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ABSTRACT

HOIUM, DEBRA KAY. The Severe Weather Warning Process using the WSR-88D at
the Raleigh Weather Forecast Office. (Under the direction of Allen J. Riordan.)

For over a century, meteorologists have been attempting to improve severe
thunderstorm and tornado forecasts. In recent years, the Doppler radar was developed in
an attempt to increase severe weather warning timeliness and accuracy. This research is
a preliminary analysis of the severe weather warning process using the WSR-88D at the
Raleigh Weather Forecast Office (RDU WFO).

A schematic representation of the warning process was developed based on 68
thoroughly documented warnings during 1995. A flow-chart has been developed to
describe the decision making process. Most warnings have an initiator followed by a
trigger. The initiator causes the radar operator to consider the issuance of a warning and
marks a period of intensive cell investigation. A final event, termed the trigger, leads to
the decision to issue the warning. The trigger for severe thunderstorm warnings is most
frequently a reflectivity based Doppler radar product while for tornado warnings Doppler
velocity products are most commonly utilized. Ground truth reports are still important in
the Doppler radar era especially for the decisions not to issue warnings and quick
decisions to issue warnings, called immediate trigger warnings. After the waming is
issued, 85 percent of the warned counties are called leading to the verification of 38
percent of the warnings during the severe weather episode. Seventy percent of these

severe weather reports are accurate if Storm Data is used as the ground truth.




The probability of detection (POD) at the RDU WFO has statistically significantly
improved since operational use of the WSR-88D began in March of 1994. However, as
of November 1995 both the false alarm rate (FAR) and critical success index (CSI) have
gotten worse with the use of the Doppler radar. It has further been found that the FAR
has increased from 1994 to 1995. The hypothesis for such increases in the FAR is that
there is a tendency to over warn until the forecaster gains operational experience on the
WSR-88D. More forecasters were having their first operational experiences with the
Doppler radar during 1995 than 1994. Placing the warnings in categories revealed that
the POD is higher during periods with severe thunderstorm or tornado watches as well as
for severe weather episodes with more than four warnings. Finally, the population
density and per capita income do not have a statistically significant impact on either the

verification rate or the number of warnings issued.
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1. INTRODUCTION

“In a typical year, the United States can expect a staggering assault by the
elements: some 10,000 violent thunderstorms, 500 floods, 1000 tornadoes, and several
hurricanes” (Friday, 1994). Clearly, this situation emphasizes the importance of timely
and accurate severe weather warnings to protect the American public. However, the first

weather warnings were issued only a century and a half ago.

1.1 The First Severe Weather Warnings

Professor Joseph Henry, secretary of the Smithsonian Institution, devised the first
weather warning system in the United States in 1849 using a telegraph network and 150
volunteers (Hughes, 1970). His system grew to include over 500 stations by 1860, but
the Civil War caused reductions thereafter (Whitnah, 1961).

The modern severe thunderstorm and tornado watch procedures were developed
with the advent of the National Severe Storms Forecast Center (NSSFC) in 1953 (The
Tornado Project, 1994). Possibly as a result, 1953 was the last year that a single tornado
killed over 100 people (The Tornado Project, 1994). Severe weather warnings were
developed soon after the first watches. While both watch and warning procedures have
been refined, the basic system is still used today and will be presented in the following

section.

1.2 Verification Techniques
From the earliest forecasts, meteorologists have been interested in assessing their

performance. John P. Finley devised the first verification scheme for his tornado




predictions in the 1880°s (Flueck, 1987). Finley expressed a view which is still
considered valid today, “...it requires as much, and often more, study to say that no
tornadoes will‘occur as to make the prediction that conditions are favorable for their
development” (Galway, 1985 quoting Finley, 1884). To incorporate accurate forecasts
for non-tornadic events, Finley considered a verified forecast as any correctly identified
tornado or no tornado period (Flueck, 1987). Using this method, Finley’s verification
scores ranged from 96 to 99 percent (Flueck, 1987). However, if Finley had never
predicted a tornado, his verification rate would have been 98 percent (Flueck, 1987).
Clearly, there was a problem with Finley’s verification scheme and the debate for the
proper method of analyzing forecast skill and accuracy continues today.

Current severe weather waming and verification procedures are defined by the
National Severe Storms Forecast Center (NSSFC), now called the Storm Prediction
Center (SPC), in Kansas City, MO (Crowther and Halmstad, 1994) and will be used in
this report. The NSSFC’s definition of a “severe local storm event” is any tornado or
wind gust in excess of 50 knots or thunderstorm wind damage or hail with a diameter 3/4
inch or greater (Grenier and Halmstad, 1986). Multiple reports of severe local storm
events that occur within the same county are recorded as one event if the reports are
within ten square miles and fifteen minutes of each other (Crowther and Halmstad,
1995). As an exception to this rule, the following cases are always treated as individual
severe local storm events:

1) all distinct tornadoes

2) wind gusts in excess of 65 knots and hail with a diameter greater than two inches, and




3) all events with reported fatalities, injuries, or more than half a million dollars worth of
damage (Crowther and Halmstad, 1995).

In this report, severe local storm events will be referred to as severe weather events or
simply events.

Severe thunderstorm and tornado watches are issued by the NSSFC for areas
where severe local storm events are forecast to occur (Crowther and Halmstad, 1993).
These watches usually include areas of roughly 50,000 square kilometers and are
typically valid for up to six hours.

In contrast, the local Weather Forecast Offices (WFO) of the National Weather
Service (NWS) issue warnings to “alert the public to an imminent or existing severe
thunderstorm or tornado” (Crowther and Halmstad, 1995). Severe thunderstorm and
tornado warnings are issued for all or part of a county and are generally valid for less
than one hour. Each WFO issues warning to their defined area of responsibility.
Appendix 7.1 shows the Raleigh Warning Area (RWA).

The local WFO then uses phone calls, ham radio reports, damage surveys and
newspaper articles to compile a list of all events in their region. The reports of all
WFQ’s are compiled in Storm Data: A Composite of Outstanding Storms which then
becomes the official verification source. This research uses the July and August, 1994
editions of Storm Data as well as press-ready versions of the North Carolina entries for
June of 1994 and all of 1995 (Lemons, 1995).

A warning verifies if there is a report in Storm Data of an event within the warned

county and during the valid warning period (Crowther and Halmstad, 1995). Any severe




local storm event verifies either a severe thunderstorm or a tornado warning (Crowther
and Halmstad, 1995). This is clearly a generous verification procedure since for
successful warnings, the type of warning and type of severe event do not have to match.
For example, a wind gust in excess of 50 knots verifies a tornado warning. Since
warnings are issued by county, verification is also done by county. This means that if a
warning is issued for two counties, each warned county is treated individually for
verification purposes (Crowther and Halmstad, 1995).

The verification results are then used to compute the verification statistics. Three
of the most common verification statistics used today are the probability of detection
(POD), the false alarm rate (FAR) and the critical success index (CSI). First, there are

four basic variables involved in verification statistics as shown in Table 1.1.

Table 1.1. Contingency table showing variables involved in verification statistics
(Schaefer, 1990).

FORECASTS
Yes No
EVENTS | Yes X Y
No Z W

The number of correct forecasts for severe local storm events and non-severe local storm
events are X and W respectively, while the total number of unverified positive and
negative forecasts are Z and Y. While researchers agree that W should not be ignored,
there is not a standard way to deal with the infinite number of correct decisions not to

wamn a county. In the remainder of this report, “misses” will be defined as Y and




“episodes” will refer to the time periods when warnings are issued with a maximum of
three hours between warnings. Notice also that the number of events 1s X + Y.

Now the verification statistics can be defined. The probability of detection is
defined as:

X
X+Y

POD =

(Schaefer, 1990)

and is simply the percentage of events for which a warning has been issued (Schaefer,
1990). A perfect POD is 1.00. The false alarm rate is a measure of the failure to exclude
non-severe events and is defined as:

FAR = _Z_ (Schaefer, 1990)
X+Z

and should be minimized. Both the POD and FAR are easy to understand statistics, but
they do not account for all available information (Flueck, 1987). The POD would be
very high if warnings were issued everyday. The FAR would be very low if warnings
were not issued for marginal cases.

A statistic that includes X, Y, and Z is the critical success index:

CSI = X (Schaefer, 1990).
X+Y+Z

The CSI combines information from both the POD and FAR as shown in the following

representation:

1 1
+ —
POD 1-FAR

-1
CSI = [ 1:] (Grenier & Halmstad, 1988).




Like the POD, a perfect CSI is 1.00. There are still several problems with the CSI,
however. It does not account for correct negative forecasts, ‘W’ from the previous table
(Flueck, 1987). Also, it is biased toward areas with many events (Schaefer, 1990).

A problem with using verification statistics as the only indicator of performance
is that the WFO’s often rely on non-meteorological factors to improve their scores (Hales
and Kelly, 1985). The forecaster is tempted to focus on the probability of obtaining
verification when deciding whether to issue a warnings to a given county (Hales and
Kelly, 1985). For example, national data from 1979 to 1983 showed significantly more
warnings were being issued for highly populated counties (Hales and Kelly, 1985).

A second approach toward improvement is implementing a more aggressive
search for ground truth reports to verify warnings (Hales and Kelly, 1985). In 1983, the
Oklahoma City (OKC) WFO began an extensive post storm survey report and Table 1.2

shows the effects it had on their verification statistics (Hales, 1988).

Table 1.2. Verification Statistics for the OKC WFO illustrating the effects of increased
efforts at gaining ground truth reports in 1983 (Hales, 1988).

Year Events Counties POD FAR Csli
Reported Wamed

1982 258 563 0.508 0.801 0.167

1983 499 551 0.729 0.508 0.416

1984 509 568 0.786 0.423 0.499

1985 558 543 0.774 0.346 0.549

1986 902 763 0.822 0.287 0.617

The number of events reported increased four fold and the FAR decreased from .801 to
.287 in the four year test period. The problem with this method of improving verification
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statistics is that there is not enough time or personnel to compile a flawless list of severe
~ weather events. Hales and Kelly (1985) conclude by pointing out that the emphasis
perhaps should be placed on the rationale for issuing warnings rather than obtaining
verification.
In the public’s perception a warning quite likely is justified if they
experience intense lightning, heavy rainfall or even wind driven small
hail. . . There is certainly a question at the present time whether the
public’s and the forecaster’s best interests are being served as the
[verification] program is now structured (Hale and Kelly, 1985).

With some of these limitations in mind, this thesis will analyze verification statistics for

the Raleigh (RDU) WFO as well as the rationale and process of issuing warnings.

1.3 Preliminary Analysis of Doppler Radar Capabilities

An external method of improving verification statistics is through technological
advances. The Doppler radar was developed in hopes of providing forecasters with
improved warning capabilities. The first field experiment to test the operational use of
the Doppler radar, the Joint Doppler Operational Project (JDOP), was conducted from
1976-78. This project was a combined effort of the National Severe Storms Laboratory
(NSSL), the National Weather Service (NWS), the Air Weather Service, the Air Force
Geophysical Laboratory and the Federal Aviation Administration (Burgess and Devore
1979).

According to the Final Report on JDOP: 1976-1978, operational tests showed the
“marked improvement Doppler radar offers for early accurate identification of

thunderstorm hazards, especially tornadoes and squall lines”. The report goes on to




conclude that key advantages of the Doppler radar are: a reduced FAR, an enhanced
POD and a decreased dependence on the “often erroneous” ground truth reports (Staff of
JDOP, 1979).

These conclusions were based on a comparison between the verification statistics
for warnings issued by the OKC WFO and advisories issued by the JDOP forecasters.
The advisories were based solely on the Doppler radar with no public reports available to
the forecaster. The warnings issued by the OKC WFO were based on ground truth
reports, the WSR-57, and the Doppler advisories issued by the JDOP staff (Burgess &
Devore 1979). Verification information was collected through records of telephone calls
and newspaper clippings as is normally done. However, there was also an extremely in-
depth quest for ground truth using numerous follow-up calls, the NSSL mesonetwork and
the hail reporting network (Staff of JDOP, 1979). According to the Final Report on
JDOP, “Participants believe that the 1977 and 1978 data make up probably the most
complete veriﬁcatién list ever documented for severe storms” (Staff of JDOP, 1979).
This enhanced reporting network increased the number of documented severe
thunderstorms and tornadoes which would generally boost the verification statistics.
Table 1.3 shows the breakdown of the number of warnings and advisories issued during
the JDOP and the corresponding verification statistics. The Doppler advisories
consistently improved the FAR and CSI. The last category, 1978 tornadoes, is the only
circumstance where the POD dropped for the Doppler advisories. This can be explained

by the extremely high FAR and greater number of warnings issued by the OKC NWSO.




Table 1.3. JDOP Verification Statistics (Staff of JDOP, 1979)
1977 SEVERE STORMS & TORNADOES

OKC NWSO Doppler Advisories

Number 115 23
POD 0.58 0.75
FAR 0.54 0.22
csl 0.34 0.62
1978 SEVERE STORMS

OKC NWSO Doppler Advisories
Number 70 56
POD 0.47 0.7
FAR 0.4 0.16
csl 0.36 0.62

1978 TORNADOES

OKC NWSO Doppler Advisories
Number 42 7
POD 0.75 0.56
FAR 0.79 0.38
csi 0.2 0.42

Lastly, JDOP considered the justification for warnings. The forecasters at the
OKC WFO were asked to provide reasons for issuing warnings. The results were
tabulated giving equal weight to each response listed. Table 1.4 is taken from the Final
report on JDOP and shows the relative frequencies of each justification. Note that all
radar justifications are based on the WSR-57 except for the category “Doppler Radar”
which came directly form a JDOP advisory. The OKC WFO did not have direct access to

Doppler data (Staff of JDOP, 1979).




Table 1.4. Justification for issuing warnings during JDOP (Staff of JDOP, 1979)

Severe Thunderstorm Wamings

Reason Issued Verified
1. Radar Reflectivities 43 20
2. Radar Tops 24 14
3. Reflectivity & Tops 38 19
4. Public Reports 19 11
5. Doppler Radar 16 10
Tomado Wamings
Reason issued Verified
1. Public Reports 37 17
2. Radar (hook echo) 27 5
3. Doppler Radar 23 10

The success of JDOP prompted a decade of development and production
considerations resulting in the Weather Surveillance Radar-1988 Doppler (WSR-88D)
(Alberty and Crum, 1991). The first operational WSR-88D was in Norman, OK in March
of 1991 (Polger et. al. 1994). In 1991 and 1992, an operational analysis was done using
six stations equipped with the WSR-88D resulting in “dramatic, consistent, and
unprecedented improvements in the accuracies of warning service and lead time”

(Friday, 1994).

1.4 The Modern National Weather Service Office

Installing the WSR-88D at 136 WFO’s is a key component of the NWS’s program
called the modernization and associated restructuring (MAR) aimed at improving severe
weather warning accuracy and timeliness (Polger et. al, 1994 and Klazura and Imy,
1993). Unfortunately, the MAR has yielded less significant enhancement of mesoscale
forecast performance than anticipated (Friday, 1994).
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It may juét take some time for dramatic improvements in forecast capability. The
WSR-88D is a complex radar and requires both training and experience to master
(Friday, 1994). The forecaster must be able to “manage effectively the ‘avalanche’ of
data” because of the “myriad number of options” available on the WSR-88D (Lemon et.

al., 1992). Figure 1.1 illustrates the complexity of the warning process using the WSR-

88D.
Choose 20 of the > Look at a few
hundreds of available from this list
products
Evaluate and Augment this info with
correctly interpret Y | . iditional products
(one time requests)

Make a

Decision!

Figure 1.1. The warning process using the WSR-88D (Lemon et. al., 1992).

1.5 Raleigh WFO and NCSU Collaboration
Another part of the MAR of the NWS is an emphasis on bringing the operational
and research communities together. The NWS had established eleven collaborative

relationships between forecast offices and universities (Auciello & Lavoie, 1993).
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The broad goal of collaborative research activities between National
Weather Service (NWS) operational offices and universities is to advance
the understanding of meteorological and hydrological phenomena and to
use this understanding to enhance weather warnings, forecasts, and other
weather services to the nation (Auciello & Lavoie, 1993).

It should first be pointed out that the atmospheric science program from North
Carolina State University (NCSU) and the RDU WFO have been involved in
collaborative research for several years. There have been 11 collaborative publications
since 1992 on topics ranging from winter precipitation types to severe weather outbreaks.
In addition, a number of forecasting techniques have been developed through the
collaboration including: predicting water levels in the sounds of North Carolina, using
sea surface temperatures to forecast the deepening rates of coastal storms, and predicting
violent tornado outbreaks in the southeastern United States using a severe weather
paradigm.

On a more operational level, NCSU faculty and students have formed the Severe
Weather Action Team (SWAT) which has worked under the direction of the WFO during
fifty severe weather events over the past three years. The purpose of the SWAT has been
both to document and facilitate in the severe weather warning process. As a result, both
researchers and forecasters are obtaining a model of how the warning process unfolds in
real time. While the benefits of this program cannot be objectively measured, it has both
provided suppoft for the forecasters and given researchers insight into the warming

process. Also, the experiences of the SWAT have channeled researchers toward practical

forecast problems and initiated data collection for future research.
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In order to understand how the SWAT operates, the chain of command for the
RDU WFO must first be presented. Two of the key staff positions during severe weather
operations are the storm coordinator and the radar operator. The storm coordinator has
the ultimate warning responsibility. However, the radar operator generally recommends
that a warning should be issued and the storm coordinator normally concurs. During
collaborative events, members of the SWAT work under the direction of the storm
coordinator. Three of the tasks performed by the SWAT members are: performing
mesoscale analyses, initiating phone calls requesting ground truth and documenting the
severe weather warning process from the perspective of the radar operator. Prior to the
WSR-88D, the primary role of the SWAT was operational support. However, currently
the team provides both assistance to the forecaster as well as documentation of the
warning process. It is this documentation done by the SWAT since the RDU WFO began

operational use of the WSR-88D in March of 1994 that has made this research possible.

1.6 Research Objectives

Thousands of severe weather warnings are issued in the United States each year,
over a hundred of which originate from the RDU WFO. Each of these warnings is
surrounded by a unique set of circumstances influenced by the meteorological
characteristics, the accuracy and timeliness of ground truth reports, and the forecasters on
vduty. Each forecaster often only works during a few severe weather episodes each year

and is unaware of how the warning process unfolds when he or she was not working.
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Therefore, the objective of this research is to analyze how warnings are issued at the
RDU WFO.
In order to attain this objective, the research has been divided into three phases.

1) Chapter two covers the data organization phase. First, details on the data sets utilized
in this research will be provided. Then two case studies of severe weather episodes will
be given to illustrate how the warning process unfolds in real time. These case studies
will also serve as examples of the documentation done by the SWAT.

2) Then chapter three will then move to a more general view of severe weather
operations through a schematic representation of the warning process.

3) Finally, a thorough discussion of the verification statistics is given in chapter four.

14




2. DATA ORGANIZATION

The data for this study come from four sources: the Warning Logs, Action Logs,
SWAT reports, and Storm Data. The Warning Log is the WFO’s listing of all warnings
issued during an episode including the counties warned, the type of warning issued, and
the time it was issued and expired. For this research, only severe thunderstorm (SVR)
and tormado (TOR) warnings will be considered. The Action Log is the NWS’s hand
written record of the initiated and received phone calls in conjunction with the episode.
The SWAT reports (SWATR) are the documented timelines of the activity during severe
weather episodes from the perspective of the WSR-88D operator. Finally, Storm Data is
used to verify warnings as discussed in the first chapter. The spreadsheet organization
used in this research is provided in Appendix 7.2 and some excerpts from the
spreadsheets are given in Appendix 7.3. This chapter first describes the data set for each
phase of the analysis and then provides two case studies as real time illustrations of the

warning process and examples of the SWATR.

2.1 The Data Set for Each Phase of the Analysis

There are two data sets in this research based on the information available: the
Process Data Set (PDS) and Statistical Data Set (SDS).

The SWATR are the primary data source for the analysis of the warning process
which includes information on the rationale behind issuing warnings. The SWATR
contain detailed documentation of the sequence of events during the severe weather

episode. However, when the WSR-88D was first used at the RDU WFO, the SWAT
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recorders were not familiar with the products available on the new radar, and therefore
the documentation was less complete. In light of this problem, the data set for the
process section of this research has been limited to the 1995 SWATR, the second severe
weather season with the WSR-88D.

Additional inconsistencies in the SWATR caused the process data set to be
reduced further. Each SWAT recorder focused on different elements of the warning
process. Also, some radar operators verbalized their thought process simplifying the
documentation procedure, while it was more difficult to capture the decision making
process for other operators. Finally, the SWAT recorder had a difficult time keeping up
with the documentation during very active episodes. Therefore, the warnings logged in
the 1995 SWATR had to be screened and only the thoroughly documented warnings have
been included in the PDS. Also because the PDS will be used for the analysis of the
warning process, multiple warnings issued to neighboring counties are treated as
individual warning entries. The resulting PDS includes a total of 18 episodes
encompassing 48 severe thunderstorm and 20 tornado warnings. This is over 90 percent
of the 1995 warnings with SWATR and 33 percent of the total warnings issued by the
RDU WFO in 1995. Figure 2.1 shows the severe weather episodes included in the PDS. -
Each asterisks represents a warning in the PDS while the lines indicate additional
warnings that were not included in the PDS. Notice that the PDS includes several
episodes with numerous warnings as well as six cases where less than four warnings were

issued.
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Dates

3/08/95
5/01/95
5/10/95
5/13/95
5/15/95
5/17/95
5/19/95 AM
5/19/95 PM
5/26/95
6/09/95
6/11/95
6/12/95
6/16/95
7/21/95
10/05/95 AM
10/05/95 PM
10/27/95
11/11/95

Figure 2.1. Pictorial representation of the PDS. The warnings in the PDS are indicated
by the asterisks while the lines represent additional warnings during the severe weather

episode.

For the analysis that does not require SWATR, the Statistical Data Set (SDS) was
introduced. This data set includes information from the Warning Log, Action Log, and
Storm Data and was useful in analyzing the verification statistics and importance of
ground truth reports.
warnings issued by the RDU WFO during the severe weather season after the WSR-88D
was operational. This includes episodes from June through August of 1994 and from

May through August of 1995. A total of 327 severe thunderstorm warnings and 24

The Events in the Process Data Set (PDS)

Time (local--EST or EDT as applicable)
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tornado warnings are in the SDS.
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2.2 Case Studies

In order to illustrate the type of information available in the PDS as well as give
the reader an idea of how the warning process progresses in real time, two case studies
have been included. The bracketed information in the cases relates to the warning
process which will be presented in chapter three. The reader is encouraged to read
through the cases first to get an overall idea of the activity at the WSR-88D Principal
User Processor (PUP) during a severe weather episode. Then he or she should refer back
to the cases while reading chapter three to see how these specific examples fit into the
general model of the warning process.

The detailed summaries of the environment leading to the episodes come directly
from the SWATR. The radar images have been included to show a few of the WSR-88D
products utilized and to give the reader a better concept of the warning process from the
perspective of the WSR-88D operator.

The first case is taken from October 5, 1995 and will illustrate the progression of
events during a slow paced case where a cell develops, crosses through two counties and
then dissipates. At 0900 UTC, a severe thunderstorm watch was issued for much of
southern North Carolina. On the synoptic scale, there is warm moist air over North
Carolina associated with the remnants of Hurricane Opal as shown on the surface
analysis given in Figure 2.2. Notice the cyclone center is over eastern Tennessee and is
tracking northward. Also, the surface dew points are in the mid 70°s° F across much of

the region. A warm front has moved northwest during the night placing the RWA in
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tropical air. The 1200 UTC (7:00 AM EST) Greensboro sounding given in Figure 2.3 is
nearly moist adiabatic but there is strong veering of the winds with height in the lowest
levels of the atmosphere. Thus, the helicity is high in the lowest layers. Based on a

surface parcel of T =25°C and T4 = 24°C, the lifted index is -3 and the CAPE is 933 J/kg.

. ,"/-‘f‘zgf7 i u.r;:ow/ >N
IR 1
A 525 e sien 25/
S
o

3

Figure 2.2. Surface Analysis for 1200 UTC 05 Oct. 1995 (Daily Weather Maps).
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Figure 2.3. 1200 UTC 05 Oct. 1995 skew T-log p plot of Greensboro, NC (GSO). The
dashed line is the dew point, the thin solid line is the temperature and the bold line

represents the parcels path.

At about 07:00 AM EST, thunderstorms with tornadic potential are moving into
the RWA from the south. Figure 2.4 shows the locations mentioned in the text. The
times are given in EST. Tornado warnings are issued for Anson and Cumberland

Counties prior to the SWATR segment that will now be presented.
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Figure 2.4. Location map for the 05 Oct. 1995 case.

08:29

08:36

The radar operator is looking at the relative velocity over central Chatham
County. The gate-to-gate shear is 26 knots at 7,700 ft. [Initiator]

The shear is now 25 knots for the above cell. The four panel relative velocity and
reflectivity products for 1230 UTC have been included as Figs. 2.5 and 2.6. The
radar operators attention is focused on cell A in central Chatham County which is
labeled at the 1.5 degree elevation angle in figures 2.5 and 2.6. Notice that the
rélative velocity for cell A indicates 35 knots of gate-to-gate shear at mid levels.
The shear in Chatham County is well defined at both the 0.5 and 1.5 degree
elevation angles. [Trigger] The radar is located to the southeast of each velocity

panel as shown in Appendix 7.1. Figure 2.6 shows a reflectivity maximum
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08:37

08:40

08:42

08:45

08:47

08:48

08:50

08:51

08:52

08:53

08:54

08:55

of 50 to 55 dBZ in cell A. Based on the increased shear values, the decision is
made to issue a warning.

The tornado warning is issued for Chatham County.

The radar operator is looking at the base reflectivity. There is a weak pendant on
the south side of the cell in north-central Chatham County. A call is initiated to
Chatham County. They report trees down. [Initiator]

A report is received of a possible tornado near Pittsboro in Chatham County.

The Blacksburg, VA NWS Office calls regarding the conditions in the RWA.

The relative velocity magnified four times shows 19 knots of shear in the
Chatham County cell which is now entering Orange County.

The radar operator is continuing to monitor the relative velocity at four-times-
magnification. The gate-to-gate shear is now up to 25 knots in the above cell.
[Trigger]

The radar operator recommends that a wamning be issued for Orange County
based on the shear values and the reports verifying the Chatham County warning.
The Orange County tornado warning is issued.

The cell has a reflectivity structure suggestive of a supercell.

The cell is now positioned in southwest Orange County and still shows good
organization on the four panel reflectivity.

The relative velocity shows 19 knots of shear. A call is initiated to Orange
County.

There is now 21 knots of gate-to-gate shear in the above cell.
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08:58 Tt is noted that cells are moving very rapidly. Chatham County is now clear and
the warning is being pulled off of the weather radio tape. The relative velocity
for 1254 UTC scan reveals 19 knots of shear.

09:11 The radar operator is looking at the relative velocity for the entire warning area
and notes that the only organized shear is in Orange County.

09:15 The shear in Orange County extends to 10,000 feet.

09:20 The relative velocity on the 13:17 UTC scan shbws that the cell in Orange County

seems to becoming less organized.

The second case is taken from June 16, 1995 and illustrates a much more active
severe weather episode with four warnings issued for three different cells in less than
thirty minutes. For the previous five days, severe weather had developed in unstable air
ahead of an approaching cold front. So far, however, the convection has produced only
marginal severe weather with mostly scattered wind damage and some dime-size hail.
The surface analysis given in Fig. 2.7 shows the position of a surface cold front at 2000
UTC (16:00 EDT) for this case. Ahead of the front there has been some clearing and
destabilization. Also notice the abundant moisture with dew points in the 70’s over

much of the eastern Carolinas--in the eastern part of the RWA.
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Figure 2.7. Surface analysis for 2000 UTC 12 Jun. 1995

Figure 2.8 shows the 1200 UTC sounding for Moorehead City, NC. This
sounding was selected because it was ahead of the rain cooled air and was the last
sounding available to the operational forecaster. Even without surface modification, the

CAPE is 2478 m?s® which is supportive of strong convection. However, the storm
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relative helicity is only 24 m?/s>, a value not supportive of supercells. Thus, pulse-type

convection with possible hail and straight line wind damage are anticipated.

SHEAT...2508
CAP..... 0.3

CURSOR DATA
185@nb
-999m  -999°
9=319 Is= 26F|20
w= 83.4
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RAOB DATA

|
I

Td..o. 21239
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Hind. .208/08
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58

RIGHT BUTTON - -
B0k HEND LEFT-EDIT LEVEL RIGHT-RE-DRAW CHART

Figure 2.8. 1200 UTC 12 Jun. 1995 skew T-log p plot of Moorehead City, NC (MHX).

Now the SWATR for the first four warnings will be presented with times given in
EDT. Figure 2.9 is the location map for this example. In order to keep track of all the
severe and potentially severe cells, several convective lines and cells are labeled in Fig.
2.11. The labeling convention will be used throughout this excerpt from the SWATR.
However, the reader is cautioned to keep in mind that the linés and cells are evolving
during the episode and the changing locations of the cells will be noted in the excerpt.

Finally, Fig. 2.10 is a flow chart of the warnings issued during the excerpt.
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Figure 2.9. Location map for 12 Jun. 1995 case.

Stanly County: 16:48

T

Vance County: 16:52

Y

Hoke County: 17:08

Harnett County: 17:23

Figure 2.10. Flow chart of the wamings issued during the 12 Jun. 1995 case. All
warnings are severe thunderstorm warnings. The times given are in EDT.
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16:44

16:45

16:48

16:49

16:50

16:52

16:53

16:54

The RDU WFO received word that the Charlotte WFO had issued a severe
thunderstorm warning for cell A in Union County immediately southwest of
Stanly County.

Cell A is located six or seven miles south of Albamarle in Stanly County and has
a reflectivity of 65 dBZ. [Trigger] The decision is made to issue a severe
thunderstorm warning for Stanly County. Note that Figure 2.10 is the composite
reflectivity for the 2047 UTC (16:47 EDT) scan showing that cell A is a small
intense cell entering western Stanly County.

The warning for cell A is issued for Stanly County. The radar operator is looking
at the storm relative velocity in line C over Hoke County.

Cell B in northwest Vance County has reflectivity values from 55 to 60 dBZ. The
radar operator obtains a cross section of the cell showing a maximum core of 65
dBZ with good southward overhang. [Trigger] The decision is made to issue a
warning for northern Vance County.

A mesocyclone alert sounds for a strong cell in Cumberland County in the
northeastern section of line C.

The severe thunderstorm warning on cell B for Vance County is transmitted.

The radar operator is looking at the four-panel velocity in Cumberland County in
the northeastern region of line C.

Ground truth reports are solicited from Cumberland and Harnett Counties in the
northeastern regions of line C. There have been no hail or damage reports. A

severe thunderstorm warning is prepared for Granville County as the central

29




AdOITAYH

3NOO au3y T LINN
ANIHIAY £S21/90
S'E $S° 9P21 XA
Sdd N :0NJY 0odd
-1 Sb21 NS SIS

CIUOH) A-Y

nl tH: 8.0 g

, 19 W :"Ino
1=W03 1 =14 XI=99u

290 $9 =Xuu
N ,J3AELE ¥LND
11 7Y 300M

. g
Mpb2,62/82 L4 19k - A -
NES/62/,88 ®UUN:BAY 2921 12 862 | b1 b2 |2 |09 6_ ©9 lodd |ON D Sy __¢ ¥4
ib:02 S6/21,96 £E16 3 692 | 08 2¢ |92 [31°11 19 |0dd |ON D ¥6_ 8¢ 6%
S3¥ UN $S° WN p21 9% & 9gc | 01 8 |¢ 8 v 1S 93N | ON D gc_ G811 o
¥ 28 4348 dWd 5182 2 b2 96 JF |9F |9 11 89 |S SAA_| 0 9g 212| 9%
. 28141 96-90-£0 J0n MW] iunk 1SDd] 01 WIS MOIN] I9H WZzad]| 116H| 0S3IH]| SNL{NSS 29 [01 Wis)

30




16:55

16:56

16:57

16:58

17:01

17:02

17:05

17:06

17:07

17:08

section of line D approaches from the west. The warning will be held until a
decision is made whether or not it should be issued.

A storm cell is noted over east—cenﬁal Wake County.

Granville County reports no severe weather associated with line D.

The VIL has decreased on the Granville County cell. Because of this decrease in
the VIL and the above ground truth report, the decision is made not to warn
Granville County for line D.

A special weather statement is started for Wake, Johnston and Harnett Counties.
Looking at the northeastern regions of line C, the four panel reflectivity for Hoke
County is not impressive.

A hail alert is present for Granville County on line D. Granville County is called
for reports.

The reflectivity values are now 65 dBZ in a cell in western Hoke County in the
northeastern region of line C [Trigger]. The decision is made to warn Hoke
County.

A mesocyclone alert sounds for northern Cumberland County in the northeastern
region of line C.

The VIL is now 45 to 50 kg/m’ in Hoke County and northern Cumberland County
in the northeastern region of line C.

The Hoke County warning is transmitted for a segment of line C.
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17:09

17:11

17:12

17:13

17:14

17:16

17:19

17:20
17:21

17:22

17:23

Vance County is called for damage reports associated with cell B. There is 3-D
correlated shear indicated east of Williamsboro in Vance County.

Stanly County is called for damage reports form cell A.

The radar operator is looking at a cross-section of the cell in northern
Cumberland County on line C. It does not look impressive.

The composite reflectivity shows 60 dBZ or more on line C in northern
Cumberland County. [Initiator]

The radar operator is analyzing the four panel reflectivity for northern
Cumberland County. There is a report of 3/4 inch hail from Hoke County which
is also on line C.

The VIL is 50 kg/m2 in southwest Hoke County on the county line.

The radar operator is considering warning Harnett County for cell E shown on
Fig. 2.11. A call is initiated to Harnett County for possible reports. A cross
section of cell E in Hamnett County is given in Fig. 2.12 and shows 50 dBZ
extending to about 20,000 feet. The core is around 55 dBZ and shows some
overhang. [Trigger]

The decision is made to issue a severe thunderstorm warning for Harnett County.
There is a report of marble size hail in Scotland County associated with line C.

A warning is prepared for Scotland County and is held until the decision is made
whether or not a warning should be issued.

The Harnett County warning is transmitted.
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The warning was never issued for Scotland County because conditions did not
intensify. However, an additional seven warnings were issued during this severe weather
episode.

These two case studies have been included to illustrate the activity at the WSR-
88D PUP during a severe weather episode. The first case was a slow paced event where
the radar operator’s attention was entirely focused on an individual intense cell. In
contrast, the second case was included to illustrate the opposite extreme where the radar
operator must quickly investigate multiple severe cells. The activity level for most
severe weather episodes fall somewhere between the two cases provided in this chapter.
The remainder of this report will be a more general examination of the warning process

using these cases to illustrate the points made.
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3. SCHEMATIC REPRESENTATION OF THE WARNING PROCESS

As illustrated by the case studies in the previous chapter, the warning process
includes a complex series of events leading a forecaster to a decision to (or not to) issue a
warning. Keep in mind throughout this chapter that the forecaster is often dealing with
multiple warnings at different phases in the warning process as shown by the second
case. However, to gain an understanding of how the process operates, the labyrinth has
been simplified to include the sequence of key events common to in the issuing of all
warnings.

The schematic representation of the warning process presented in Fig. 3.1 was
developed from the PDS and illustrates how the forecaster progresses from monitoring
the situation to issuing a warning. Usually some event, defined here as the initiator,
prompts the radar operator to perform further investigation on a given cell and to
consider issuing a warning. In some cases, the decision is made not to issue a warning.
Otherwise, a second key event, called the trigger, leads to drives the decision to issue the
warning. In some circumstances, the warning has only a trigger followed by the
immediate issuing of the warning as shown by both of the dashed paths in Fig. 3.1. This
class of warning will be called the immediate trigger warnings. After the warning has
been issued, ground truth reports are commonly sought which can lead to the verification

of the warning.
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Figure 3.1. This schematic representation of the warning process traces the sequence of
events leading a forecaster to a warn or no-wam decision for an individual cell. The
numbers represent the number of times a forecaster was along each path. The asterisk in
the verify warning box represents the six warnings whose initiator was a previous
verification for a preceding warning that was not documented. The bold track is taken
most often. The two dotted cycles are immediate trigger warnings.

The utilized radar products and ground truth reports provide information that
serves as the initiator, trigger and decisions not to warn. Table 3.1 lists the broad and

subcategories of this information. Note that the first three subcategories are a breakdown
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of the reflectivity, ‘R’, category, the next two subcategories are derived from the velocity,
‘Ve’, category, and finally the last three subcategories are the components of the ground
truth, ‘G’, category. In analyzing the initiator and trigger, the text will refer to these
categories of activities as the initiators and the triggers. Clearly, specific information is
lost by categorizing activities and therefore Appendix 7.3 contains the detailed listing of

initiators, triggers, and decisions not to warn.

Table 3.1. The broad categories and subcategories used in the analysis of the initiator,
trigger and decisions not to warn.

BROAD CATEGORIES

R Reflectivity based Doppler radar products
Ve Velocity based Doppler radar products
G Ground truth reports

SUBCATEGORIES

R Base or composite reflectivity
Vi Vertically integrated Liquid (VIL)
X Reflectivity cross section

M Mesocyclone
Ve Any base or Storm Relative Velocity Product

T In the track of a previously verified cell

C+ Immediate call with a report of a severe thunderstorm or tornado in or very
near the county warned

C- Immediate call with a report of weather that does not meet severe
thunderstorm or tornado criteria in or very near the warned county

Notice from Table 3.1 that one of the categories of activity is ground truth reports. To
avoid confusion, it is important to note that the “Call for Ground Truth” box in Figure 3.1
is located in the most common position for reports to be sought, but it is not the only time

calls occur. Throughout the wamning process, the NWS personnel are initiating and
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receiving ground truth reports from the public as shown in the cases presented in chapter
two. These ground truth reports often become the initiator, trigger or rationale for a
decision not to warn.

The remainder of this chapter steps through each block of Fig. 3.1 giving both a
qualitative and quantitative analysis of the warning process. In numeric computations,
the data set is often a subset of the PDS because of incomplete documentation. However,
in order for thevtotals entering the blocks to balance with those exiting, the numbers in

Fig. 3.1 include the entire PDS.

3.1 Monitor the Situation
When there is a threat of severe weather, the radar operator monitors the situation
throughout the county warning area. This phase can last for hours or quickly become

focused with the development of an initiator or a trigger.

3.2 The Initiator

The initiator is the event that prompts the radar operator to investigate a
potentially severe cell and consider issuing a warning. To ensure statistical
independence, each initiator is linked to only one of the categories listed in Table 3.1. It
1s important to note that the initiator is only separated from the trigger in cases where
there was at least two minutes of investigation prior to the decision to issue the warning.
Often the SWATR clearly states the radar operator is considering issuing a warning, and

hence the initiator can easily be determined.
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However, for other warnings it is more difficult to determine the exact initiator,
and therefore it must be determined indirectly by proceeding backwards from an issued
warning or documented decision not to warn. In these cases, the initiator is the first
activity documented where the radar operator is investigating an individual cell and is
considering issuing a warning. An example of an initiator found indirectly is the initiator
for the Hamett County warning in case two at 17:13 EDT. There is ambiguity in the
determination of this initiator. The radar operator is focusing on the Harnett County cell
when a cross section was performed at 17:12 EDT . However, since the cross-section is
not impressive, it does not prompt the radar operator to consider issuing a warning and
hence is not the initiator.

Finally, there are 15 cases where the documentation indicates the radar operator is
investigating a cell and considering issuing a warning but the SWATR does not specify
the initiator. Therefore, out of the 81 cases in Fig. 3.1, a total of 66 warnings, 41 severe
thunderstorm and 25 tornado warnings are included in the following analysis. Figure 3.2

shows the distribution of initiators for issuing severe thunderstorm and tornado warnings.

Initiators: Broad Categories
20 17 17
wn?
58 5]
S8 L]
22 10 /,//j/% -
§§ //é/? 5 gz BSVR
2 v A v OTOR
R Ve G
Broad Categories A
40




Initiators: Subcategories
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Figure 3.2. Initiators for severe thunderstorm (SVR) and tornado (TOR) warnings.
Figure 3.2A used the broad categories while Fig. 3.2B utilizes the subcategories. Table
3.1 defines the categories. A total of 41 severe thunderstorm warnings and 25 tornado
warnings are included. The numbers above the columns are the column totals which will
be used in the statistical analysis that follows.

A contingency table was used to analyze the statistical contrasts between the
initiators for both severe thunderstorm and tornado warnings. The following example
illustrates this test for severe thunderstorm warnings using the broad categories of
activities. The null hypothesis, H, for a statistical test is the statement to be disproved.
In this case, H, states that the probability of severe thunderstorms having each of the
three initiators is the same. Before the test can be presented, the following variables

must be defined (Mendenhall and Sincich, 1992):

P; = the hypothesized probability of being in category i. Under the null hypothesis,

P, must be G—) for each initiator.
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obs = the observed number of warnings with each initiator. The figure above shows
that reflectivity is the initiator for 17 warnings, velocity for 7 warnings, and
ground truth for 17 warnings.

n = the sample size. In this case, n=41.

exp =n(P)=41 (—3 = 13—?— , the expected count for each initiator.

Now, the following assumptions must be met for this test to be used (Mendenhall and
Sincich, 1992):

1) The trials must be identical. In this case, each warning used in the initiator analysis is
a trial. The initiators for severe thunderstorm and tornado warnings have been separated
in this analysis in an attempt to make the trials identical. The PDS is too small to make
further divisions.

2) There are k possible outcomes for each trial. For this example there are three

initiators and hence k=3.
. el 1 1 1
3) The hypothesized probabilities must sum to one, > F = —§+ -3—+ 3= 1

4) The trials must be independent. This is why only one category of activity is the
initiator for each warning.
5) The random variables must be counts for each cell.

6) The sampling size, n, must be “large”. The test of this assumption is as follows,

exp = 5, for all k categories. For this example, exp = 13—2— for all initiators and thus this

final assumption is met.
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Now that the variables have been defined and the assumptions met, the statistical

test can be presented. Table 3.2 is the contingency table for this example.

Table 3.2. The contingency table for this example--severe thunderstorm warnings with
the three broad categories of initiators. The variables are defined in the text above.

OCCURRENCES
Obs Exp=n(Pi)
R 17 13.67
INITIATORS Ve 7 13.67
G 17 13.67
Total 41

The test statistic, X°, has approximately a Chi Square distribution for large sample sizes

and is defined as follows:

X’ 4838

_ Z(obs—exp)z _(17-1367) (7-1367)°  (17-1367)" _
© exp 13.67. 13.67 1367

with (k-1) = 2 degrees of freedom.
To reject H,, X? must be greater than 7% where %2 is the critical value of the Chi
Square distribution for the given confidence level and degrees of freedom. In this
statistical test and for the remainder of this report, the confidence level will be 0.05. For
this case, T%.; = 5.99 and hence H, cannot be rejected. Therefore, the conclusion is that
there is not statistically significant evidence of any differences in the initiator
probabilities for severe thunderstorm warnings.

This same analysis can be used with the subcategories and for tornado warnings

as summarized in Table 3.3.

43




Table 3.3. The statistical results for initiators. The test determines the differences
between the broad and subcategories of initiators for SVR and TOR warnings.

Statistical Results: The Initiator

n P exp X? Poerit Conclusion
SVR
broad categories 41 0.333 13.67 4.88 5.99 Fail to Reject H,
subcategories 41 0.125 5125 6.03 14.1  Faiito Reject H,
TOR
broad categories 20 0.333 8.33 416 5.99 Fail to Reject H,
subcategories 20 0.125 3.125 Insufficient Sample Size

The first test summarizes the example given above. The next two tests have the same
conclusion as the example, a failure to reject H,. Notice that the last test was not
completed because of a failure to meet the assumption of a “large” sample size. So it is
found that no statistically significant conclusions can be made concerning the initiators.

Therefore, none of the initiators appear to be used more than others.

3.3 Investigate the Cell

By definition, the only exit from the initiator block is to investigate the cell. The
investigation time is defined as the time between the initiator and the trigger. The
average investigation time is 7.2 minutes. However, this average is skewed high because
of a few long periods of investigation. The median of the distribution is five minutes and
the mode is only three minutes. Figure 3.3 illustrates the distribution of investigation

times.
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Figure 3.3. The distribution of investigation times.-

Long investigation times are not necessarily undesirable but simply indicate that
the radar operator was focused on an individﬁal cell for a long period of time. During
episodes with many warnings, the radar operator has less time to focus on individual cells
and therefore the investigation times are generally shorter.

Out of the “Investigate the Cell” phase, the radar operator either encounters a
trigger and recommends that a warning be issued or the decision is made not to issue the

warning. The latter of these options will be discussed first.

3.4 Decisions Not to Warn

There are 24 documented decisions not to warn. However, only 20 of these
decisions had a clearly defined category of activity. Figure 3.4 illustrates the distribution
of categories of activities for decisions not to warn. Only the broad categories are

included because the documentation is not detailed enough to break the decisions into
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subcategories and there are not enough warnings to differentiate statistically one

subcategory from another.
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Figures 3.4. The broad categories of activity leading to a decision not to issue a warning.
Table 3.1 defines the categories of activities. Decisions not to issue a total of 17 severe
thunderstorm warnings and 3 tornado warnings are included. The numbers above the
columns are the column totals which will be used in the statistical analysis that follows.

Notice also that when all warnings are considered, 12 of the 20 decisions not to
issue warnings are triggered by ground truth reports. These decisions are usually made
when the storm coordinator knows that the cell is directly over a populated area, and yet
initiated and received ground truth reports do not indicate severe weather is occurring.

From the statistics provided in Table 3.4, notice that H, is rejected for severe
thunderstorm warnings. The strict conclusion is that P; is not equal to 1/3 for at least one
of the categories of activities. However, from the data illustrated in Fig. 3.4, it can be
inferred that decisions not to issue severe thunderstorm warnings are more likely to be
triggered by ground truth reports or reflectivity based products than velocity based

products.
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Table 3.4. The contingenéy table results for the decisions not to warn. The test
determines the differences between the broad categories of activity for decisions not to
issue SVR and TOR warnings.

Statistical Results: Decisions Not to Warn

n P, exp X? Terit Conclusion
SVR
broad categories 17 0.333 5.67 9.29 5.99 Reject H,
TOR
broad categories 3 0.333 1 Insufficient Sample Size

3.5 The Trigger

Except for the decisions not to warn, the only other passage out of the
“Investigate the Cell” block is to encounter a trigger. Notice also from Figure 3.1 that the
radar operator can also reach the trigger block directly from monitoring the situation or
from the verification of a previous warning. The trigger is defined as that which causes
the radar operator to make the decision to issue a warning. Recall that sample
independence is a fundamental assumption for using a contingency table and therefore
each trigger is categorized by only one category of activity frofn Table 3.1. In the
SWATR, the rationale for some warnings is clearly stated and thus the trigger is easily
pinpointed. If more than one category of activity is listed as the rationale for issuing the
warning, the last documented activity is used as the trigger. Similarly, in cases where the
reasoning for the issuance of a warning is not explicitly stated, the trigger is taken to be
the last documented activity prior to the issuing of the warning. The following figures

show the distribution of triggers.
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Figure 3.5. The triggers for issuing severe thunderstorm (SVR) and tornado (TOR)
warnings. Figure 3.5A uses the broad categories while Fig. 3.5B utilizes the
subcategories of triggers. Table 3.1 defines the categories of activities. A total of 46
severe thunderstorm warnings and 20 tornado warnings are included. The numbers
above the columns are the column totals which will be used in the statistical analysis that
follows.

Three statistically significant conclusions can be about the warning triggers as

shown in Table 3.5.

Table 3.5. The statistical results for the trigger. The test determines the differences
between the broad and subcategories of triggers for SVR and TOR warnings.
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Statistical Results: The Trigger

n P exp X et Conclusion
SVR
broad categories 46 0.333 15.333 16.826 5.99 Reject H,
subcategories 486 0.125 5.75 33.304 14.1 Reject H,
TOR
broad categories 20 0.333 6.667 76 5.99 Reject H,
subcategories 20 0.125 25 Insufficient Sample Size

From the rejection of H,, for the broad categories of severe thunderstorm triggers, it can
be inferred that for a greater number of severe thunderstorm warnings are triggered by
reflectivity based radar products than velocity products. The null hypothesis is also
rejected for the subcategories of triggers for severe thunderstorm warnings. However, in
this case there is no clear inference and therefore the only conclusion that can be made is
that P; is not equal to 1/8 for at least one of the subcategories. Finally, with the broad
categories of triggers for tornado warnings, it can be concluded that the trigger is more

likely to be velocity based than reflectivity based.

3.6 Immediate Trigger Warnings

A subset of the warnings entering the “trigger” block do not come from the
investigation of a cell. These warnings are the immediate trigger warnings and eleven
come directly from the “monitor the situation” block while ten are from the “verify
warning” box. These 21 documented immediate trigger warnings are all severe
thunderstorm warnings. Therefore, for the PDS, there was an initiator and an
investigation of the cell prior to all 20 tornado warnings. This indicates that the radar

operator 1s more hesitant to recommend that a tornado warning should be issued and
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he/she takes time to investigate the cell. Figure 3.6 shows the breakdown of trigger

categories for the immediate trigger warnings.
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Figure 3.6. The triggers for immediate trigger warnings. Figure 3.6A uses the broad
categories while 3.6B utilizes the subcategories of triggers. Table 3.1 defines the
categories. All 21 immediate trigger warnings are severe thunderstorm warnings. The
numbers are the column totals, which will be used in the statistical analysis that follows.
Immediate trigger warnings are a subset of all triggers which were presented in section
3.5. Notice that 48 percent of the immediate trigger warnings are triggered by ground

truth reports. However, from Fig. 3.5 only 33 percent of the triggers for all severe

thunderstorm warnings are ground truth reports. Now comparing Figs. 3.5 to Fig. 3.6,
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there are 16 total severe thunderstorm warnings triggered by ground truth reports, and 10
of these 16 were immediate trigger warnings. This indicates that while ground truth
reports are not the most common trigger for severe thunderstorm warnings, they often

cause warnings to be immediately issued. Table 3.6 presents the statistical results.

Table 3.6. The statistical results for immediate trigger warnings. The test determines the
differences between the broad and subcategories of triggers for SVR warnings. There are
no immediate trigger tornado warnings in the PDS.

Statistical Results: Immediate Trigger Warnings

n P; exp x* Toerit Conclusion
SVR
broad categories 21 0.333 7 7.71 5.99 Reject H,
subcategories 21 0.1256 = 2625 Insufficient Sample Size

From the rejection of H,, for the broad categories of triggers, it can be concluded that
ground truth reports and reflectivity based products are the most common immediate
triggers for more severe thunderstorm warnings. Notice that the sample size was too

small to analyze the subcategories of activities.

3.7 Issue the Warning

The only exit from the “trigger” block is to issue the warning. An analysis of the
warning preparation time will now be presented. The preparation time is defined as the
time elapsed from the decision to issue the warning, the trigger, to the issuance of the

warning. Figure 3.7 shows the distribution of preparation times for warnings.
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Figure 3.7. The warning preparation time for the PDS for severe thunderstorm and
tornado warnings.

The average preparation time for a warning was 2.1 minutes with a median of two
minutes and a mode of one minute. Notice that all documented warnings were
transmitted within six minutes of the decision to issue the warning.

The warnings with the shortest preparation times were likely prepared during the
investigation of the cell and were ready to be transmitted as soon as a trigger occurred.
However, there was incomplete documentation as to which warnings were prepared
ahead of time, and thus this case cannot be studied independently.

In contrast, there are several reasons for a long preparation time. On a number of
occasions the forecast office had trouble with the software used to type the warnings.
Also, increased detail in the warning text lengthens the preparation time. In some
circumstances it is imperative that the warning be immediately transmitted, but in other

cases a detailed warning is more appropriate. Thus in the latter situations, a longer

preparation time seems justifiable.




3.8 Call for Ground Truth

After the issuing of a warning, the forecast office generally seeks ground truth
reports. For this analysis, the SDS will be used because the SWATR are not needed.
However, two episodes have incomplete action logs and therefore only 332 of the 351
warnings will be considered. It should also be noted that ham radio reports will be
included with the phone calls as sources of ground truth reports. Finally, uniess
otherwise stated, both initiated and received calls are considered together. It is often
difficult to separate the two because the WFO will not initiate a call if one has already

been received. Figure 3.8 shows the number of calls to each of the warned counties.
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Figure 3.8. The Number of initiated and received calls per warning for the SDS
excluding 19 warnings with incomplete Action Logs.

Notice that 58 percent of the warned counties are called once or twice but 15

percent are not called. There are several possible explanations for the cases where the
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county was not called during the severe weather episode. First, during episodes with
multiple valid warnings, it is difficult to keep track of all the warned counties. Secondly,
there may have been calls that were never recorded on an Action Log. Again, this would
be more likely to happen during an intense episode with many calls. Here, a report of

conditions not meeting severe weather criteria could be lost.

3.9 Verify the Warning
Calls with ground truth reports are the only way the forecast office can receive
real-time verification on a warning. A severe call is defined as a call that reports a severe

local storm event. Figure 3.9 illustrates the times that severe calls occur.

Severe Call Times

Number of Wamings

Minutes after the Waming was Issued

Figure 3.9. The time when episode verification is obtained in minutes after the warning
is issued.

There are severe calls for 126 warnings which equates to 38 percent. Over 70 percent of

the severe calls occur within 30 minutes after the warning is issued. The severe call was
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initiated in 46 cases while it was received 68 times. However, it should be noted that of
the 68 times the severe call was received, 33 of the counties had an initiated call prior to
the received severe weather report.

Severe calls play a critical role in verifying wamings. There are three types of
verification discussed in this research: real-time verification, episode verification and
Storm Data verification. ‘Real-time verification’ is defined as apparent verification of a
warning from a severe call during the valid wamning period. Real-time verification aids
the forecaster in the warning process by providing a current ground truth report indicating
a cell is severe. ‘Episode verification’ encompasses real-time verification as well as any
delayed severe calls received after the warning has expired but during the severe weather
episode. A report that the weather was severe an hour ago during a valid warning period
usually does not aid the forecaster in the warning process but may provide input to Storm
Data. Finally, ‘Storm Data verification’ is based on a Storm Data entry indicating that a
severe local storm event occurred during the valid warning period as explained in chapter
one. Storm Data verification will be described in detail in chapter four. For all three
verification schemes, the verification rate is defined as the percentage of warnings that
verify.

First, one could ask if taking time to investigate a cell increases the verification
rate To answer this question, the real-time verification rate was analyzed for warnings
with both an initiator and a trigger as well as for immediate trigger warnings for the PDS.
Notice from Figure 3.1 that 47 warnings have both an initiator and a trigger. Of these 47

warnings, 25 had real-time verification equating to a 53 percent verification rate. Now
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for immediate trigger warnings, 8 of 21 warnings had real-time verification equating to a
38 percent verification rate. However, using a contingency table analysis, warnings with
both an initiator and a trigger do not have statistically higher verification rates than
immediate trigger warnings.

Ne;xt, a comparison was made between the real-time verification rates for first
and last warnings versus all other warnings. All the analysis for the remainder of this
report is based on the SDS. The hypothesis was that first warnings would have lower
verification rates because ground truth reports would not yet be available. A problem
with this analysis is tha; the hypothesis should hold for the first warning on each cell, and
during active episodes there are multiple cells. However, the best approximation
available is the first warning during each severe weather episode. The real-time
verification rate for first warnings was 0.27 as compared to 0.43 for all other warnings.
Using a contingency table analysis, X* = 5.208, and therefore the verification rate is
statistically significantly lower for first warnings.

Similarly, last warnings should have lower real-time verification rates because the
forecast office might have difficulty determining when to stop warning for a cell. Again,
this analysis should be done cell by cell but the best available approximation is the last
warning in each episode. However, there was not a statistically significant difference in
real-time verification rates between last warnings and all other warnings.

Since the national verification statistics are based on Storm Data verification, it is

now important to compare episode verification to Storm Data verification as shown in
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Table 3.7. Episode verification is used rather than real-time verification in order to

assess the accuracy of severe calls.

Table 3.7. Storm Data and episode verification (defined in the text) are compared using
a contingency table. The data set is the SDS excluding 19 warnings with missing Action
Logs.

Storm Data Verification

Yes No Total

Yes 88 38 126

Episode Verification No 41 165 206
Total 129 203 332

Looking at the first row, notice that 88 warnings had both types of verification
while 38 warnings had episode but not Storm Data verification. This means that

ﬁ;—=.7O of the warnings with episode verification appear in Storm Data. This can be

126

equated to the accuracy of reports during the episode if Storm Data is aécepted as the
“truth”. Another way consider this is that for 30 percent of the warnings with episode
verification, the radar operator thinks he or she has verification on a warning while the
reports are actually “false”.

Now considering the second row, there are 41 warnings that have Storm Data

verification but do not have episode verification. This equates to 546—15;20 of the

warnings that the radar operator does not think have verified will have severe weather

reports at a later time and become a part of Storm Data. Finally, there are 165 warnings
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that do not have either Storm Data or episode verification which encompasses a 50

percent of the total warnings.
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4. VERIFICATION RESULTS

Chapter three presented the importance of real time verification as a forecast tool
as well as a comparison between episode and Storm Data verification. This chapter will
focus on Storm Data verification by first presenting the past and present verification
statistics and then providing a discussion of some of the factors affecting the statistics.

Throughout this chapter, the SDS is used.

4.1 Verification Statistics
To put the RDU WFO verification statistics in perspective, the national statistics

are first be presented in Fig. 4.1.

National Verification Statistics: 1984-1994

—&—FAR
—&8—POD
—A—CSl

0 4 t + + + y
1984 1986 1988 1990 1992 1994

Year

Figure 4.1. The national verification statistics from 1984 to 1994 (Crowther and
Halmstad, 1995).

Notice the general improvement of the verification statistics over the ten year period.
However, it can be seen that the FAR increases slightly over the last two years. However,

Fig. 4.1 does not separate the stations with the WSR-88D from those that were still using
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the conventional’ radar. The national verification statistics for stations with the WSR-
88D from March 1, 1991 to June 30, 1995 are as follows: POD = 0.80, FAR = 0.45 and
CSI = 0.48 (Burgess, 1996).

Now focusing on the local scale, Fig. 4.2 illustrates the verification statistics for
the RDU WFO from 1984 to 1994. The explanation for the trends prior to this analysis
period is unknown but clearly there was an increase in the FAR in 1988 and a

corresponding decrease in the CSI. Also, the POD was low in 1991.

7
Verification Statistics for the RDU WFO:

1984-1994

67 —e—FAR
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Year

Figure 4.2. The verification statistics for the RDU WFO from 1984-1994 (Crowther and
Halmstad, 1993-1995, Grenier and Halmstad, 1987 and 1991-1992, Grenier, Halmstad
and Leftwich, 1988-1990, and Leftwich and Grenier, 1985-1986).

The above figure again does not indicate the warnings after the RDU WFO used the
WSR-88D and therefore Table 4.1 is included. Notice that the table also separates the

1994 and 1995 statistics for the SDS.
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Table 4.1. Verification statistics for the RDU WFO before and after the operational use
of the WSR-88D. Note that the data set for pre WSR-88D is 1992-1993 and the post
WSR-88D statistics are taken from the SDS. The last two columns are a breakdown of
the SDS into the 1994 and 1995 warnings.

RDU WFO Verification Statistics:

Pre WSR-88D  Post WSR-88D 1994 1995

(1992-1993) (SDS) (SDS) (SDS)
Verified Warnings (X) 209 142 80 62
Misses (Y) 121 52 24 28
Unverified Warnings (Z) 166 209 64 145
Total Warnings Issued 375 351 144 207
POD 0.63 0.73 0.77 0.69
.FAR 0.44 0.59 0.44 0.7

Csl 0.42 0.35 0.48 0.26

The next step is to examine the statistical contrasts between the periods using a Z test for
the difference between two population proportions. The pre and post WSR-88D POD
will be compared as an example of this test. A higher POD was hypothesized with the
development of the WSR-88D and therefore a one tailed test will be used. The null and
alternate hypotheses are:

H,: (PODpo - POD,,e) =0

Hy: (PODy; - PODyre) > 0 (Mendenhall and Sincich, 1992).

POD,,,— POD,,

X + X, (1_ X +X,,,,,,)£ 1,1 j
n post + n;zre n post + npre n post npre

where n; = X; + Y;, the denominator of the proportion being tested (Mendenhall and

The test statistic is; Z =

Sincich, 1992). The rejection region is |Z] > Z; for a one tailed test. At the 0.05 |
confidence level, Z; is 1.645. This Z.; will be used throughout the remainder of this

paper unless otherwise specified. In this example, Z = 2.32 and hence H,, can be rejected.
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Therefore, the POD is statistically significantly higher for the RDU WFO after the
operational use of the WSR-88D began in March of 1994 over the previous two years.
The final step to completing the Z test is to verify that the sample 1s “sufficiently

large”. Some authors suggest looking at the following intervals :

POD,(1- POD,)

n,

1

POD, +2 \/ for both the pre and post WSR-88D periods (Mendenhall

and Sincich, 1992). If neither interval contains zero or one, the sample is sufficiently
large. For this example, the intervals are from 0.58 to 0.69 for the pre WSR-88D period
and from 0.67 to 0.80 for the post WSR-88D sample. Because neither of these intervals
contains zero or one, the assumption of a large sample is met. For the remainder of this
chapter, unless otherwise stated, the assumption of a large sample has been met and will
not be presented.

There are only two changes to the Z test for two tailed cases. First, for the above
example the alternate hypothesis, Hy would state that (POD. - PODy.) # 0.
Secondly, and the rejection region at a confidence level of .05 has .025 in each tail and

hence Z = + 1.96.

Table 4.2. The resulting Z test statistics for the difference between two population
proportions for the POD, FAR and CSL. The test was performed between Pre and Post
WSR-88D periods and for the 1994 and 1995 SDS. The statistics and data sets are given
in Table 4.1.

Z-Test Statistics

POD FAR Csi
Pre vs Post 232 412 211
WSR-88D

1994 vs 1995 125 481 44

62




Table 4.2 shows that H, is also rejected for the FAR and CSI using either a one or two
tailed test in the pre versus post WSR-88D comparison. However, from the data
provided in table 4.1, it can thus be inferred that the FAR and CSI have gotten worse
since the WSR-88D became operational at the RDU WFO. Looking at the 1994 versus
1995 comparison, H, is not rejected for the POD but is rejected for the FAR and CSL
Again, it can be inferred that the FAR and the CSI have gotten worse.

For both the pre versus post WSR-88D comparison as well as the 1994 versus
1995 test, note that the increasing FAR drives the decreasing CSI. This is because the

POD is increasing or remaining constant for the cases presented in this section, and the

CSI 1s directly proportional to the POD. Thus only the rationale for the increasing FAR -

will be presented. Finally, it should be pointed out that there was also a slight increase in
the national FAR from 1992 to 1994 as shown in Figure 4.1.

A hypothesis for the increasing FAR is that there is a tendency to over warn based
on WSR-88D products. When operational use of the WSR-88D began in 1994, only a
few radar operators at the RDU WFO had been trained on the Doppler radar . Therefore,
each of the trained operators worked numerous severe weather episodes and gained a lot
of warning experience during the 1994 severe weather season. However, many more
forecasters were trained on the Doppler radar by the 1995 severe weather season. This
meant that numerous radar operators were having their first operational WSR-88D

experiences during the 1995 severe weather season. There is a steep learning curve for
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the WSR-88D as discussed in section 1.4, and therefore the verification statistics could

be expected to improve in future years if this hypothesis is true.

4.2 Factors Affecting Verification Statistics

The previous segment presented the verification statistics for the RDU WFO and
this section will explore some of the factors affecting these verification statistics.
Because the 1994 and 1995 FAR and CSI were shown to be statistically significantly
different, these verification statistics for the two year groups will be examined separately
when each category has a sufficiently large number of warnings. However, the POD may
be examined for the entire SDS because there where not statistically significant

differences found in the previous section.

4.2.1 Storm Environment

Clearly, the storm environment has an important impact on the verification
statistics. However, there is not consistent documentation in the SWATR of the
environment surrounding the severe weather episodes. For example, if the stability
indices had been recorded for all the cases, episodes with similar indices could perhaps
be grouped together and analyzed. However, even if such documentation were available,
it is questionable whether or not the warnings would fall into clear categories. Therefore,
two arbitrary breakdowns of the SDS have been made: (1) episodes with severe

thunderstorm or tornado watches versus episodes without watches and (2) episodes with
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more than four warnings (defined here as outbreaks) versus those with four or less

warnings (non-outbreaks).

First, the watch versus no watch periods will be covered as summarized in the

table 4.3.

Table 4.3. This table summarizes the verification statistics and Z-tests used in comparing
watch and no watch periods. The Z test statistic is listed in the first column of the two
categories being compared and bold numbers represent cases where H, may be rejected.

Watch Versus No Watch Periods

Watch No Watch 1994: 1994: 1995: Watch 1995:
Watch No Watch No Watch
Verified 105 137 59 21 46 16
Warnings (X)
31 21 9 15 22 6
Misses (Y)
Unverified 140 69 43 21 97 48
Warnings (2)
Total Warnings 245 106 102 42 143 64
Issued
POD 0.77 0.64 0.87 0.58 0.68 0.73
Z 1.93 3.27 -0.45
FAR 0.57 0.65 0.42 0.50 0.68 0.75
Z -1.39 -0.86 -1.05
CSl 0.38 0.29 0.53 0.37 0.28 0.23
Zz 1.74 2.00 0.80

Notice that the POD is statistically significantly higher during watch periods than no

watch periods. However, there are no differences in the FAR for any of the watch/no

watch breakdowns. Finally, the CSI was higher for the 1994 warnings in the SDS during

watches than no watch periods while there is no difference in the CSI for the 1995

period.

65




Secondly, outbreak versus non-outbreak periods will be compared as summarized
in Table 4.4. The conclusions made for the previous watch/no watch analysis hold for
the outbreak/non-outbreak comparison with the contrasts magnified.

Table 4.4. This table summarizes the verification statistics and Z-tests used in comparing
outbreak and non-outbreak periods. The Z test statistic is listed in the first column of the

two categories being compared and bold numbers represent cases where H, may be
rejected.

Outbreaks Versus Non-outbreaks

Outbreaks  Non- 1994 1994 Non- 1995 1995 Non-
Outbreaks | Outbreaks Outbreaks | Outbreaks  Outbreaks
Verified 115 27 68 8 47 11
Warnings (X)
24 28 6 18 18 10
Misses (Y)
Unverified 164 45 52 16 116 33
Wamings (2)
Total Warnings 279 72 120 24 163 44
Issued
POD 0.83 0.49 0.91 0.30 0.72 0.52
Z 4.77 6.28 1.69
FAR 0.59 0.63 0.43 0.67 0.71 0.75
Z -0.57 -2.09 -0.50
Ccsl . 0.38 0.27 0.54 0.19 0.26 0.20
Y4 1.99 3.94 0.84

The POD is again statistically significantly higher for outbreaks than non-
outbreaks. Notice the dramatic contrasts in the POD especially during 1994 with the
outbreak category having 0.91 and only 0.30 for non-outbreaks. Further, the 1994
improvement is not at the expense of a higher false alarm rate. The FAR is in fact lower
for 1994 outbreaks. Therefore, the CSI is also enhanced for 1994. There are no

differences in the FAR and CSI between outbreak and non-outbreak periods for 1995.
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The conclusion of a higher POD during watch periods and outbreaks is not a
surprising result. Watch period and outbreaks are often associated with large storm
systems. “Giant” storms generally have better verification statistics; during the JDOP
there were many large storms, and hence the resulting verification statistics may have

been too encouraging (Burgess, 1996).

4.2.2 The Verification Process

Obviously, the verification statistics are affected by the procedures used to derive
them. This section will highlight two characteristics of the current national verification
process: double jeopardy warning and warned counties.

First an example will be presented to illustrate the case of double jeopardy
warnings. Suppose a Storm Data entry is recorded at 10:00, the warning was issued at
10:05 and no further Storm Data entries were made. Then both an unverified warning
(Z) and a miss (Y) are recorded. The same holds true when the Storm Data entry appears
after a warning expires. Both of these cases will be called ‘double jeopardy’ since two
penalties are given.

In the SDS, there are 16 cases of double jeopardy. Half of these cases have the
warning within ten minutes after the Storm Data entry while the rematning eight have the
Storm Data entry within ten minutes after the waming expires. Assuming these double
jeopardy cases verified and there was no miss, the POD and CSI increase by .02 and .04
respectively while the FAR decreases by ;05 . Clearly, crediting the forecast office with

both a verified waming and no miss would allow the most enhancements in the
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verification statistics, and yet the improvements are small. If either a verified warning or
no miss were recorded, less significant enhancements in the verification statistics would
be seen. Thus, double jeopardy warnings do not have a very significant effect on the
verification statistics.

The second characteristic of the current warning process is that each warned
county is verified independently. This means that when a warning was issued for two
counties for the same cell, each county is verified independently. This circumstance
when wamings are issued for more than one county be called multiple warnings. A
reasonable hypothesis is that verification would only be received for one of the warned
counties in the multiple warning case, and hence the verification rates would be lower for
multiple warnings. For the SDS, the verification rate was .35 for rﬂultiple warnings
versus .44 for individually warned counties. Using a contingency table, X> = 3.215

indicating that there is not a statistically significant difference in verification rates for the

two classes of warnings.

4.2.3 Time of Day

The time of day impacts the number of warnings issued as well as the verification
rate as shown in Fig. 4.3. Note that the verification rate is the only statistic analyzed here
because the data set was too small to break up the misses (Y) into 6 categories. Also, the

SDS has not been partitioned by year for this analysis because of the necessity of having

a sufficiently large sample size.
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It is not remarkable that there are more warnings issued in the late afternoon and
evening hours. However, notice that the verification rate increases steadily throughout
the day. Using a contingency table analysis, X° = 17.13 which is greater than 3°.; = 11.1
with five degrees of freedom. Therefore, it can be concluded that the verification rate

increases throughout the day. The conclusion to section 4.2.1 states that larger storms

The Verification Rate and Number of
Warnings Issued vs Time of Day
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Figure 4.3. The number of warnings issued and the verification rate by the hour of the
day. The SDS was used for this analysis.

have higher verification rates. Taking this rationale one step further, these large storms
generally occur in the late afternoon and evening hours, and therefore the verification
rate is higher during this period. Also, the verification rate is lowest during the night

while most people are sleeping.

4.2.4 Population Density

According to Hales and Kelly (1985), national data from 1979 to 1985 showed

that significantly more warnings were issued to highly populated regions. To see if this
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trend was present in the SDS, regression models were used to determine the effects of
population density on both the verification rate and the number of warnings issued. Both
regression models were performed using SAS and the programs are included in appendix
7.4. Since warnings are issued by counties, this analysis uses the county population
densities. This could cause errors because counties are not homogeneously populated.

The first model used a logistic regression to relate the verification rate, the
dependent variable, to the population density, the independent variable. This is a special
class of regression models where the dependent variable is bounded between zero and
one and the errors have a binomial distribution (Hosmer and Lemeshow, 1989). The 7
distribution with one degree of freedom is used to determine if the independent variable
is important to the model. In this example, X% = 1.18 which is not greater than Izcm, and
hence the population density does not have statistically significant impact on the model.

Because the population density did not have an important effect on the
v¢riﬁcation rate, the next step was to see if fewer warnings were issued to the sparsely
populated counties because of the problems with verification. For this regression, the
number of warnings was the dependent variable and the county area and population
density were the independent variables. A Poisson regression was used because the
dependent variable has the characteristics of a Poisson random variable:

1) The experiment involves counting the number of occurrences, 1.e. the number
of warnings issued, in a given unit of measurement, in this case the county.

2) The number of occurrences (warnings) for different counties are independent

(Mendenhall and Sincich, 1992).
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The X values for this case were 15.30 for the counties area and 0.11 for the population
density. Therefore, the county’s area has a significant impact on the number of warnings
issued with fewer warnings being issued to smaller counties. However, the population
density did not have a statistically significant impact on the number of warnings issued.
Because county area was a significant term in the model while population density was
not, it is unlikely that the insignificant effect of population density is due to the sample

being too small.

4.2.5 Per Capita Income

A similar analysis was conducted to determine the importance of the per capita
income on the verification rate. A reasonable hypothesis was that a higher per capita
income would indicate a higher education level and hence a greater awareness that the
WFO should be contacted to report severe local storm events. The same two tests were
conducted as described in the previous section. For the logistic regression, the
verification rate was the dependent variable with the per capita income as the
independent variable. The resulting X2 was 3.27 which is not greater that 1°_; and hence
the per capita income does not have a statistically significant impact on the verification
rate. The second test conducted was a Poisson regression testing the impact of the
population density and per capita income on the number of warnings issued. The
resulting X* values were 0.047 and 1.65 for the population density and per capita income
respectively. Thus, neither of the independent variables had a significant impact on the

number of warnings issued.
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S. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

Meteorologists first started forecasting severe thunderstorms and tornadoes in the
nineteenth century and verification procedures were developed soon after. From the
1800’s to the present, researchers have been trying to improve the severe weather
forecast process. In recent years, the Doppler radar was developed in an attempt to
increase severe weather warning timeliness and accuracy. This research has been a
preliminary analysis of how warnings are issued using the WSR-88D at the RDU WFO.

The warning process was described in terms of the schematic representation of
the warning process presented as Fig. 3.1. The initiators, triggers and decisions not to
warn are categorized by either the radar products used or the ground truth reports
received.

The radar operator starts by monitoring the situation throughout the county
warning area. Then something happens, the initiator, which causes the radar operator to
investigate a given cell and consider issuing a warning. There were no statistically
significant conclusions as to which initiators occur most commonly. However, the
initiator leads to the investigation of a suspicious cell. The average duration of this
investigation is 7.2 minutes. Then, in thirty percent of the cases the decision is made not
to issue the warning. Ground truth reports and reflectivity based products are equally
important in these decisions not to warn while velocity based products are not as
commonly used.

For the remaining seventy percent of the cases, the investigation leads to a trigger.

A trigger is defined as that which drives the decision to issue the warning. The trigger
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for severe thunderstorm warnings is usually reflectivity while for tornado warnings
Doppler velocity products are most commonly used immediately prior to issuing the
warning.

A subset of the warnings (31 percent) are immediate trigger warnings. These
warnings had no initiator and investigation prior to the issuance of the waning. All
immediate trigger warnings are severe thunderstorm warnings. There is a dramatic
increase in the importance of ground truth reports for these immediate trigger cases.

The trigger leads to the issuance of the warning. Ground truth reports are then
sought for 85 percent of the warnings to both to aid in the warning process as well as to
gain verification on the warnings issued. This leads to the verification of 38 percent of
the warnings during the severe weather episode. There is a 70 percent accuracy rate on
calls reporting severe weather if Storm Data is used as the “truth”.

Next, Storm Data verification was used to analyze the verification statistics. The
POD at the RDU WFO has improved a statistically significant amount since operational
use of the WSR-88D began in March of 1994. However, both the FAR and CSI have
gotten worse with the Doppler radar. In the period with the WSR-88D, the POD has not
changed between 1994 and 1995 but both the FAR and CSI have gotten worse. The POD
is higher during periods with severe thunderstorm or tornado watches as well as for
outbreaks. The verification rate increases throughout the day. Finally, the population
density and per capita income do not affect either the verification rate or the number of

warnings issued.
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However, the reader is reminded of the discussion presented in section 1.2
concerning the problems with using verification statistics as a measure of warning
accuracy. Are the majority of the severe local storm events that occur in the RWA
reported? Recall that the OKC WFO’s POD increased from .508 to .729 and the FAR
decreased from .801 to .508 when intensive post storm surveys were initiated in 1983 as
shown in Table 1.2. Would increased efforts at gaining ground truth reports have similar
effects on the RDU WFOQ’s verification statistics? As is expected elsewhere, the majority
of the severe weather events at the RDU WFO are marginal severe local storm events
such as dime size hail or wind gusts of just over 50 knots. Do such events merit a post
storm survey? The emphasis should perhaps be focused on the warning process rather
than the verification statistics.

This thesis serves as a preliminary examination of the warning process. Future
research should provide more specific conclusions about the process. The SWAT
recorder in the future will be able to determine the validity of the warning process
presented in this report. The radar operators should also be encouraged to verbalize their
thought process in order to increase the accuracy of the data. In addition, it would assist
the documentation if the identification all radar products presented on the PUP were
automatically recorded along with the time when presented. This would allow for a more
detailed statistical analysis of the WSR-88D products used in conjunction with successful
and unsuccessful warnings. A final recommendation would be to attempt to divide the
warnings into categories in order to determine the products triggering the issuance of

warnings for hail, straight line wind, etc. A detailed explanation of the spread sheet
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organization is included in Appendix 7.2 to assist future researches. In addition, a

computer disk containing all the files is available from Dr. Allen J. Riordan at NCSU.
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7. APPENDICES
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7.1 Map of the Raleigh Warning Area (RWA)
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7.2 SPREADSHEET ORGANIZATION

The data has been organized into five different types of spreadsheets: the Episode
Summaries, the Master Warning List, the Warning Process Spreadsheet, the Decisions
Not to Warn, and the List of Misses. The purpose for each spreadsheet will be briefly
discussed followed by a detailed explanation of each column entry. Because of the
excessive length, the spreadsheets have not been included in this report and are available
to future researchers on disk from Dr. Allen J. Riordan in the Department of Marine
Earth and Atmospheric Science at NCSU. However, the spreadsheets used in this thesis
are by no means the best manner in which to handle the data, and subsequent researchers

~ are encouraged to devise their own organization method.

7.2.1 Event Summaries
The Episode Summaries compile the information from the Warning Logs, Action
Logs, call records form the SWATR, and Storm Data by episode in a timeline fashion for
the ESDS. This phase in the data organization process is simply meant to put the
warning and call information together in an usable manner for building the remaining
spreadsheets. The column entries are as follows:
A) The time in Eastern Daylight Time (EDT) (or Eastern Standard Time (EST) if
applicable) using a 24 hour clock.
B) The county where the documented activity occurred.
C) The location within the county (N, S, etc.). This designation is only used for

warnings issued for a portion of the county.
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CALLS

D and E) Initiated and received calls are classified by category. ‘SVR’ and ‘TOR’
categories signify calls that meet severe thunderstorm or tornado criteria
respectively. Similarly, ‘Not SVR’ and ‘Not TOR’ represent calls that fail to
meet severe thunderstorm or tornado standards as defined in chapter one. Calls
from both the Action Logs and the SWATR are included. The time recorded in
the Action Log is used except for the case explained for column F. Most calls
listed in the SWATR are also in the Action Logs but occasionally a call was never
entered in the Action Log. There may be errors in the analysis of ground truth
reports because of missing calls in the Action Log.

F) The time of the event is recorded only if documented in the Action Logs or the
SWATR. For other cases, the only information known about the time of the event
is that it occurred prior to the call. Unfortunately, the Action Log entries are
occasionally listed by event time rather than call time. For these cases, if the
SWATR list a call time, the SWATR time is listed in column A and the Action
Log event time is placed in column F. However, SWATR are not available for all
episodes and their focus is not to list all call information. There may be cases
when the Action Log lists event times and there is not a SWAT Report available
to correct these times to the call times. If the event time is listed as a call time,
the radar operator is assumed to know of the report and be able to use the

information in the decision making process.
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G) The source of the call information is recorded in this column where ‘A’ represents
the Action Logs, ‘S’ stands for the SWATR, and ‘B’ is for both the Action Log
and the SWAT Report.

WARNINGS

H) All severe thunderstorm (SVR) and tornado (TOR) warning are listed. Also MISS is
listed for misses as defined in chapter one.

I) The time the warning expires—-EDT or EST using a 24 hour clock.

J) The warning number during the given severe weather episode. For cases where more
than one county was warned, all counties are listed with the same warning
number.

K) For warning verification, a Yes or No is listed in column 11 for warnings that do and
do not verify respectively.

L) Additional information explaining entries is provided in this column. Examples of
entries would be a call time discrepancy between the Action Logs and the
SWATR. Column L also gives the specific information about how warnings

verified: winds, hail (size), or a tornado.

7.2.2 Master Warning List

The Master Warning List is a spreadsheet with 351 rows composed of the
warning in the ESDS and 45 columns containing information about the warning. General
episode data is included such as the date, total number of warnings, watch information,

and if the SWAT was present. The remainder of the spreadsheet is composed of specific
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warning information. First, the time, location, warning number in the episode, type of

warning and specific verification information are provided. Then a number of columns

list variables that could affect verification including: if the episode was an outbreak, if

the warmning was issued during sleeping hours of 2300-0700, if multiple counties were

simultaneously warned, and if the waming was a double jeopardy warning. Lastly,

initiated and received call information is listed for before, during and after the warning

was issued. Next, each column entry will be explained. Note that the columns that

answer questions will Be either in binary (0 meaning no and 1 meaning yes) or have Y

and N representing yes and no respectively.

A-C) The warning date, year and time (EDT or EST).

D) Was the SWAT present during the warning?

E) Was the SWAT present at any point during the severe weather episode?

F) The hour of the day. For example, a waming at 16:18 would have a 16 in this
column.

G) The county warned. Note that each warned county is listed separately for this
spreadsheet.

H) The type of warning issued--SVR for severe thunderstorm and TOR for tornado.

I) The warning number during the severe weather episode. For example, the third
warning of the episode would have a three. The warning number is by cell and
not by individual warned counties. In other words if both Wake and Durham

Counties were warned simultaneously, both warnings would have the same
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warning number. Adjacent counties warned simuitaneously are assumed to be for
the same cell.

J) Were warnings issued to multiple adjacent counties simultaneously?

K) Was only a portion of the county warned (N, S, etc.)?

L) Was the warning issued between 07:00 and 23:00?

M) Were more than four warnings issued during the severe weather episode? In other
words, was the episode an outbreak?

N) Was there a valid severe thunderstorm or tornado watch for anywhere in the Raleigh
Warning Area?

O) Did the warning verify?

P-R) Did the warning verify with a report of thunderstorm winds, hail or a tornado?

S) Was the warning a case of double jeopardy?

T) The time difference between when the warning was issued (or expired) and the time
of the storm data entry in ten minute increments for double jeopardy cases. For
example, a 10 means that the warning expired within ten minutes of the storm
data éntry. Negative times indicate that the warning was issued after the storm
data entry time.

U) Were multiple adjacent counties simultaneously warned?

V) The total number of telephone calls (initiated or received) and ham radio reports

were recorded from the warned county.
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W) The total number of severe thunderstorm or tornado reports (from initiated or
received telephone calls or ham radio reports) were recorded from the warned
county.

X) The total number of received telephone calls or ham radio reports reporting severe
thunderstorms or tornadoes.

Y) The total number of initiated telephone calls reporting severe thunderstorms or
tornadoes.

Z) The time when the first severe thunderstorm or tornado report is received via an
initiated or received telephone call or a ham radio report.

AA) Was the first severe weather report initiated or received?

AB) Was there an initiated call prior to the report of severe weather? If the first severe
weather report was initiated, the answer is yes.

AC-AG) This section concerns calls prior to when the county was warned. Column AC
gives the total number of calls prior to the issuance of the warning and the
subsequent columns indicate the total number of initiated severe weather reports
(AD), initiated reports of conditions not meeting severe weather criteria (AE),
received severe weather reports (AF), and received reports of conditions not
meeting severe weather criteria (AG).

AH-AL) This section concerns calls during the valid warning period and is presented in a
parallel manner to the previous section.

AM-AQ) This section concerns calls after the warning has expired and is presented in a

parallel manner to the previous two sections.
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AR) The total number of initiated and received calls during the severe weather episode
to the warned county. In cases where the county was warned more than once, the
calls are separated between the two wamings. There is normally a logical split.
In cases where the warning was upgraded from a severe thunderstorm to a tornado
warning and both warnings are valid, the calls are recorded for both warnings.

AS) The total number of warnings during the severe weather episode.

7.2.3 The Warning Process Spreadsheet
The Warning Process Spreadsheet again lists the warnings by rows with details
concerning the warning in columns. However, information concerning the warning
triggers and tracks through the warning process are also included, and therefore this
spreadsheet only covers the CPDS. The two warning triggers are listed with the
categories listed in Table 3.1. The following columns are included in the Warning
Process Spreadsheet:
A-C) The date, type of warning issued and the county wamned. Note that for multiple
adjacent warned counties, all counties are listed together in column C.
D) Were multiple adjacent counties warned?
E) The time the warning was issued in EDT or EST.
F) The warning number during the severe weather episode. Note that multiple
simultaneously warned counties all get the same warning number.
G) The total number of cells with warnings issued during the episode. In other words,

multiple warned counties still are only treated as a single warning.
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H) A detailed account of the' initiator. All information from the SWATR 1is included in
this column.

I) The categories of initiator(s) are listed. Note that this column includes all initiators.

J) The initiator-simplified lists only the first event causing the radar operator to focus his
or her attention on the individual county and consider issuing a warning for that
county.

K) The time between the initiator and the trigger.

L-N) These columns are the same as H-J except covering the trigger. Note that the last
event prior to the issuance of the warning is used in column N.

O) Was previous verification of a warning a trigger for the issuance of the warning?

P) Did the warning have real time verification?

Q) The amount of time between the decision to issue the warning and the official
warning time.

R) Was the county called after the warning was issued?

S) Did the warning verify via storm data?

T) Any additional information that needs to be noted should be included in the

discussion section.
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7.2.4 Decisions Not to Issue Warnings

Documented decisions not to issue warning were recorded from the SWATR for
the episodes in the CPDS. The are 24 decisions not to issue a warning are listed in a
similar manner to the Warning Process Spreadsheet.
A-D) The date, type, time and county involved. Similar to the Warning Process
Spreadsheet, if the operator deéides not to warn several counties on the same cell, there
is only one listed decision not to warn.
E) Was the decision not to extend an existing warning?
F-H) The same as H-J under the Warning Process Spreadsheet.
I) The trigger(s) for the decision not to issue the warning.
J) The categories of triggers for the decisions not to warn.
K) The last category of activity prior to the decision not to issue the warning.

L) Was the decision not to warn correct using storm data as the verification source?

7.2.5 List of Misses

The list of misses is a record of the 52 storm data entries that were not during
warnings for the ESDS. This spreadsheet is a parallel version to the Master Warning
Spreadsheet without warning specific information.
A-C) The date, time and county of the miss.
D-F) Was the missed event hail, wind or a tornado?
G) For hail misses, was the hail less than one inch in diameter?

H) Was there a severe thunderstorm or tornado watch?
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I) Was there a severe call at the time of the storm data entry?
J-K) If there was a call associated with the storm data entry, was it initiated or received?
L) Were more than four warnings issued during the severe weather episode containing

the miss?
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7.3 Spreadsheet Excerpts

7.3.1 Example of an Event Summary

12 June 1995
Severe Thunderstorm Watch
Radar Operator: Delgado
Radar Recorder: Riordan (16:41-19:10)
Hail, Wind & Tornado Events
- CALLS WARNINGS NOTES
Time |County | |Initiated |Received |Time |R,A|Type [Until |# |Verifies?
(EDT) of eveni{B,*
16:17 Randolph |Not SVR A
16:23|Scotland |Not SVR A
16:27|Granville |Not SVR A
16:35|Scotland Not SVR A
16:40|Scotland |Not SVR A }
16:42|Vance Not SVR A
16:43|Chatham |Not SVR A
16:48|Anson | |Not SVR A
16:48|Stanley | SVR [17:15] 1]NO
16:48|Stanly Not SVR A
16:52|Harnett Not SVR B* R=16:54
16:52|{Vance [N SVR |17:30 NO
16:55Granville |Not SVR A
16:55|Vance Not SVR A
16:58Cumber.!| |Not SVR B* R=16:54
17:02Cumber.| [Not SVR B
17:03 Scotland Not SVR A
17:08|Granville |Not SVR B* R=17:02
17:08|Hoke SVR | 17:45 YES Hail (.75)
17:08|Hoke Not SVR A
17:12|Orange Not SVR B* R=17:16
17:12|Stanly Not SVR B* R=17:11
4 7:12|Vance Not SVR B* R=17:09
17:14Johnston |Not SVR A
17:15|Harnett Not SVR A
17:16|Wake Not SVR A
17:17 | Person Not SVR B R=17:16
17:18|Hoke SVR B* R=17:14
17:18|Vance Not SVR A S
17:20|Chatham |Not SVR A
17:20|Harnett Not SVR B* R=17:24
17:22|Scotland [Not SVR B* R=17:21
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17:23|Harnett SVR | 18:15] 4|NO

17:25|Harnett Not SVR B* R=17:24
17:30,Cumber.| |Not SVR A

17:33|Cumber. SVR B* R=17:31
17:34|Johnston |Not SVR A

17:36|Cumber. | SVR A

17:36|Johnston SVR | 18:15| 5{NO
17:36|SampsorN SVR | 18:15| 5/YES Hail (1.0)
17:39|Cumber. SVR |[18:15| 6/YES Hail (1.5)
17:40|Warren Not SVR A

17:41 \Wake Not SVR B* R=17:38
17:41|Wake Not SVR R

17:42|\Wake |E SVR | 18:15] 7|YES Hail (1.5)
17:43|Wake Not SVR B* R=17:41
17:50!Sampson Not SVR B* R=17:48
17:50|Wayne Not SVR A

17:52|Wake Not SVR A

17:58| Wayne |W SVR | 18:30; 8|NO
18:00|Johnston Not SVR A

18:00/Sampson Not SVR B* R=17:58
18:00|Wayne Not SVR A

18:05Moore Not SVR A

18:07 |Wake Not SVR A

18:10|Wake Not SVR A

18:23/Wayne Not SVR B* R=18:22
18:27 |Halifax Not SVR B* R=18:29
18:30|Harnett MISS Wind
18:33|Halifax Not SVR B* R=18:31
18:36|Franklin| |Not SVR A

18:36|Wayne Not SVR B

18:37|Wayne SVR R

18:40 Halifax Not SVR A

18:40|Wayne |E SVR |19:15! 9|NO

18:42|Cumber.| |Not SVR A

18:43 Lee Not SVR B

18:44|Cumber.| [Not SVR A

18:45|Wake Not SVR A

18:50 Franklin, |Not SVR B R=18:47
18:50|Lee Not SVR R

18:50{Sampson |Not SVR A

19:03|Halifax Not SVR B* R=19:00
19:13|Halifax MISS F1 Tornado
19:13|Halifax Not SVR B* R=19:10
19:14|Halifax TOR | 19:45/10|NO

19:16 |Halifax Not SVR A

19:35|Hoke Not SVR A
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7.3.2 Excerpt from the Warning Process Spreadsheet

ON £ S3A ‘SF Sl A SYL £ "W 0Z 0) Buipueixag|:0z | uosuy | ¥AS | Ae-El
Z4ap 05 smoys AjAnos|jel
10 UDIJO8S S$S0I0 Y
S3A 4 S3A pue|joog ojul Buinow (189  W/N BUON|Zi'61 | PUBlOOS | UAS | Aen-cl
8yl 'UMOp saal} pue |ley
8ZIS sWip Yjog Yiim paijLisa
Buiuiem snoiasid sy}
ON 9 ON Gy st IASYL € "8100 AjAlosigel Zap | GE0Z | PIOJIIND | HAS | ABN-0)
0G B Jeau pnhojd jpuuny
e Buijuodal (jeo e s| alayl
ON € ON sPiQl-0) S J0TIAB UNIM (180 ZEP 0G B 60:0Z | WAsiod | HOL | AelN-0l
Ol + 40 Jeays e sey |jao ayl 10 BaUe 8Y} Ul pnojo |auuny
Buisodal (eo e sl alayl
S3A € S3A ‘o) uoun ul sbewep \c ‘AiAOB|jel 8y} Uo UBes SB|Z|:eZ | uosuy | HOL | Aei-L
OpEeuU.IO} Jouiw,, B [ley azis '07) Uosuy ol Buirow sl
11eq 4j0b jo yodal e st aiay| 1182 “09) uoIun pauiem ayl
ON Z ON Buusjue si |0 sy} pue|  W/N BUON|peZZ| Aluels | UAS | Aen-i
‘00 shuleged Ul [ley azis
Ieq jjob jo yodal e s1 aiay]
S3A N S3A juepuad pue j}jneA yum 0l sdojeArep|6Z:Gl | BlliAUBID | ¥OL | JEIN-8
74P G9 sI AjIAo9|§al 8yl BUOjOAD0SBW MaU Y
ON 14 ON ‘uoibal ayj ul 0l gzcolzapospuel LI bl | weyng | HOL | JeiN-8
pa)oalap sl auoj0A00SaW VY 18 ZgP G9 SMOUS aJnjonJjs ‘weyieyn
AjiAnos|yal [eofaA 8y L
el | Swij | swij (shabbuyl| swy (s)iojepul sl | Ajunon adAj | ajeq
wiolg | daid | [eay uoneb
Kjuap Y TTT:Y, =13SaAu|

S$S920.d Bululeppy aylL

94




ON ON 'Z4dp g9 S auojoAdosaw (gl /) | uoisuyor | HAS | AeN-LL
0} pasealoul SeY AjAI08|jel Xew s)elapow e Buiysebbns
ay4 ‘s|exid jo uisped paziuebio s|eAs|-piw je ainjeubis
-||em B saAjoAuUl INg ‘Jeays 8)eb osaw poob e smoys
0} ajeb jou si sIuL ‘s Oy-GE Haly 0ss € jo uoibal sy ul
101 1 Je Jeays pulm sl alay | pial AyoojaA sy Jo sishleuy
ON ON 82| VN BUON|GZ:/| | uosdues | YAS | Ae-GL
SiY} uo Bulusem wioisispuny)
alanss e anss) o} salidxs
} un Buljiem os uosdweg
Jo} Buiulem opeu.o} e Ajusiino
sl a1ay1--7gp G9 Jo AjAos|jsl
Xew e YyIm Alepunogq mojino
ue Buoje dn pasj sey |82 V¥
S3A S3JA | '@i00 Zdp §9 8y} Ylim pajedoiiod S Jeays|6g:9) | uosdwes | YOL | AeiN-GL
s| Jeays P G¢ Jo uoibel 2)eb o} a)ed P O jo eale
V 1M O 0} ZgpP GG MOU s| aiay) llews e smoys p|at} Aj1oojan
pue Iy OZ 0} ussl sey 8102 7gp ay] -AjBuoss Buiues s
G9 8} SMOYs U0N03s-8S010 8y | Yalum 13 g| e 8102 Zgp S9
B SMOUS U01J08s-SS0.0 8y |
ON ON ‘00 OoH € WH0OZ|Te9lL | OMoH UAS | AeiN-GL
Bulisjue mou s |10 a8y} pue 0] 0} 18 ZgP SS O} 0G SMoys
palian Buluiepn 00 8J00 BUL AJAIIOS|J81 JO UDI}OOS-SS0ID
ON S3A ‘09 uosdweg oyt Buinow VIN aUON;| /1:9} | uosdwes | ¥AS | AeW-Gl
S| {180 '0] BauIeH paljliaa 8y
S3A S3A WeLEezZap S99 VIN SUON|#0:9L | ©I00N | YAS | AeiN-G|
SMOUS UO0I10as $S0J0 AJIAIj09)48l
puoodss v ‘09 sl lIA8UL ‘ZgpP
GG JO 8102 pajeAs|d Ue smoys
uolj08s $5010 AJIAlOB|Iel 8y L

95




ON S3A ‘00 uosdwes g ‘PaJojiuoW aq 0} panuUOd|8Z:0L | duAep | HOL | AeiN-61
Ui OpeLIO] B J0 Jodal e s) alayl s1 ||92 8y} Jo Aysuaul
ay} pue ‘07 SUABAA 10}
Bulusem wIo}siapunL)} 8i8Aas
PaljIIaA JUBLIND B Si a1ay ]
ON S3A ‘0] sukep Buuepus|  WIN BUON| }Z:0} | eukepy | HAS | AeN-61
pue Aysusjul Buiuiejuiew ‘uosdweg
{190 wuols paylisA Aisnolraid eyt
ON S3JA  |euy 09 uosdwes 8y} Jesu GG 0} 9 "sanuno) uojsuyor ‘Sl 20:01 | uosdwes | ¥AS | AeN-61
G WoJy pasealoul sey A SUL pue uosduweg Buiyoeoidde ‘ucjsuyor
sl |80 8yl "09 pueladqwing
1SEeaypou Ul Jesys pale|aiiod
Q-€ Jo} Laje ue s| a1ay]
ON ON ‘09 puepaquing seyoeosdde )i WIN BUON| 6’6 | Jequnyd | HAS | AeN-61
se Ajisuajul swes ay} Bujuiewsal
si ||o0 a8y} Bumoys sjonpoud
snhoJawnu sxo8y2 s0jelado Jepes
8y "UMOp Sa8J} 0 Hodal e Uim
sollian Bujuiem ‘00 3oH 8y]
S3A S3A "HodaJ UinJ} punolb Z ‘0 oH U} €€:6 | oM | ¥OL | AelN-6l
snoiaaid sy} Jeau Alaa spunos Jeau--puejjoog IN Ul pnojo
Jaje suo|2Ao0saW s Jepes ay | jauuny e pue spuim Buouis
‘liey o wodsi e st aleyy
ON S3A ‘ed|  W/N SUON| ¢Z:6 | PuBlodS | YAS | AeN-61
({80 8y} Ul xau S| "0 puejods
pue "0 puowysiy woly uodal
WJoJsIapuny} 81aAss B sl aJay |
ON ON ‘Aue L ‘eul| ‘o) weying ey Jeau| 6118 | M | ¥AS | AeN-6)
INOUNIM pauiem Jng paisanbal "0 Weyeys 3N Joj pepunos ‘weying

aJe suodal Yin punols)

‘sul} ‘0D weyleyd syj jeau Zgp
GS st AJIAIOB}8) WNLWIXew ay |

He|e Jeays paiejaliod
-qe v 09 weyey) uLyiou
ul O mou s A 8y L

96




ON 14 ON ‘paulem 8 '0Q UIMUBId{GG 9L | USEN | ¥AS | Aeln-9z
Uaaq Jou SBY YIym 09 uIpjueld 3N Ui Jesus paje|asiod ‘uipjues4
ul jiey abie) Jo podai e sj ausy | a-¢ Joj peje ue sj siay)
ON } ON ey 0¢ ‘00 uojsuyor ojul Buirow si| 69l | uoisuyor | YAS | AelN-61
abie| sonpoud oy ybnous Buoys jjeo ayy ‘Ofeig uo4 je jiey
ale "07) UOJSUYO[ UISISapA jlews pue sy 09 uey) Jeyesld
Ui SWLIO)S 8y} Jey) suluLslep SpUIM JO Jodai B s| 848y
0} PasN si 0Jaz gING-Jam oyl :
ON 3 ON oeq §]|8d Ul jxeu 8 '8||80 8s8U} YIm pajeIoosse|GGiGL | aMoH | YAS | AelN-6i
S| ‘00 @oH -Buiusem snojnaid [ley azis a|qiew Jo
ay; BuiAjien ‘00 aloop Ul ey sHodal ale aiey] "0 SJOOW
9zIs ||eq J|ob jo uodai & s| atay| u Zgp 0/ J8A0 0} pesealoul
aAeY sanjeA AlANDS)eY
S3A b S3A eo ey ull 0z ojut Buissaiboud s! ||8d[0g:GL | ©I00N | HAS | AeiN-61
juesald s1 Jeayg paiejallo) ge 8y} pue paijusA sey Buiuiem
‘09 Aiswobjuop syl
S3IA L S3A | ‘09 AsswobBjuop jo Jey uisises S ) Buinssi elojeq abewep| zo:gL | ‘wWobBjuow | ¥AS | ABN-61
a4} apnjdul o} payipe si Buiusem ‘09 AUBlS U0 UOIBULLIYUOD
8L 'ZS J0 1IN B pue Zg9pP 99 awios aYi| pjnom Jojelado
Jo san[eA AllAljoa)jal ale alay | ay} Inq paledaud s| Buiuiem
eyl ‘09 Asswobiuop
ojul Buiaow st |{90 ay) pue
‘09 Ajueis ul jiey azis ead jo
Jodal ying} punolb e sj ajayy
ON I S3dA "LLIOIS 8y} 40 JUSIXS |BOISA L ‘0D snueqed | 6€vl | AluBlS | UAS | ABN-6l
ab.e| B SMOYS UOI109S-SS0I0 VY ul Jj82 8y} sshosip 0} pajieo
sl ayjolleyn ‘esle Buiuiem
s,8)0]JeyD Ag paulwisiep
se oy Jo .Aep auj jo TIA,
84} 8A0qe S! UoIym g7 JO THA

97




ON ON 74P G9 Jo Aunposyal|  WIN SUON|8Y:9)L | AsjuBlS | ¥AS | unp-Zi
e sey pue ‘07 Ajuejs Buusius
mou si [[80 sy Buiulem
‘0D uoiun liey; Jnoge SMN
a)jol4eY D au) woJ} ||eo e st aJay}
S3A S3A 'SP 6¥ £ ‘09 uosdwes ul|6G'6} | Uosdwes | YAS | unpf-L|
puB |- ale sunwixew A)JoojeA payodal sem puim yduw 09 v
aseq oyl Zgp L. joXew
e sey AJIAljos}al ajisodwos ay|
S3A S3A J0}esado 8U} SUIBOUOD 4 +GE IO NIA B BARY 6281 | UIMUBI4 | YIAS | Unf-L)
adeys sy} pue ‘09 uIpjue4 ‘00 Ulyuel4 Ul S|j99 |BlaAeg
MS Ul ||82 8susjul UB SMOYS
AJAnos|jal ajisodwos sy 9400
pajeAs|e ue sey uonoes-X v
ON ON "0 uojsuyor ui S "90ud|Is | 9G-0¢ | UoIsUYol | YAS | unf-6
[1ey azis ead yim ||eo B sl alayy 4O 8U0D B Ul S| 0D uojsuyor
"SPNOJO [2UUIN) pUB SPUIM
yBiy jo suodal aaey Jey}
(|89 paulem Ajsnolas.d Jo
¥OB4} BL} Ut §1 "0 UOISUYOSP
ON ON ‘§8ljuno) ce 'spodal; Lyi0Z | uIpuBld | ¥AS | unf-6
S%BAN\ WIBYHON pue uipuel Joj "0D uipjue.d buied ‘ayemM

yInos ui peuodai si 0g 0 A Y

‘00 UIpuelH 0} S0UBA WO
pajedipul ale spulm P 0g

0} g¢ ‘j1onpoud AjooisA jdued
¥ 8y} uo jussaid uolelol
awog "Ajunoy soueA 38 Ul
H8|e 2uoDAD0SBW B S| 8Jsy |

98




S3A ON ‘penss!|  Y/N SUON|ZP:LL | ®eM | HAS | unr-gi
SEM )i 810J2Q PSAISD8l SEM
Jodal jiey sfiig| e ing Buiuiem
oy} Buniedsid o} Joud paaieoal
alem siodal ON "suodsl
yinJ} punoub 1e6 o) pejeiul
aq |{eo e ey} pajsenbal pue
00 e\ IS U uinjal Jo ease
Buouis B pajou Jojeiado jepey
ON ON (0D € ‘oyoe AjiAoeyel| 9g:i/ | | uosdwes | YAS | unp-zi
pueuagwng) ajjiaelale ui jiey aU} Jo apIs Ynos ayj uo ‘uojsuyor
92IS sullp JO paAladal st Jodal ps}eoo| s1}| 'padojansp |[am
Ul S1 0SaW 8y} Jey} smoys
Ajo0jeA aAle|al wioys [sued
- 8y Aunos uosdweg
MN Ul L8l 0S8\ B si alay |
ON ON ‘Bueyieno G ‘MN 8y} 0} Buiyoes|€z:/1 | WouieH | ¥YAS | unr-zi
aLWos SMOUS pue Zgp G5 punoie s! |80 8y} pue Buiutem
SI @109 8yl '} 000°0Z Inoge o} }se| Buljien "0D a3oH ul |iey
Buipua)xe Zgp 0G SMoys UoI08s Uoul /¢ Jo podau e si alay |
$S0JO Y "suodal Joj '00) JeuleH
0} ||ES B pajeniui ue s| aJay|
S3A S3A ‘00 o wiesam; /N SUON|80:ZL | ®fOH | YAS | unr-gi
Ul Zgp 9 si AJIAlos|es 8y
ON ON ‘Bueysano piemyinos poob yum; /N BUON|ZG-9) | 8doUBA | YAS | unf-ci

Z4P G9 JO 8100 XEW B SMOUS ||80
SIU} JO UONOaS SS0I0 Y "ZgP 09
0} GG 4O san(ea AjAOaljal UM
‘00 9dUBA MN Ul S! ||20 eble| v

99




ON ON 089 VIN QUON| 9C:9) | PIOJIND | YAS | unf-9l
SIY} Ul +0G SITIABYL M EE
0} ZdpP 0S5 UIM 1 gC O) spusixse
78p G jo 2100 8y} “dn pasind
sey |j82 8y} SMoys uojo8s-Y
ON ON WoE0IZAP|  VIN BUON| ZG'GL | Uissiod | ¥AS | unf-gi
GG 1O 202 B SMOUS |{82 8u} Jo
uoNoas ssos0 y ‘way) Buipusixs
10 uojelepisuod sy} sidwoud
pue sBuiuiem snoinaid ayy
S8ljLioA |IBY 8zIs awIp Jo Wodal
ON S3A ‘Bujuiem ayy enssi e pue paledaid st Buiuiem| g} Gt 3N HAS | ung-g)
0} apeul s1 UoIsioap auj pue 8yl 0D yjAsio4 3JN Ul Jepel ‘YiAsIo4
Z8ap +09 s! AjlAljoa|jel aseq ay | sbingsyoe|g uo GG 4O 1IA
ON S3A "0 Ylhsio4 MN S ‘189 8y} jo uoljedlisusjul uo| 80:G1 M HAS | unr-gL
Ul +GG O} paseasoul sey JIA eyl Buiyiem pue |iey szis ead sem ‘YAsio4
Hodal ayi -awy jo peaye
paseda.d si Buiuiem ayj pue
09 UYAsi04 Ul papodal si [IBH
ON ON . Upwu| /N SUON|O:8L | aukepy | MAS | unp-gL
€ B UIMID ZZ 01 | 18 ZdP GS 10
8102 B SMOUS [|82 SIY} JO Uooss
ssol0 y ‘Buiuiem sy} Buipuajxa
10 uonelapisuod Bundwoud pue
Buiuiem snoineid sy BuiAjisa
ey ,.z/L pue spuim yduw g
suodoas g4y UOSULOT-INOWASS
ON S3A ‘Bueyleno Zh '00(8G:/L | sukepy | YAS | unr-z)

Buodis B SMOUS Ng ‘MoLIeu s

@100 8UL WY 8} 1B 2100 ZGP G9
B SMOUS UON08S SS0.7) Jayjouy

BUABN\ LIB)SaM Ul UDIj08s
SS0JO B U0 paseq auii} Jo
peaye pasedaid si Buiuem vy

100




S3A ON ‘00 uosdwesg 8 ‘00 166 | Uolsuyor | HOL | 1O-9
ut umop saal} jo Lodal e spiaih uosdweg Ul UCIIBIO) YESM
‘00 uosdweg o} |jeoy 09 sMous AJI00[aA BAle|es By
uosdwes Ui "IWg’ | JeAo Jeays
P L€ pUB JSly OSSN € S aiay]
S3IA ON ‘09 uosduweg 8 ‘00| 1616 | auhkep [ HOL | 00-§
Ul UMop s89.} Jo wodal e spisiA uosdweg Ul UoIeJo. Yeam
‘09 vosduweg 0} |leo Y 09D SMOUS AJI00j8A SAlje|al By |
uosdwes Ul “IWg’ | JaA0 JBays
SP L€ pue LSy OSSN B Sl alay]
ON ON ‘00 ebuesO MS Ul Jussaid| 0l ‘0| 1G:8 | 8buelO | HYOL | 10§
s1 SP} GZ 10 Jeays o1eb o) sjen) abueip MS plemo) Bupoel
{182 8y} pue Bujuiem 09
weyleyn auy ButAjisa umop
saaJ) Jo podal e s| alsy]|
ON S3A ‘00 weuyieyy fesusd L WO0.LL) Le8 | Weuyleyd "ol | 1WO-§
ul ||@0 Zdp G5 01 0G B Ul S|SA8) Je s} 9z jo Jeays ojeb o}
piw je Jesys a)eb o} ajeb ‘spy ajeb sejeoipul ‘09 weyeyn
GE SMOUS UBOS SWIN|OA MaU 8y | JBAO AJO0[BA BANE|SS BY )
ON ON 00 Uos.Ieqoy l ‘00 puelleqund O3 Jled| |1:g | dequuin) | 4Ol | WO-g
3N Ul opeulo} e jo Loday B pajeiliu] "0 pueliaqung
JBAO |j80 B4} Ui SP GE JBA0 JO
Jeays a)eb o} 2)eb st aiay |
ON ON aAljisod |ley sejedlpul;  W/N SUON| 5Ol |puoWydly | IAS | INf-Le
wypobie auy pue 69 Jo A
ON ON ‘s|i®d Jsyjo|  V/N SUON| OF:Ql | PUBIOOS | HAS | INf-1¢
uey) A|pides aiow (piemises) ‘O)OH

JuBL 8y} 0) Buirow WIO)S ‘Baie
ay) ul A|pidea Buiseausul A

101




S3A S3A ‘00 8jliAuelg ol L ‘00 9l(IaUeID Ul 8ANISOd | LP'8L | S|IAUBID | UAS | 1°0-L2
Buiaow st AANOS|eL e)isodwod 'eH ‘uoly ue s) 81|yl
ybiy jo uoibas 2y] 09 weyng
T uj yJussald si Jesays jueoyiubis
S3A ON ‘00 weying ui € ‘uoljowl sAflejal Wois suU} 6Z:81 | weuwng | ¥AS | 10042
843 wLO)S B JoJ We|y ue st alay| uo umoys Jesys jueoyiubig
S3A S3A INYS JO [BAS) 8 ‘suo|oAoosaw| LL:g) | ebuelQ | YAS | 100-LZ
a|Buis e uo paseq peaye ob o} B JO YorJ) 8y} Ul S| UoIum ‘09
apew si uolsioap sy} syonpoud abuels 10} Buiuiem e Buinssi
asay) BuLo)s Jou s! Jeped au) Butiapisuo si Jojelado sy}
INg WYHS 8U3 Jo 8dI|s & Je 300]
0} &l} pjnom Jojesado Jepel eyl
ON S3A ‘00 a)ep uisjses ul Buimoq € ssjnuiu maligygl i BM | HAS | RO-S
smoys Alianosjjal slisodwod syl 1SB| 8y} Ul JBUJES) Ul UMOP
$82J) Jo Yodal e sem auay |
ON ON ‘0D a)eM uisjses ul Buimog € SOINUIWL M8} 8.8 | UDISUYOP | YAS | 190§
smoys AjAosijal ausodwoo syl I1SB| 8} Ui JaUJBS) Ul UMOP
saaJ} jo Jodal e sem aleyj
ON S3A (a%em L MS UL[[eo B IO} Bl Z/L 1 6F:LL | OBM | HOL | O-§
MS) JuB|d JeMod silieH uoiesys JBA0 $]Y O¢ JO Jeays sajeoipul
ey} Jeau papodal s| opeulo} Al0ojaA aAlelal Byt
ON S3A ‘UEds BWN|OA 9 ‘eull ‘0] pouieH-887 | 0C:LL | M | HOL | PO-S
XauU sy} Ul {180 awes sy} uo BY} UO {180 B JO 8pIs Ynos ay)
wiesald si seayg paiele.od g-¢ 10} SpUNos Usly 0SaN 8yl
ON ON “ueds aWn|oA 9 ‘8ul] ‘0D yeuieH-997 0C L | WelieyD  HOl | 0§
JX8U 8y} uI |30 awes au} uo BU} U0 |10 B JO apIS Ynos sy}
esald si Jeays pseie|aliod g-g JOJ SpUNOS HdjY 0SSNl 8y L
ON ON "UBDS BWIN|CA 9 ‘aul| ‘0] JJoweH-8987|0g:LL | WHeuleH | ¥OL | PO-S
XauU a8y} Ul |90 swes ayj uo 8Uj UO |89 B JO 8pIs Yynos sy}
Juasald s| Jeays paje|aliod - 10} SpUNOS 1)y 0S8Nl 8Y L

102




ON ‘AAos|es|  W/N SUON| 061 | XedieH | YAS | AON-LI
8)isodwog 8y} Uo UMoYs
se umop Buimojs st aul sy} pue
sBulusem sholaald jo uoieoyllap
S3A | sBuiutem snoiaaid o uoleollan| W/N SUON|0E61L | 296p3 | YAS | AON-L)
S3JA | sBuiuiem snolnaid Jo uonesylusp|  W/N aUON!BG:8L | USEN HAS | AON-LL
‘XejileH
ON | sBujuiem snojraid jo uoleaijiiopn!  WIN QUON|6G:8L | UOSIIMA | YAS | AON-L}
‘auhepn
ON |sBuiuiem snoirsid JO UOHEDOIIBA|  WIN SUON |88l | Uslep | YAS | AON-L L
]
ON S3A 00 9dueA ul Zdp 4 ‘00 SoUBA LWISisamM UL JGIBL | ®OUBA 1 Y¥OL | 1°0-LC
09 pUB 8U0JDAD0SBL BY) SMOYS Ha|y aUO|0A00SaN B St alay |
[113S AlAnos)jed elisodwod ay]
S3A S3A B[ | JBAC Jeays 14 ‘0) VUBA| Y6l | UBMBA | HOL | 042
o1eb 03 a1eb P Op B sl 8tey] Ul Js[leJ} paulniuaAo ue
puB UMOp SaaJ)} JO peAiadal
S| Jodal e pue "09) usilep
o Buinows sy jj@0 sy}
S3A S3A ‘8ui| "0 sliAUBIO/BOUBA € "Hodal ying punoiBi gL 6L | @dUBA | HOL | 190-22
8y} uo Jussald s| sU0joAD0SS e Buialeoal uo yo Buipjoy
V 00 9||IAUBIS) Ul OPBUIO) s| Jojesado sepel au} Inq
Jlews e jo Jodal e s| aisyy Buiuiem opeulo} shojraud ay)
0 yjed ayj ui S "07) 9dUBA
S3A S3A 'S3jiW { Ul Jesys € ‘a|qe|leAe Jou ale | 80:61 | 8jlIAURID | HOUL | 1°0-LC

‘SP| p SMOYS A}I00jBA 8seq oy |

sjonpold WHS 8yl Jesys
a1eb o} a1eb "sp Oy Jeno
MOUS AJ100|9A aAlBlaS By L

103




7.3.3 Excerpt from the Decisions Not to Issue Warnings
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7.4 SAS Data and Program

Data for analysis of affects of population density and per capita income on verification
rate.

County Warnings ;| Verified : Percent | Population ;County Area: Per Capita
Wamings | Verified i Density (km?)* Income
(km™?y* (dollars)
Chatham 13 4 0.31 21.90 1837 19787
Cumberland 12 7 0.58 162.30 1706 16403
Durham 11 2 0.18 241.60 772 21547
Edgecombe 10 4 0.40 43.20 1312 15432
Franklin 18 7 0.39 28.60 1280 14858
Granville 19 7 0.37 27.90 1390 15191
Halifax 8 2 0.25 29.50 1893 14587
Harnett 14 7 0.50 44.00 1557 14525
Hoke 9 3 0.33 22.60 1016 11921
Johnst 22 11 0.50 39.60 2061 17450
Lee 5 2 0.40 62.10 672 19699
Moore 17 10 0.59 32.60 1829 21458
Nash 10 3 0.30 54.80 1406 18704
Orange 10 4 0.40 90.60 1039 21945
Person 8 4 0.50 29.70 1047 16849
Scotland 6 2 0.33 40.80 831 15352
Vance 9 4 0.44 69.20 699 15726
Wake 18 13 0.72 196.00 2221 23959
Warren 5 1 0.20 15.50 1150 11989
Wayne 17 7 0.41 73.10 1442 15261
Wilson 12 7 0.58 68.70 969 18596
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SAS Program

Data a;
infile ‘data.txt’ dlm=09x dsd;

*Variable Definitions: warn = the number of warning issued to each county

* verif = the number of warnings that verify to each county
* pop = the population density of the county per square km
* area = the area of the county in square km

* income = the per caita income for each county in dollars

input warn verif pop area income;

*Do logistic regression to see if the verification rate is a function of the population
*density.

proc genmod;

model verif/warn=pop /expected typel type3 dist = binomial link=logit;

*Do logistic regression to see if the verification rate is a function of the per capita
*income

proc genmod;

model verif/warn=income /expected typel type3 dist = binomial link=logit;

*Do Poisson regression to see if the number of warnings issued is a function of either the
*county’s area or the popultion density.

proc genmod;

make ‘obstats’ out=pred,

model warn = area pop /obstats expected typel type3 dist = poisson;

*Do Poisson regression to see if the number of warnings issued is a function of either the
*population density or the per capita income.

Proc genmod;

make ‘obstats’ out=pred,

model warn = pop income/obstats expected typel type3 dist = poisson;

run;
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