
must exceed 10% to override the label NO ECHOES
DETECTED. If distant CG lightning is detected (between 30 and 50 n mi), then the filter is reduced to just
3%. This allows for light-intensity echoes to be included in the areal summary. If CG lightning is detected within 30 n mi of an airport, then a minimal 1 %
filter is used. This moving filter also helps to reduce the
persistent reporting of LIGHT ECHOES on days without hydrometeorological returns.
If radar data are not available because of a communication or radar outage, then the message "Warning:
Radar Data Is Not Available" appears. In this case, the
system reverts to using a LIGHTNING ONLY approach. If CG lightning occurs within the 7.5-n mi
radius, then a thunderstorm is indicated at the airport.
For each storm, a bearing (azimuth and range) with
respecttothe airport is provided. An integervalue (VIP
level) is used for maximum reflectivity to describe
storm intensity. This provides more resolution than
descriptive terms such as LGT (VIP 1,2), MDT (VIP
3,4), or HVY (VIP 5,6), which are used in the areal
summary. The trend column uses a plus, minus, or NC
(no change) to display the 20-min intensity trend for
the storm. The next column describes CG lightning
frequency and trends associated with each individual
storm, based on the same thresholds described earlier, but for data within 10 n mi of the centroid of each
storm. The lightning trend is simply an algebraic
difference between current and past frequency values
(associated with the same storm). Use of tendency
identifiers (plus/minus or NC) are identical to those
used in the intensity trend column.
The last column in Fig. 2 describes the individual
storm motion. When motion can be determined, a
direction from which the storm is moving and a speed
in knots are provided. The term NEW is used underthe
direction heading to indicate that the storm has just
been newly identified or that there is no storm history
on which to base a movement. This label also is used
to identify a storm that developed into the flow (giving
a movement apparently opposite the mean flow). The
final line in the product is the flag that denotes the
algorithm-derived indication of a thunderstorm at the
2269
Unauthenticated | Downloaded 01/09/23 08:45 PM UTC

airport. The conditions that trigger this flag were explained in section 3.

5. Examples
a. 7 September 1993
For this case, isolated to widely scattered, pulsetype convection developed over portions of Delaware,
Pennsylvania, and southern New Jersey. Radar and
lightning data illustrating this development are shown
in Fig. 3. The corresponding lightning-radar output
products were presented in Fig. 2.
At 1555 UTC, an isolated cumulonimbus (Cb),
displaying a VIP 3 core, was developing near ILG (Fig.
3a). The cell was producing occasional CG lightning
by 1615 UTC, and maximum reflectivities had increased to VIP 4 (Fig. 3b). The initial storm dissipated
by 1635 UTC as another thunderstorm developed just
east of ILG (Fig. 3c). This storm also produced occasional CG lightning as it moved away from ILG between 1635 and 1655 UTC (Fig. 3d).
The 1555 UTC product (Fig. 2) did not identify any
storms within 30 n mi of ILG, since the Cb had just
developed and did not have a history of being tracked
as a radar centroid. In addition, the cell was not
producing CG lightning at this time. However, the
areal summary was identifying isolated moderate
echoes, which provided a more comprehensive overview of the conditions within 30 n mi of the airport. At
1615 UTC, the algorithm indicated a thunderstorm in
progress at ILG, with the storm located 4 n mi north of
the site. The maximum reflectivity was VIP 4, and
occasional CG lightning was detected. At 1635 UTC,
the algorithm continued to indicate a thunderstorm in
progress, although it identified the new cell east of ILG.
By 1655 UTC, the algorithm did not flag a thunderstorm, but it indicated an intensifying storm 9 n mi eastnortheast of the airport.
Surface aviation observations from ILG (Fig. 4)
revealed a rain shower of unknown intensity to the
northwest and northeast of the airport at 1554 and
1641 UTC, respectively. At 1654 UTC, towering cumulus and dark skies were noted northeast of the
airport. These observations were in agreement with
the radar data, although the human observer apparently was unable to see the CG lightning flashes or
hear the thunder associated with the thunderstorm. It
should be noted that visibilities were restricted to less
than 6 miles in haze earlier in the day but had risen to
7 miles by 1554 UTC. However, the observer was still
reporting hazy conditions in the remarks, and this
obscuration could have prevented the visual detection
of the thunderstorm. Of course, this type of visibility
obscuration had no effect on the algorithm performance.

2270

For purposes of the comparison presented in section 6, this case represented a "false alarm" by the
algorithm (i.e., the algorithm indicated a thunderstorm
in progress when the human observer did not). However, radar and lightning data confirmed the algorithm's
accuracy in depicting the intensity and location of the
storm, information that would have alerted pilots approaching or departing ILG that a thunderstorm was
located very near the airport. This example was typical
of many of the false alarms produced by the algorithm.
b. 17 August 1993
Scattered, locally severe convection developed
over northern Virginia, Maryland, and Delaware during the afternoon of 17 August 1993. Radar and
lightning data for 2115 and 2135 UTC are shown in the
cover figure.
At 2115 UTC, strong thunderstorms were located
northwest of Dulles Airport, Virginia (IAD), near Washington National Airport (DCA), and southwest of ILG
(cover figure, panel a). The storms were electrically
active, with approximately 400 CG flashes detected
within the analysis domain during a 15-min period.
Three spurious CG flashes, not associated with radar
returns, were evident northeast of ILG (cover figure,
panel c). Spurious flashes sometimes arise when CG
lightning frequencies are high, since lightning processing algorithms may be unable to differentiate
returns from multiple flashes. This situation also occurs when a lightning sensor becomes defective. It is
important to realize that these spurious flashes will not
trigger the algorithm thunder flag when they occur
within 7.5 n mi of an evaluation site, since the flashes
are compared to radar echoes.
The output products and surface observations for
2115 UTC are shown in Fig. 5. Observations and
algorithm output were in agreement at DCA and IAD.
At DCA (Fig. 5a), the observer and algorithm output
were indicating a thunderstorm in progress. At IAD
(Fig. 5b), the observer was reporting cumulonimbi in
the north and northeast quadrants, while the product
identified storms from the northwest through east
quadrants. However, there were some discrepancies
between the human observation and output product
for ILG (Fig. 5c). The observer was reporting a thunderstorm in progress with a ceiling of 14 000 ft; the
algorithm identified two cells to the southwest of ILG,
in agreement with the observer's remarks (TB24
SW-W), but it did not indicate a thunderstorm in
progress at the site for the 2115 UTC observation. The
radar data (and algorithm output) showed a highreflectivity core associated with the thunderstorm southwest (approximately 20 n mi) of ILG, with VIP 1 returns
extending to the east near ILG (cover figure, panel a).
It is possible that weak in-cloud discharges were
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FIG. 3. Patuxent River WSR-74S base (0.5°) reflectivity data for 7 September 1993 for the (a) 1555 UTC, (b) 1615 UTC, (c) 1635 UTC,
and (d) 1655 UTC analysis times. Cloud-to-ground lightning flashes for the 15-min period ending at the analysis time are indicated by the
small circles. The larger circle denotes the region within 10 n mi of Wilmington, Delaware.

occurring in the anvil of the cumulonimbus, with the when the observer was not. At ILG (Fig. 5c), the
resultant thunder detected by the observer.
observerwasstillindicatingathunderstorm in progress,
The 2135 UTC output product (Fig. 5a) agreed with in agreement with the algorithm output. The algorithm
the DCA observation, as both were indicating a thunderstorm in progress. The
corresponding IAD data (Fig. 5b) were
also in close agreement, with the observer beginning thunder at 2139 UTC.
However, this case once again represented a false alarm by the algorithm, as
FIG. 4. Surface observations for Wilmington, Delaware, from 1 5 5 4 to 1 6 5 4 U T C 7
it was indicating thunder at 2135 UTC September 1 9 9 3 .
Bulletin of the American Meteorological Society
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FIG. 5. Evaluation products (enhanced Phase One) and
corresponding surface observations at 2115 and 2135 UTC 17
August 1993 for (a) Washington National Airport, Virginia; (b) Dulles
Airport, Virginia; and (c) Wilmington, Delaware.

identified a thunderstorm because one CG flash was
detected within 7.5 n mi of ILG (cover figure, panel b),
and radar echo associated with the anvil (VIP 1) was
not covering more than 50% of the 5 n mi overhead
sector (cover figure, panel d).

manual surface aviation observations in order to determine whether the algorithm could identify manually
observed thunderstorms. It should be noted that, due
to fundamental differences between the two types of
observations, a true comparison is not possible. A
thunderstorm is reported in the conventional human
observation if thunder is heard by the observer or if
overhead lightning or hail is observed when the background noise level might prevent the audible detection
of thunder (Federal Meteorological Handbook 1988).
In contrast, the algorithm method of identifying a thunderstorm at a particular site is based on the integration
of radar, CG lightning, and dynamical model data and
is independent of the audible recognition of thunder.
The product was transmitted three times per hour to
several usergroupsfrom 1 July through 30 September
1993. Surface observations from six evaluation sites
(see Fig. 1) were used as verification for the algorithm
output. The product was also disseminated to meteorologists and flight dispatchers from major airlines
(American, Delta, Northwest, USAir, and United) for
their critique. In addition, NWS Center Weather Service Units (CWSUs) in Leesburg, Virginia; Oberlin,
Ohio; and Ronkonkoma, New York; and the Central
Flow Weather Service Unit in Washington, D.C., had
access to the product. Events from 36 convectively
active days were analyzed. The test dataset encompassed several different modes of convective organization, including mesocyclone-bearing supercells (infrequent), organized squall lines (more frequent), and
short-lived pulse-type convection (most frequent). In
general, this dataset appeared to be typical of a midAtlantic summer convective season.
Evaluation log files were created for each day of
interest. Comparisons were made between manual
reports of a thunderstorm, remarks of a cumulonimbus, and the observance of lightning to the algorithm
output for thunderstorm occurrence at the airport,
storm identification, and CG lightning. (Statistics for
cumulonimbi will not be included in this paper.) An
example of this file for 17 August 1993 (described in
section 5b) is illustrated in Fig. 6. Analysis times are

6. Evaluation
a. Goals and methodology
The primary goal of the enhanced Phase One
product evaluation was to determine whether the
algorithm was successful in detecting thunderstorms.
Hence, we compared output from the algorithm to
2270

FIG. 6. Evaluation file from 1955 to 2255 UTC 17 August 1993.
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FIG. 7. Statistical comparisons [probability of detection (POD),
false alarm ratio (FAR), and critical success index (CSI)] for the
original and modified ASOSRR algorithm for the period from 1 July
through 30 September 1993.

FIG. 8. Frequency of thunderstorms for the original and modified
ASOSRR algorithm associated with manual reports of CG, IC, and
unspecified lightning during the period from 1 July through 30
September 1993. The number of thunderstorms is indicated in
parentheses.

indicated along the left column, with evaluation sites
across the top. The next six columns reveal the
algorithm output for the evaluation sites. The remaining six columns show the associated manually observed elements. Manual reports of lightning types
were logged for the purpose of determining the ratio of
CG lightning to intracloud and intercloud (IC) lightning.
If CG lightning was reported with other lightning types,
it was logged as a CG lightning event. When thunder
was reported by the observer with no report of lightning type, a positive occurrence of lightning (Y) was
logged on the evaluation sheet. In addition, if the
observer reported thunder, it was also assumed that a
cumulonimbus was present.
For statistical analysis, four-cell contingency tables
were created for each day and each type of phenomenon. Probability of detection (POD), false alarm rate
(FAR), and critical success index (CSI) (see Schaefer
1990) were determined for each day and for the
season. Verification statistics were calculated by assuming the manual observations represented ground
truth. As noted before, due to the subjective nature of
manual observations and conditions that limit both the
audible and visual detection of thunder, this assumption is not strictly valid.

thunderstorms that the human observer was unable to
detect. Conversely, observers reported a thunderstorm for 70% of the cases when the algorithm indicated a thunderstorm in progress; the CSI was 45%.
Therefore, the algorithm exhibited considerable skill in
identifying summertime thunderstorms over the central mid-Atlantic region during 1993.
Further inspection of the data indicated that the
observer reported CG lightning in 54% of the 349
thunderstorm events, and 63% (117) of these cases
were correctly identified by the algorithm (Fig. 8).
Similarly, 27% of the thunderstorm events were associated with IC lightning only, and only 47% of these
thunderstorms were detected by the algorithm. Lightning type was not reported in 19% of the thunderstorm
events, and 51 % of these thunderstorms were identified by the algorithm, implying that most "unknown"
lightning types were of the IC variety.
The ability of the algorithm to detect IC lightning
thunderstorms was probably due to the fact that
strong IC discharges can be detected by the lightning
network and that a percentage of the IC lightning
thunderstorms were also producing CG flashes, which
the observer most likely could not see. In fact, nearly
90% of manual reports of IC lightning thunderstorms
were associated with at least one network-detected
CG flash within 30 n mi of the site. In either case, the
statistics imply (not surprisingly) that the algorithm had
greater success identifying thunderstorms that produced CG lightning.
The lightning network statistics (not shown) indicated that at least one CG lightning flash occurred
within 30 n mi of the evaluation site for 84% of the

b. Results
The results of the enhanced Phase One product
evaluation are shown in Fig. 7. These statistics indicate that the algorithm correctly identified 56% of all
manually observed thunderstorms, with a false alarm
rate of 30%. However, as illustrated in section 5, the
majority of the false alarms were associated with
Bulletin of the American Meteorological
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cases when lightning of any kind (including distant
lightning) was reported by the observer. Of course,
the false alarm rate was very high at 69%. Stated
another way, the manual observer reported lightning
in only 31 % of the cases when at least one CG flash
was detected within 30 n mi of the site. The higher
values of FAR for the lightning data alone are likely
due to the fact that the observer is not able to see
distant CG lightning flashes. Visibility restrictions due
to haze are common during the mid-Atlantic summer
season, limiting the ability of the human to observe
this phenomenon. Visual detection of lightning may
also be related to other factors, including flash frequency and/or amplitude (Reap and Orville 1990;
Reap 1993).

7. Feedback
Comments on the performance and format of the
enhanced Phase One product were solicited from the
evaluators. Evaluation forms, which were mailed to
the users at the beginning of the 1993 exercise, were
completed and returned to the development team at
the end of the evaluation. Comments from these
groups proved to be instrumental in evaluating the
accuracy and format of the product.
a. Evaluator comments
Responses from Weather Service Offices indicated that the overall impression of the algorithm
performance was favorable. These reviews repeatedly noted the algorithm's ability to identify thunderstorms that were not visually detected by the human
observer. The ability of the algorithm to effectively
discriminate between thunderstorms and moderate to
strong ground clutter was also noted. However, the
areal summary often included the mention of isolated
weak echoes when no precipitation echoes were
present. This problem appeared to be related to
"noise" in the radar data stream, and corrective action
was taken prior to the end of the evaluation period to
include a filterto minimize this problem. In addition, the
summaries noted that the cell movement appeared to
be erroneous on occasion and that too many cells
were labeled as being new.
The evaluators from the commercial airlines and
CWSUs had access to real-time displays of radar and
CG lightning data. They indicated, not surprisingly,
that these displays were much more useful in the
preparation of their en route forecasts. However, they
acknowledged that the product was useful in determining whether thunderstorm activity was occurring
near a site. One drawback they identified was that the
product contained too much information and became
2270

too long during periods of peak interest (i.e., when
convective activity was widespread). The product
often identified several storms during these episodes,
making it difficult to visualize the overall pattern. Their
primary suggestion was to simplify the product and to
use a format similar to the remarks a human observer
would use when describing thunderstorm location,
movement, and lightning frequency.
b. Postevaluation algorithm modifications
Additional studies of algorithm performance were
initiated after the 1993 summer evaluation was complete. In particular, a program was created that flagged
the occurrence of thunder at an evaluation site based
on lightning data alone. The "lightning-alone" algorithm indicated a thunderstorm in progress if one CG
flash was detected within 7.5 n mi of the site, the same
distance criterion used in the ASOS Risk-Reduction
(ASOSRR) algorithm. This allowed for a comparison
of the ASOSRR algorithm, which used radar and
numerical guidance in conjunction with lightning data,
with an algorithm that used only lightning data for
detecting thunderstorms. Based on the 1993 dataset,
the skill scores (i.e., the CSIs, not shown) for both
algorithms were nearly identical (45%). This indicated
that the ASOSRR algorithm was highly dependent
upon the presence of CG lightning for the flagging of
thunderstorms; hence, efforts were initiated to augment the impact of the radar data.
Subsequently, two modifications were made to the
original ASOSRR algorithm. First, if a radar centroid
had a history of associated CG lightning but had no CG
lightning associated with it for the current analysis
period, then the thunder flag was triggered if the
centroid tracked to within 10 n mi of the evaluation site.
This modification was an attempt to capture a greater
number of weak or dissipating thunderstorms producing IC discharges after CG lightning production had
ceased.
The second modification was introduced due to a
bias in the algorithm performance, which was noted
after the summer 1993 evaluation. The result indicated that the algorithm frequently ended a thunderstorm at an evaluation site before the human observer
did, therefore lowering the algorithm's thunderstorm
POD. Current manual observation techniques do not
allow the human observer to end thunder until 15 min
after the last rumble of thunder is heard or the last
overhead lightning is seen. The unmodified version of
the ASOSRR algorithm did not account for this lag
period, and the second modification was an attempt to
address this discrepancy. Therefore, the modified
algorithm would "lag" thunder by one 20-min period if
thunder had been flagged on the previous analysis.
This modification was necessary due to regulations
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governing current manual observation techniques;
whether these same regulations are continued during
the ASOS era remains to be determined.
Statistical results from the modified ASOSRR algorithm are illustrated in Fig. 7. The POD for all thunderstorms was 75%, an increase of 19% over the unmodified ASOSRR algorithm. There was also an increase
in the FAR from 30% to 41 %; the overall CSI rose from
45% to 50%. Therefore, the modifications substantially improved algorithm performance, although approximately 25% of the manually observed thunderstorms were not detected. Indeed, the 1993 dataset
revealed cases where thunderstorms reported by the
observer were not accompanied by network-detected
CG lightning flashes. Of course, these storms were
generally weak, short-lived, IC lightning producers. As
the detection capability of IC and CG lightning systems improves, so will the ability of the ASOSRR
algorithm to detect weak, short-lived thunderstorms.
Also, the inclusion of base data products from the
higher-resolution WSR-88D, as discussed in section
8, is likely to improve algorithm performance.
Closer inspection of the statistics (Fig. 8) showed
that 77% (144) of CG thunderstorms were identified by
the modified algorithm, an increase of 14% over the
unmodified algorithm. However, the greatest increases
were for IC and unspecified lightning type thunderstorms, with values of 71% and 76%, respectively.
The average percentage increase for these two categories of thunderstorms was nearly 25%, clearly
illustrating the effectiveness of algorithm modifications.
c. Potential output formats
The current goal of the NWS project is to optimize
the use of remote sensing information to develop a
"stand-alone" product, which can be issued to complement ASOS observations. However, evaluator comments from the private sector (and some in government) indicated that thunderstorm information would
be most valuable if it were actually appended to a
surface observation. This would result in a message
similar to the conventional observation, with the added
precision of the combined technologies to indicate
thunderstorm location and CG lightning frequencies.
The parameters that could be included are the bearing
and range of the centroid, the CG flash frequency
associated with the centroid, and the direction of
movement. Based on this approach, the output product shown in Fig. 2 at 1655 UTC would appear as
"TSTM 9 E MOVG E OCNL CG LTG."
These types of remarks would allow information to
be conveyed to the user in a compressed format.
Storms close to the airport (such as 7.5 n mi or less)
could be considered "at the airport" or "overhead"
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(e.g., TSTM OVHD MOVG SE OCNL CG LTG). Storms
farther from the airport (i.e., 7.5 to 20 n mi) could be
grouped in quadrants (e.g., TSTMS SW-N MOVG SE
FREQ CG LTG). Storms 20-30 n mi from the airport
would be treated as "distant" thunderstorms with a
direction (e.g., DSTNT TSTMS NW-E).
Of course, with the ever-expanding availability of
advanced computer and communications systems
both internal and external to the National Weather
Service, the potential exists for the creation and
dissemination of a wide variety of user-friendly graphical products. The integration of data from other remote sensors, such as the next generation of weather
satellites and newly deployed wind profiler networks,
to create a variety of complementary "total" observational products will also be pursued.

8. Summary
Techniques have been developed and tested to
identify aviation-oriented hazardous weather based
on data from conventional radar reports, a national
lightning detection network, and collateral observations from ASOS. This innovative approach was extremely successful in the identification and tracking of
convective storms. Furthermore, the technique was
able to distinguish weather phenomena from spurious
features produced by ground clutter, anomalous propagation, and/or erroneous reports of lightning. Indications of convective activity produced by the automated
procedure correlated well with reports of thunderstorms provided by human observations.
Recently, efforts were initiated to replace WSR74S data with data from the WSR-88D. The suite of
hardware and software components required to ingest
and process data from the new radar has been procured and installed. It is expected that several WSR88D products will be integrated with lightning and
dynamical model data to develop a Doppler radar/
lightning product, which will be evaluated during the
1995 convective season.
A variety of other activities to provide for the more
advanced integration of the radar and lightning data
also will be pursued, possibly including the addition of
information from other remote sensors and the production and dissemination of graphical products. Interaction and liaison with potential user groups such
as the Federal Aviation Administration and aircraft
pilots will continue to be a fundamental aspect of the
project. In addition, the National Weather Service will
continue to evaluate the alternatives for the production
of modernized observational products of this genre on
a national, regional, or local basis.
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