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INTRODUCTION

With atmospheric conditions ideal for producing hail, straight -line winds, lightning, flash floods, and tornadoes,
May is the most active month for severe convective storms in the U.S. At this time of year, p otent, extra-
tropical storms force the warm, moist air from the Gulf of Mexico far enough north ward to clash with the cool,
continental air mass over the U.S., producing an environment conducive to the most violent weather that can
be found anywhere on Earth.

May of 1999 proved to be an exceptionally destructive month in severe convective storm history. Beginning on
May 3, a large upper-level trough over the Western U.S. allowed moisture rich air and intense wind shear to
advect into Northern Texas, Oklahoma, and Southern Kansas, creating conditions ripe for severe weather.
Nearly 70 tornadoes were reported on May 3 alone, including two dangerous, long -lived F4 and F5 tornadoes on
the Fujita Scale that passed near Wichita, Kansas and Oklahoma City, Oklahoma, respectively (Figure 1). May
47 6 brought over 60 additional tornadoes to areas of the Southern Plains, the Tennessee Valley, and South
Carolina. The events of May 3i 6 became known as the 1999 Oklahoma Tornado Outbreak, costing many lives
as they wreaked havoc throughout the region .

The strongest of these events, a large and destructive F5 tornado that touched down near Oklahoma City on
the evening of May 3, caused $1.3 billion in damage in 2009 dollars (Brooks and Doswell, 2001). Adjusted for
inflation, it remains the costliest tornado in U.S. history. The tornado claimed 36 lives, making it the deadliest
tornado since the 1979 Wichita Falls Tornado. At its peak, it measured up to one mile wide with winds in excess
of 300 mph (480 km/hr), the highest wind velocity ever measured ( Center for Severe Weather Research, 2009).

Ten years after the event, Risk Management Solutions (RMS) revisits the 1999 Oklahoma Tornado Outbreak,
with a focus on the spectacular May 3 F5 tornado near Oklahoma City, summarizing the meteorological
conditions and the damage that the tornado caused. The RMS U.S. Severe Convective $orm Model is used to
assess insured losses ifa similar tornado were to recur in 2009, considering its original path as well as
trajectories through the urban corridors of Dallas and Chicago. The paper concludes with an assessment of the
current risk from tornado hazard in the U.S. and the implications of this risk for insurance risk management.
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Figure 1. Satellite view of supercells over Oklahoma City hours before the F5 tornado on May 3,
1999 (Source: NOAA)
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THE 1999 OKLAHOMA TO RNADO OUTBREAK

fiTornado Alleyo is a geographical area in the Central U.S. extending from northern Texas to southeastern South
Dakota, southern Minnesota, and western lowa (Figure 2). The area broadly corresponds to the Central Plains
region of the U.S., reaching from the Rocky Mountains in the west to the Appalachian Mountains in the east.
Climatologically, this central region of the continental U.S. experiences a relatively high frequency of tornadoes
in the spring of each year, primarily due to the clashing of air masses. As Figure 2 illustrates, warm moist air
from the Gulf of Mexico moves north to collide with cold, dry air from the Northern U.S. and warm dry air from
the Southwestern U.S., generating severe weather in the Central Plains.

While hundreds of tornadoes occur in Tornado Alley each year, with the month of May historically showing the
greatest frequency of events, most are weak in intensity and tend to impact rural, sparsely populated areas.
Only 1% of these tornadoes become violent, measuring EF5 on the Enhanced Fujita (EF) Scalé. However, if
these storms track through populated urban areas, they can cause severe damage and fatalities. The strongest
event of the 1999 Oklahoma Tornado Outbreak, the F5 tornado that ripped through Oklahoma City, Oklahoma
on May 3, met these unfortunate odds.
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Figure 2: Tornado Alley (Source: NOAA)

Meteorological Conditions on May 3, 1999

The meteorological conditions allowing the formation of large supercells or supercell thunderstorms in Tornado
Alley on May 3, 1999, were very similar to the conditions depicted in Figure 2. Supercell thunderstorms are a
type of thunderstorm with a stable rotating updraft, capable of producing large hail, high winds, and violent
tornadoes. A large trough (low pressure system) located over the Western U.S. progressed from Arizona to
western Oklahoma and Kansas throughout the day. As this trough deepened, a surface low pressure moved

! The Enhanced Fujita (EF) Scale was developed by the National Weather Service of the U.S. National Oceanic and Atmospheric
Administration (NOAA) and has been operational since February 1, 2007. The EFScale is a revision to the historical Fujita Scale or
Fujita-Pearson Scale, first developed by Ted Fujita and Allen Pearson in the early 1970s, which measures the strength of a tornado
based on the damage it causes. For more information, see http://www.crh .noaa.gov/arx/efscale.php.
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eastward from the Rocky Mountains, bringing southwesterly warm, dry air from Arizona and New Mexico. In
addition, a large mass of warm, moist air moved northward from Texas into Oklahoma and Kansas. A dry line
formed at the meeting place of these moist and dry air masses. Dry lines, also called dew point lines, are often
associated with severe weather and convective activity, as, by definition, they denote an unstable boundary
between moist and dry air masses®. Unstable boundaries between air masses create sustained convection,
which in turn can lead to severe weather formation . Very moist air (blue-green shaded area in Figure 3) present
at the boundary provides energy for developing strong convection. Figure 3 also shows the dry line (brown,

open scalloped line) that formed on May 3, extending south-to-north from eastern Texas through Oklahoma,
Kansas and Nebraska

Figure 3: Meteorological conditions during May 3, 1999 at 20:00 UTC over the Plains highlighting
the north-south dry line (scalloped brown line) located near the boundary of moist air (blue-
green) and dry air (black) and denoting surface dew points above the mid-50°s F (Source:
Thompson and Edwards, 2000)

Beginning in the late afternoon on May 3, 1999, a jet streakd high velocity winds in the jet, relative to the
surrounding streamd located in the mid-troposphere and upper troposphere moved in an east-northeast
direction into the Plains, generating increased mid-level and upper level winds. This jet streak produced an
environment containing strong vertical shear, an important parameter for convective storm formation. Two
initial clusters of thunderstorms formed in southwestern Oklahoma during the afternoon, one near Lawton and
another near the town of Altus. The first cluster near Lawton spawned Storm A, the supercell that was
responsible for the F5 tornado (Thompson and Edwards, 2000). The second cluster near Altus was responsble
for forming Storm B, the F4 tornado that impacted the western neighborhoods of Oklahoma City (Figure 4).

2 For more information on dry lines, see http://forecast.weather.gov/glossary.php?word=dry%20line .
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Convective Available Potential Energy (CAPE) is a measure of energy available for deep convection and is
commonly measured using weather balloon soundings. It represents the energy released if a parcel of air w as
to be lifted and cooled to the point of condensation. High values of CAPE enable strong updrafts to form and
are correlated with damaging hail, increased lightning activity, and in some cases, violent tornadoes.
Generally, CAPE values above 2500 J/kg indicatea highly unstable atmosphere. Soundings during the formation
of supercell A were in excess of 5000 J/kg (Thompson and Edwards, 2000).

storm A updraft
nears confluence
boundary

Figure 4. Satellite image and assoadated surface station data plot at 21:32 UTC on May 3, 1999,
highlighting position of Storm A, near Lawton, and developing Storm B near Altus (Source:
Thompson and Edwards, 2000)

Issuing Warnings to the Public

The Severe Prediction Center (8°C) and National Weather Service (NWS) continually monitored the situation
and conditions, and without their operational forecasting and warning systems, in conjunction with local
emergency services, fatalities would certainly have been more severe. The SPC began with a 1-day convective
outlook, indicating a slight risk of severe weather. By midday on May 3, warm moist advection, an intensifying
dry line, and soundings indicating high values of CAPEled forecasters at the SPC to raise the outlook to
moderate. As conditions continued to develop favorable convective parameters, the SPC raised their outlook to
a high chance of severe weather in the early afternoon of May 3.

The swift updates to the tor nado outlooks throughout the day were tied to the difficulty of properly resolving
the correct tropospheric flow and associated deep vertical sheer by operational models. With the convective
outlook remaining uncertain as it rapidly changed, the prudent co urse was to issue frequent updates. By 4 p.m.
on the afternoon of May 3, 1999, the NWS put 44 counties in Oklahoma under a tornado watch. Shortly
thereafter tornado warnings were issued. At 6:57 p.m. the Norman, Oklahoma NWS put out its first ever

E@ © 2009 Risk Management Solutions, Inc. 4



ATor neandeor gency o for Oklahoma City and its metropolitan ar
tornado, which would later become the Oklahoma City F5 tornado.
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THE MAY 3 F5 TORNADO

Path of the F5 Tornado

Just before 7 p.m. local time on May 3, 1999, the strongest tornado of the outbreak touched down southwest of
Oklahoma City in the city of Amber, Oklahoma. After touching down in Amber, the tornado moved northeast
through the communities of Bridge Creek and Newcastle and into suburban Oklahoma City, devastating the
town of Moore before turning north and moving through Del City and Midwest City (Figure 5). It also passed
over the western edge of Tinker Air Force Base as it moved through the region .

Figure 5: The F5 tornado path of May 3, 1999. a view in Newcastle two days following the event,
showing the dark mud trail o f t h e tpath asat ahovédsthrough the region. The fown of
Moore and south Oklahoma City can be seen in the distance (in the upper portion of photo)
(Source: National Severe Storms Laboratory)
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As Figure 6 illustrates, storms A and B were the primary storms of the outbreak, spawning a total of 34
tornadoes between them. Storm A spawned the longest track and the most intense tornadoes of the day.
Specifically, the F5 tornado spawned by Storm A had a full track length of 38 miles, and at its widest, it
measured one mile wide (Speheger et al., 2002). It reached F5 strength twice: once as it passed through
Bridge Creek, and again as it passed through the town of Moore. However, for almost its entire lifetime , it
consistently remained at F3 strength or above.

Figure 6: Map of tornadoes and their intensity spawned by all storms during the May 3, 1999
Outbreak. Storm A (dark green) produced the long-lived F5 tornado through southern Oklahoma
City (Source: NOAA)

Tornado Damage in the Oklahoma City Area

After the dust, debris, and devastation had settled, survey teams were deployed to the area from around the
country. Various methods were used to assess the damage, including ground reconnaissance surveysand aerial
observations. Thousands of homes and business were destroyed in the Greater Oklahoma City area, including
Kelly Elementary School, the Emerald Springs Avartments, and numerous other residential and commercial
structures. As shown in Table 1, the majority of damaged or destroyed structures were within Oklahoma and
Cleveland counties.
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