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Executive Summary 

Atmospheric dispersion modeling is required to ensure 
that a postulated breach in radionuclide storage containers 
at the Savannah River Site (SRS) from a tornado strike of 
Fujita-scale intensity F2 or higher will not result in an 
unacceptable dose to individuals. Fujita-scale tornado 
descriptions are included in Appendix A of this report. 

Dispersion models previously used at SRS for estimating 
dispersion following a tornado strike were developed by 
D. W. Pepper in 1975 (DP-1387, Dispersion of Small Par
ticles) and H. R. Haynes and D. W. Taylor in 1983 (DPST-
82-982, Estimating Doses from Tornado Winds). Research 
conducted in 1983 on the formation and evolution of tor-
nadic thunderstorms has lead to a more complete under
standing of the tornado vortex and associated persistent 
updraft and downdraft regions within the parent thunder
storm. 

To ensure that appropriate, contemporary methods are 
used for safety analysis, the Pepper model and the Haynes 
and Taylor model were evaluated with respect to current 
knowledge of circulations within tornadic thunderstorms. 
Pepper's model is complex numerically but contains most 
of the desired physical parameterizations. Haynes and 
Taylor's model is used with the Puff-Plume model (an 
emergency response model on the Weather INformation 
and Display System at SRS) and has provisions for radio
nuclide deposition and rainout. Haynes and Taylor 
assumed heavy rain following the tornado for a period of 
ten minutes, followed by a lighter rain for another ten min
utes, then no rain for the period when the material is trans
ported to 100 km downwind. However, neither model 
incorporates the effects of a nearby thunderstorm down-
draft. 

A revised model, which employs a simple Gaussian dis
persion algorithm and provisions for a single persistent 
downdraft, is proposed for use at SRS. The model pre
sumes respirable particles are immediately releases and 
assimilated in the tornado vortex. Thereafter, the particles 
are lifted to the base of a counter-clockwise rotating col
umn of air known as a "mesocyclone". The mesocyclone 
is located adjacent to a substantial persistent downdraft, 
which can eventually carry the elevated particles back 
toward the surface 

Results from this proposed model were compared with the 
results of the Pepper model and the HaynevTaylor 
approach. The recommended model is found to yield 
lower values for the time-integrated concentration (nor
malized by source strength) over short distance ranges but 
higher values for longer distances, compared to the 
Haynes-Taylor approach. Both the recommended model 
and the Haynes-Taylor approach give results, which 
exceed those of Pepper's model. The recommended model 
was expressly composed with conservative, yet reasonable 
assumptions regarding the major factors influencing dis
persion after a tornado strike. Results are provided for 
ranges of wind speed, downdrafts, and initial release 
heights of the mesocyclone. 

The scenario considered in this report does not include an 
extended release after a tornado strike. Winds associated 
with tornadoes categorized as F2 and above are assumed 
to result in complete destruction of barriers to the environ
ment and would likely cause a sudden release of materials 
into the tornado vortex. Another possibility is bleeding or 
slow discharge of the radionuclides after the tornado vor
tex moves over the damaged facility. This possibility 
would require a more conventional approach because the 
dispersion would be primarily horizontal without the 
effect of significant updrafts or downdrafts. 

95X04896 1 



WSRC-TR-94-0386, Rev. 1 Estimating Dispersion from a Tornado Vortex 
and Mesocyclone (U) 

2 95X04896 



Introduction 

Tornadoes are among the most violent atmospheric storms 
and consequently pose a challenging problem for risk 
analysis and safety studies. The U. S. Department of 
Energy design standard for natural phenomena (DOE 
1994) recommends that an SRS facility that has a perfor
mance goal of Performance Category 3 should be evalu
ated for sustained winds of 61 meters per second (m/s) 
(137 miles per hour) and for peak winds of 69 meters per 
second (m/s) (155 miles per hour). Winds of this magni
tude are highly unlikely to be found anywhere except 
within the vortex (including the walls) of the tornado 
itself. Therefore, wind damage can be limited to a direct 
strike by the tornado (i.e., the tornado funnel is in contact 
with the surface and moves in a path such that its circular 
envelope sweeps across the facility in question). A glanc
ing strike or a situation where the tornado funnel tempo
rarily loses contact with the ground would not expose the 
facility to the full strength of the wind. Releases resulting 
from tornado-generated missiles are assessed by conven
tional modeling techniques. Modeling of collateral 
releases were not addressed in this report. 

Previous dispersion models at SRS were derived by D. W. 
Pepper in 1981 and H. R. Haynes and D. W. Taylor in 
1983. Pepper's model accounts for uptake of radionuclides 
by the tornado vortex and mixing material throughout the 
parent thunderstorm, followed by conventional dispersion 
from advecuon, turbulent diffusion, and wet deposition. 
Calculations of ground-level concentration were based on 
a numerical solution to the advection-diffusion equation. 
Haynes and Taylor's model is based on a Gaussian disper
sion model (the Puff-Plume model on the WIND System) 
and has provisions for radionuclide deposition and rainout. 
Haynes and Taylor assumed heavy rain following the tor
nado for ten minutes, followed by lighter rain for another 
ten minutes, then no rain when the material is transported 
to 100 km downwind. 

Research that has been conducted since these earlier mod
els were formulated has demonstrated the importance of 
thunderstorm downdrafts in mesoscale circulations 
accompanying tornadoes. The objective of this study is to 
determine revised estimates of ground-level concentration 
following a radioactive release from a F2/F3 tornado strike 
using a simple Gaussian model in which the downdraft is 
allowed to bring material to the ground. The methodology 
assumes a direct tornado strike and immediate, complete 
entrainment of the radionuclides into the core of the tor
nado. It is possible for a strong F2 tornado to damage a 

facility or container and result in a slow leak of radionu
clides to the atmosphere. These situations would require 
an accident analysis that considers a ground release of the 
radionuclides, lliis scenario is not considered in this 
report. 

Tornado structure may take on one of three basic forms: 

1. single spiraling updraft vortex 
2. single spiraling updraft with core downdraft 
3. multiple "planetary" vortices (suction spots) within 

a main vortex. 

Since there are three possible vortex forms for the tornado 
strike, a spectrum of damage scenarios are possible. 
Regardless which of the three vortex forms is present 
when the tornado strikes the facility, for the purpose of 
constructing dispersion curves, we assume that the same 
tornado vortex that damages the facility (releasing the 
radionuclides) immediately draws the particles into the 
vortex and transports them spiraling upward within the 
vortex. 

The interaction of the released radionuclide aerosols with 
precipitation might be of crucial importance in some acci
dent scenarios. The aerosols might become scavenged by 
raindrops within the parent thunderstorm, which then 
either evaporate before reaching the surface or are depos
ited on the ground with rain. If the material reaches the 
ground as wet deposition then the particles would be tem
porarily restricted from reaching the lungs in large per
centages through respiration. Resuspension would need to 
be considered as a separate process (acting on time scales 
measured in hours or days after the passage of the tornado 
vortex). 

If a sudden release and immediate lifting of the particles 
does not occur, then other outcomes would have to be con
sidered, depending on the nature of the accident being ana
lyzed. For example, aerosols from a liquid pool might be 
blown horizontally along the surface by strong winds in 
the aftermath of the tornado strike. This latter case could 
be handled with standard Gaussian models using an appro
priate wind speed. 
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Tornado Development 

Ordinary convective clouds grow rapidly and a small per
centage may develop into thunderstorms that decay over a 
40 to 60 minutes. A non-tomadic thunderstorm often pro
duces heavy rain, large hail, and damaging winds; only the 
tomadic thunderstorms produce a rotating vortex and 
accompanying violent winds that flatten substantial natural 
and man-made structures. 

Tomadic thunderstorm development in the Midwest and 
other areas has been observed over the past several years, 
and now better ideas are beginning to emerge about their 
formation and structure. However, as with almost any 
weather-related phenomena, mere are exceptions to pre
vailing views and observations that are difficult to recon
cile with existing models. Consequently, tornado and 
thunderstorm research continues at a relatively high rate of 
funding and national interest. Substantial progress in mod
eling of tomadic storms has occurred by taking advantage 
of computer hardware and software advances, c.f., Wicker 
(1990). 

Tomadic thunderstorms in the Midwest and Great Plains 
often have features such as an overshooting top (dome), 
shelf cloud, tail cloud, and wall cloud that are absent in 
non-tornadic thunderstorms. These features are not always 
easily observed in many of the Southeast's tomadic thun-
derstorms. This is due partly to limited horizontal visibil
ity caused by trees and terrain features in contrast to the 
flat prairies of the Midwest. Bluestein and Golden (1993) 
noted that tornadoes in the Southeast often occur late at 
night and are frequently ensheathed by heavy rain curtains 
that severely limit identification of tomadic thunderstorm 
features. 

Between 1960 and 1980, a number of important observa
tions, aided by weather radars, enabled atmospheric scien
tists to better understand the evolution of the so-called 
tomadic supercell. An organizing stage consists of an 
alternating group of growing and decaying thunderstorm 
cells progressively moving downwind. At some point, a 
single cell grows horizontally and vertically to an extent 
that it dominates all others and begins to propagate to the 
right of the environmental winds at all levels. This cell is 
called a "supercell", and it develops when there is substan
tial vertical shear of the environmental wind (e.g., the low-
level wind is from the south, the mid-level wind is from 
the southwest, and the upper-level wind is from the west). 

Davies-Jones (1986) noted that tomadic thunderstorms are 
characterized by the formation of a mesocyclone, an orga
nized counterclockwise (as viewed from above in the 
Northern Hemisphere) horizontal circulation of air about a 
vertical axis that has a horizontal extent of 5-10 km ini
tially, dominating at the middle level (3-7 km above 
ground) of the storm. Later in the storm's development, 
the mesocyclone's base can be identified visually by a 
cylindrical, rotating cloud (or discrete lowering of the 
cloud base 1-10 km in diameter). This lowering of the 
cloud base is called a "wall" cloud. The wall cloud aids a 
"severe storm spotter's" identification of tornado potential. 
This cloud may have spiral striations on its base or sides. 
Very intense upward motions are observed on the forward 
sides of wall clouds. The tornado is almost always sus
pended from a wall cloud until near the end of its life. 

Often, gradual cloud evaporation is observed in the wall 
cloud and main thunderstorm tower base on the rear and 
right sides of the tornado, forming a clear slot This obser
vation is consistent with a developing, unsaturated, rear-
flank downdraft and reveals that tornadoes form in strong 
vertical velocity gradients near the edge of the parent 
updraft and close to a downdraft. 

According to Davies-Jones (1986), tornadoes can be cate
gorized into two main groups, depending on the absence 
or existence of a mid-level mesoscale parent circulation 
(3-9 km in diameter). Type A tornadoes form on the gust 
front under the flanking line of new cells that continuously 
develop on the right rear flank of severe thunderstorms 
(Figure 1). These tornadoes can be a considerable distance 
(up to 20 km) from the rain shaft of the parent storm. 
Eddies up to 1 km in diameter are sometimes seen at cloud 
base in association with these tornadoes but are too small 
and weak to be identified by radar. 

Tornadoes of Type B form from a cyclonically rotating 
mesovortex (mesocyclone) that is linked spatially with the 
main updraft. Occasionally Type A tornadoes may evolve 
into Type B. Severe tornadoes belong to Type B. A pen
dant or hook forming on the right rear of an echo often 
identifies mesocyclones on radar. The hook is caused by 
precipitation drawn into a cyclonic spiral by the winds, 
and the associated notch in the echo is caused by precipita
tion-free, warm moist air flowing into the storm. The 
inflow is confined primarily to the lowest 3 km. These 
winds and temperature fields at low* levels in a mesocy
clone resemble the classic model of a middle-latitude 

95X04896 5 



WSRC-TR-94-0386, Rev. 1 Estimating Dispersion from a Tornado Vortex 
and Mesocyclone (U) 

cyclone. Significant cyclonic wind shifts are observed at 
the "pseudo-cold" and "pseudo-warm" fronts (the latter is 
the part of the gust front that is ahead of the wave apex in 
Figure 1). Tornadoes may form either at the apex of the 
wave or toward the edge of the mesocyclone where the 
pseudo-cold front is a favored location. Mesocyclones 
occasionally persist for a few hours and may spawn sev
eral tornadoes. The tornadoes are steered by the larger 
mesoscale circulation in which they are embedded. 

Browning's (1964) model of the tomadic thunderstorm is 
based on a circulation in which warm, moist low-level air 
is ingested into a single large updraft that is supported by 
buoyancy from the latent heat of condensing water vapor. 
Evaporative cooling within the region of heaviest precipi
tation north of the updraft drives the main downdraft. As 
cooler and drier air spreads out beneath the storm, it col
lides with the warm, moist inflow along a line called the 
gust front. 

An important feature of this storm model is that the 
updraft and downdraft are physically separated and that 
these air currents enhance rather than attenuate or destroy 
one another. (In an environment with weak shear the 
updraft is attenuated or destroyed by the downdraft.) 

In the second, or mature stage, of the tornadic thunder
storm, the mesocyclone intensifies down to lower levels, 
and the downdraft intensifies at middle and low levels. The 
updraft also intensifies and a hook-shaped radar echo will 
sometimes be visible on the radar. Funnel clouds and weak 

tornadoes usually form at this time. At the surface, there is 
a region of cold air produced by the evaporation of precip
itation that spreads out and forms a "gust front". The gust 
front is the interface between the spreading cold air and 
the warm, moist inflow air. 

In the third, or final stage, of the tomadic thunderstorm, 
the gust front surges strongly and becomes highly con
torted in the vicinity of the main updraft. The rear-flank 
downdraft is inferred from the "clear slot," an area through 
which the sun may shine that is produced by rapid erosion 
of cloud material just southwest of the tornado. The tor
nado is located between the updraft and the rear-flank 
downdraft. The tornado will maintain full strength for sev
eral minutes before the vortex loses contact with the 
ground and becomes invisible. 

Although the tornado is located close to the storm's down-
draft, close inspection of film recordings shows that on 
and just outside the funnel there is very intense rising 
motion. From detailed observations and analyses of the 
motion of dust, debris and cloud tags, deductions of the 
wind field may be made (see the review by Golden 1976). 
Although there is some question about the more detailed 
conclusions drawn from these analyses, there are common 
basic features. First, the most intense winds occur very 
close (within 100 m) to the ground. Second, the vertical 
velocity (upward) is comparable in magnitude with the 
horizontal velocity, and it too reaches very strong values 
close to the ground. 
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Tornado Details 

Davies-Jones (1986) states that the core of a tornado is two 
orders of magnitude smaller in horizontal dimension than 
the parent thunderstorm and the total energy and circula
tion of the parent storm greatly exceed those of the tor
nado. Most tornadoes are relatively weak and short-lived 
(1-2 min), and they typically inflict damage to an area 2 
km long and 50 m wide while moving from the SW at 15 
m/sec (Fujita and Pearson 1973). In extreme cases, the 
path length may exceed 150 km, the width of the damage 
may be 3 km, the lifetime may exceed 1 hr, and the trans
lation speed may reach 30 m/sec. Sixty percent of torna
does move from the SW, and only 4% have a westward 
component of motion (Wolford 1960). Wakimoto (1983) 
estimates that 1 of 700 tornadoes has anticyclonic circula
tion. 

A reasonable picture of the tornado's structure is begin
ning to emerge. Davies-Jones (1986) presented a summary 
of vortex flow features pertinent to tornado structure: 

The vortex flow consists of several different regions 
which interact strongly (see Figure 2). Region la 
comprises the outer flow away from the ground and 
the axis of rotation. It consists of converging air that 
approximately conserves its angular momentum. As 
a result it spins faster as it approaches the axis. How
ever, maximum tangential velocities are limited by 
two factors: (1) the potential energy available for 
driving the flow is finite, and (2) close to the axis vis
cous and eddy torques considerably reduce the par
cel's angular momentum. The tangential velocity 
must be zero on the axis; otherwise centrifugal forces 
would be infinite. Region lb, the core, is the region 
surrounding the axis and extending outward roughly 
to the radius of maximum tangential winds. Owing 
to the importance of diffusion, the core is approxi
mately in solid-body rotation, a flow that is, in the 
absence of axial flow, stable against radial displace
ments of fluid and supports waves which are fre
quently seen moving up or down tornado funnels. 
There is almost no entrainment into the core. The 
flow along the axis can be either upward of down
ward according to theory, and there may be stagna
tion points above the ground separating axial upflow 
and downflow. The hollow appearance of many 
waterspouts, and the appearance of the spray and 
dust clouds around some waterspouts and tornadoes, 
and in laboratory models suggest that axial down-
drafts often reach the surface. Morton (1966) has 

shown that in and near the core tangential and verti
cal velocities are of the same order, and radial veloc
ities are art order of magnitude smaller. 

Vortex interaction with the ground creates a turbulent 
boundary layer (region II), perhaps a few hundred 
meters deep, of reduced tangential velocities. Thus 
the cyclositrophic balance between outward centrifu
gal and inward pressure gradient forces that exists in 
region 1 is upset, and the net inward force derives a 
strong inflow along the surface into the corner region 
III, where, by continuity, a strong updraft into the 
comer must exist. The low-level inflow into a tor
nado core occurs primarily through the lower part of 
the boundary layer and the corner region. 

Vortices are destroyed by inflow from their ends. 
Vortex interaction with the lower surface places 
restrictions on the low-level inflow. Aloft the vortex 
must terminate in a buoyant updraft (region IV), so 
that downflow into the core is also restricted. Large 
horizontal shears measured by Doppler radar suggest 
that the tornado sometimes reach great vertical 
extents (>10 km), although, presumably, the core 
spreads and tangential velocities decrease with 
height However, in other cases the tornado signature 
disappears above 3 km. Overall the tornado generally 
tilts to the left of the storm-motion vector with 
height. The overall tilt is typically 25° from the verti
cal. 

Since tornadoes must terminate somewhere aloft, 
they must spread laterally with height. Because of 
this spreading, the swirl and meridional (radial-axial) 
components of motion are coupled though the pres
sure field. 

By varying the swirl ratio (die ratio of the tangential veloc
ity to the vertical velocity), the behavior of vortex flow 
changes as shown in Figure 3 (from Davies-Jones 1986) 
from a one-cell vortex—to vortex breakdown—to two-cell 
vortex with downdraft impinging on the ground—to multi
ple vortices. 
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Tornado Debris Patterns 

Information about the spread of tornado debris, which is 
usually thought of as moderately heavy objects (0.25-16.0 
oz) with fall velocities in the range 0.01 to 5 m/sec, is of 
great interest and has been gathered and analyzed by atmo
spheric scientists (Anderson 1985; Peterson 1993). The 
main problem is that these data are infrequently available, 
and there is usually a lapse of several years between tor
nado occurrences whose debris patterns are suitable for 
analysis. 

The recent study by Anderson relied on interviews with 
more than 200 people in the vicinity of Bameveld, Wis
consin, to map out the tornado debris pattern. Barneveld 
was the site where a severe (F-5) tornado struck in June 
1984. The funnel sucked up many tons of material from 
the village of Barneveld and deposited the debris along a 
trail to the northeast up to 220 km (137 mi) away. The 
debris fall-out pattern had the following features: 

• A more or less continuous area of debris to the left of 
the tornado path stretched from Bameveld to west of 
Neenah, some 170 km (102 mi) northeast. The debris 
pattern had a width of a few hundred yards just north of 
Bameveld and then widened to a maximum of 32 km 
(20 mi) at a downwind distance of 104 km (65 mi) 
downstream. Within this contiguous debris area, the 
heavy material was deposited along a narrow path from 
Bameveld to east of Redgranite, a stretch of about 136 
km (85 mi). The path of the heavy material showed 
branching at three places along its length, and it was 
partially interrupted in the Portage region. The lighter 
materials were not deposited symmetrically around the 
heavy debris path but lay more to the east, making the 
heavy debris path lay nearer the western edge of the 
contiguous deposit area. 

• Paper debris was found throughout the contiguous area 
with a wider extent than the light debris. Paper debris 
was found in widely scattered locations north of the 
contiguous area and reached some 32 km (20 mi) north
west. The maximum width of this scattered paper was 
37 km (23 mi) at 176 km (110 mi) downstream of Bam
eveld. 

• The light material was confined to the contiguous area 
with one exception. A pouch lettered "Bameveld State 
Bank" was found in Mayville, 138 km (86 mi) ENE of 
Bameveld. 

• The eastern edge of the contiguous area displayed 
indentations and outward bulges for both light and 
paper material. In some of these cases, the indentations 
and bulges roughly correlated with branching of the 
heavy material. 

Anderson (1985) concluded that the heavy debris contours 
in the fallout pattern for the Bameveld tornado did not 
result from environmental winds acting on a vertical col
umn at Bameveld. All debris heavier than 2 m/sec fall 
speed was transported by environmental winds to the right 
of the observed fallout pattern regardless of its height of 
origination up to 12 km. Some of the light debris and 
paper found on the eastern side of the fallout could have 
originated from a vertical plume over Bameveld provided 
its fall speed was less than 2 m/sec. The complicated dis
tribution of material was probably from a combination of 
mesocyclone circulation and environmental winds acting 
on the original cloud of debris sucked up by the tornado 
funnel at Barneveld. 

As early as 1917, Wegener observed that the tornado 
developed to the right of the tallest part of the thunder
storm (as viewed from behind). It was assumed that debris 
was carried upwards by the tornado. The deposition of 
debris to the left side of the tornado path resulted in the 
concept that the tornado tube was bent horizontally (and 
then descended to near the ground) toward the left side of 
the storm. For these early cases, next to nothing is avail
able relating to the environmental winds. 

Peterson (1993) provided additional case studies to show 
that the debris pattern is normally to the left of the tornado 
path. He noted, 'These events and others not cited from 
the last hundred years share similarity in characteristics: 
far-field debris deposited primarily to the left of the hail 
swath, which in turn is to the left of the tornado track: dis
tances in the tens of kilometers from the points of origin." 

The flow of air in tomadic thunderstorms has been 
deduced from Doppler radar observations and simulated 
numerically. Klemp (1987) presented a schematic synthe
sis of these studies. The schematic streamflow hints that 
objects could be deposited to the left of the storm track as 
long as they do not ascend above the mid-levels. Higher 
lofting of items could result in them being carried to the 
right of the track. In general, this appears consistent with 
far-field debris observations. 
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Previous Dispersion Modeling of Radioactive Pollutants 
in a Tornado 

Pepper (1981) addressed modeling radioactive pollutants 
in a tomadic storm at SRS. He assumed a unit source of 
radioactive pollutant per cubic meter was picked up by the 
tornado and lifted into the thunderstorm cell. The radioac
tive pollutant was assumed to consist of particles with 
diameters less than 10 microns so that they essentially fol
lowed air motion. Once the pollutant reached the thunder
storm cell (defined to be a point where vertical velocity of 
the tornado vortex was less than the updraft velocity of the 
thunderstorm), the puff was assumed to be dispersed by 
dynamics of the thunderstorm cell. According to Fujita 
(who was consulting with Pepper during the development 
of the code), the radioactive puff becomes dispersed 
throughout the thunderstorm cell within about 20 minutes. 

Pepper assumed the concentration pattern to be limited to 
the size of the thunderstorm cloud with a maximum peak 
at each level near the position of the tornado axis. The ini
tial concentration within the thunderstorm cell was set by 
using a skewed log-normal distribution with the maximum 
values centered on the axis of the tornado. Once the initial 
distributions were established, advection, turbulent diffu
sion, and rainout scavenging acted to disperse the pollutant 
cloud. 

F. Pasquill, dispersion meteorologist, and E. Kessler, 
Director, National Severe Storms Laboratory, concurred 
with Pepper on his assumption that the pollutants become 
well mixed throughout the thunderstorm cell. Pepper 
(1981) stated, "It is the large scale flow field of the thun
derstorm which ultimately determines the dispersion pat
tern of the pollutant, not the uptake and radial inflow of the 
shorter lived tornado." 

Assumptions about the vertical wind distribution, eddy 
diffusivities, etc., are contained in Pepper's report. Using 
the method of second moments, a quasi-Lagrangian finite 
difference technique (Egan and Mahoney 1972), Pepper 
solved the advection-diffusion equations numerically. Out
put from his model consists of concentration values speci
fied within individual cell volumes. Pepper presented 

results for a unit release as isopleths of ground-level con
centration. Maximum ground-level centerline values of air 
concentration X/Q (m"3) were shown for different storm 
translation speeds as a function of downwind distance 
(Figure 4). Pepper's model also showed that early deposi
tion of radionuclides occurs within 10-20 minutes after the 
initial dispersion of concentration within the storm cell. 

To compare his numerical results with another model, 
Pepper chose a modified Gaussian puff model and calcu
lated ground-level concentration X/Q (m"3). Pepper's 
Gaussian model results are shown in Figure 5, but one 
should be aware that he assumed an initial a z =12,000 m, 
a y =5000 m, and release height of 6500 m. Pepper stated 
that these large initial values of the dispersion coefficients 
were chosen to represent the material being dispersed 
within the parent thunderstorm cloud. It is possible that 
such material could be brought to the surface more quickly 
than indicated by Pepper's Gaussian model, particularly 
by downdrafts operating within the parent thunderstorm 
cloud; hence, his Gaussian model results would be non-
conservative by neglecting this mechanism. 

Pepper's maximum concentrations differ by more than 
three orders of magnitude between the two models. Pepper 
ascribes this difference between the two models to the ini
tial height at which the Gaussian model begins to diffuse 
the concentration, and to the high energy dissipation rate 
used to generate the diffusion parameters he used. Pepper 
mentioned a model by Kao (1976) (which included the 
effects of scavenging and topography) generated concen
tration values comparable to Pepper's Gaussian model. 

Pepper commented that while the versions of his model 
used to generate the dispersion curves in Figures 4 and 5 
did not contain the effects of updrafts and downdrafts, his 
experimentation with this parameter's effect had produced 
increased dilution in the vertical plane initially, followed 
by rapid increases of concentration at the ground. 
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Previous Tornado Dispersion Calculations 
using the Puff-Plume Model 

Haynes and Taylor (1983) provided curves of "time inte
grated ground-level concentration (sec/m3)" from respira-
ble particles carried aloft in a puff after a tornado impact 
on a hypothetical SRS facility. The methodology used by 
Haynes and Taylor relied heavily on similar assumptions 
regarding tornado "uptake" of the respirable particles used 
by Pepper (1981, 1975). However, Haynes and Taylor uti
lized the Puff-Plume model (Garrett and Murphy 1981) as 
the "model of choice" for the calculations to develop their 
curves of time-integrated concentration. 

Haynes and Taylor composed a three-stage dispersion pro
cess. The first stage consisted of a puff in neutral atmo
spheric conditions and heavy rains for 10 min, followed by 
more neutral conditions and light rain for 20 min, and 
lasdy, unstable conditions with no rain (long enough for 
the puff to be transported to 100 km downwind from the 
source). Since these are really discontinuous processes, 
Haynes and Taylor were forced to re-initialize the Puff-
Plume model with the puff size at the end of each preced
ing stage. Since the Puff-Plume model version used in 
1981 only printed the value of ay the value of a z had to be 
calculated separately. Haynes and Taylor calculated o z 

using plume formulas, not those for a puff; however, this is 
unlikely, in view of the other assumptions for their tornado 
model, to be a significant problem. 

A point that remains puzzling in the Haynes and Taylor 
documentation is that the "time integrated curves" pro
vided in their figures have units of sec/m3 but are denoted 
by X/Q. Puff concentration/source strength values are usu
ally denoted by the symbols X/Q and would have units of 
m"3 (as was true in Pepper's 1981 model above). Inte
grated exposure values (i.e., relative concentration inte
grated with respect to time are often denoted with the 

symbols W/Q (sec/m-3) (Slade 1968). Since the output 
from Puff-Plume for a puff release is expressed as instan
taneous concentration rather than integrated concentration, 
values of *F/Q must be derived from X/Q (m"3) as a func
tion of time. For a Gaussian puff distribution, a multiplica
tive factor of 21/2rc1/2ax/u would have to have been 
applied to X/Q to obtain *V/Q. (In puff dispersion, it is 
common to assume c x approximately equal to Cy) No 
mention of this factor is made in the Haynes and Taylor 
report. 

It is possible that Haynes and Taylor may have selected the 
plume option (instead of the puff) of the PUFF-PLUME 
code. By doing that, the equations for the concentration X/ 
Q (m -3) have the same terms for the time-integrated "expo
sure" *¥/Q (sec/im"3) as for the puff. As was mentioned ear
lier, this method contains an inconsistency since plume 
rather than puff dispersion coefficients are being used. 

It is not worthwhile to labor over exactly what method 
Haynes and Taylor followed since the objective here is to 
obtain a better estimate of tornado induced dispersion. But 
it is important to remember in comparing Pepper's (1981) 
model results with Haynes and Taylor (1983) that there is 
a significant difference in meaning for the symbols that 
identify the plot axes. 

A significant advantage provided by the Haynes-Taylor 
calculations is that the deposition and rainout processes 
are well modeled since those are the primary strengths of 
Garrett and Murphy's Puff-Plume model. Pepper's model 
also contains provisions for these processes. 
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Recommended Model for Tornado Dispersion 

While Pepper's model may have provided a good basis to 
build an improved tornado model, the 3500-line FOR
TRAN code contained in an appendix of his 1981 report 
contains no documentation of any kind or instructions on 
how to run the model. A project to implement Pepper's 
model would have taken several weeks longer than was 
allotted for this project, so it was decided to use a simple 
Gaussian model with more conservative estimates of the 
initial puff dimensions (than Pepper used with his Gauss
ian approach) and to make allowance for downdrafts to 
bring the material to the surface. 

Our recommended model is based on what we now under
stand as a reasonable consensus of tornado structure. This 
is based on more information than was available to the 
authors of the previous two models, particularly with 
regarding the relative position that the tornado vortex has t 
to the updrafts and downdrafts. Our understanding (Figure 
1) is that the tornado vortex occupies a position between 
the main tornado updraft and downdraft regions, and that 
the updraft precedes both the vortex and the downdraft in a 
"classical" tornado strike. In addition, we now understand 
that the vortex structure itself may have one of four major 
forms (Davies-Jones 1986), reproduced as Figure 3a-e in 
all of which the major motion is strongly upward. 

One particularly important parameter influencing disper
sion is the size of the mesocyclone to which the tornado 
vortex is attached. It is only possible to set some reason
able limits in the absence of extensive Doppler radar data. 
The mesocyclone's upper bound is the total width of the 
parent thunderstorm (perhaps 15-30 km). Earlier in this 
report we noted that Bluestein and Golden (1993) had esti
mated the size range of the mesocyclone between 5-10 km 
and that Davies-Jones (1986) gave the range as 1-10 km. 
The tornado funnel size establishes the limiting minimum 
diameter for the mesocyclone. An F2 or greater tornado is 
not likely to have a width less than 100 m. Another esti
mate of the horizontal width of the mesocyclone is the 
close-in debris pattern, which for the Bameveld tornado 
was a few hundred meters. Based on these data, a reason
able lower bound value of 1000 m was selected as the 
diameter of the mesocyclone to be modeled. 

Published data on the vertical extent of the mesocyclone is 
even less conclusive. A vertical depth that is equal to the 
mesocyclone's horizontal diameter is believed to be a rea
sonable estimate. 

Using these constraints on the initial size of the release of 
radioactive particles following an F2 or F3 tornado strike, 
the following describes a simple Gaussian model for dis
persion: 

• The model assumes a tornado strikes an SRS facility 
and releases one curie of respirable radioactive particu
lates similar to those assumed in the Pepper or the 
Haynes-Taylor model. The tornado moves with a trans-
lational speed in the range 7.5-22.5 m/sec. (This is also 
consistent with Pepper's [1981] and Haynes' and Tay
lor's [1983] models.) 

• The radionuclides released from the structure are swept 
into a 100-meter diameter vertical tornado vortex 
stretching to 3000 m high. Kessler (1992) reports that 
tornadoes have been observed to extend from 3 km to 
10 km high. The lower height was chosen to produce 
conservative estimates of ground-level concentration. 
(Pepper chose a value of 6500 m.) No mixing is 
assumed while the aerosols ascend to the top of the tor
nado vortex. The main tornado vortex tube or one of the 
suction vortices is assumed to carry the aerosols aloft to 
the elevated cylindrical mesocyclone 1000 m in diame
ter, whose base height is 3000 m, and whose top is 
4000 m. During the ascent in the tornado vortex, the 
radionuclide cloud is acted on by a vertical component 
(upward) of velocity in the range 20-30 m/sec (Wicker 
and Wilhelmson 1993). The time to make the ascent of 
3000 m is 100 seconds during which time the tornado 
moves 750-2250 m horizontally. 

• The mesocyclone completely mixes the radionuclides 
throughout its cylindrical volume while moving with 
the mean translational speed of the tornado (7.5-22.5 
m/sec). 

• The volume source represented by the mesocyclone is 
then acted upon by a downdraft with vertical velocity in 
the range 5-20 m/sec. The action of the downdraft is to 
bring the centerline of the diffusing cylindrical volume 
progressively towards the surface while the material is 
being transported downwind. 

• As the mesocyclone's centerline reaches the surface 
one can assume either (1) the downdraft ceases its 
descent or (2) the downdraft continues to affect the 
remaining portion of the air mass, spreading it out in 
pancake fashion. Option 2 would amount to an 
enhancement for the horizontal dispersion coefficient. 
Therefore, option 1 was chosen to produce conservative 
results. 
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• Converting the cylindrically shaped volume source to a 
Gaussian distribution is accomplished by a conven
tional method (Pasquill and Smith 1983). To make this 
conversion, 4.3 o z is equated to the vertical height of 
the mesocyclone and 4.3 ay is equated to the horizontal 
diameter of the cylinder. For the mesocyclone adapted 
here, 4.3 c z = 4.3 a y = 1000 m, so a y and a z = 232 m. 

• Rainout could also bring the cloud material to the sur
face quickly; however, the particles being scavenged by 
raindrops are not available for breathing. Deposited 
alpha emitters on the ground cannot deliver dose except 
by resuspension and subsequent breathing in the lungs, 
a process that would require drying before becoming a 
factor, or by entering the food or drinking water. 
Because of the time lag between deposition and resus
pension is highly variable and because the resuspension 
process itself is not completely understood, neither 
Pepper's nor models such as Puff-Plume take resuspen
sion or ingestion into account 

For the dispersion model described above, only the choice 
of downdraft velocity would distinguish tornadoes in the 
F2 and F3 intensity categories. In general, an F2 tornado 
would likely have lower downdraft velocities (in the 5-10 
m/s range) than an F3 tornado (10-20 m/s). 
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Results from the Recommended Model 

The recommended model was used (following the steps 
shown in Calculation Q-CLC-G-00006) to compute sev
eral dispersion curves by varying the translational speed in 
the range 7.5-22.5 m/sec, the downdraft speed in the range 
5.0-20.0 m/sec, and the initial release height in the range 
3000-4000 m. Results from the recommended model are 
shown in Figures 6a-c as curves of time-integrated con
centration VP/Q (sec/m"3) (i.e., relative exposure). These 
values can be compared directly to Haynes' and Taylor's 
(1981) curves, one of which is shown in Figure 6a for the 
75-m release height. 

Results in Figure 6a for different translational speeds 
(release height 3500 m and downdraft velocity of 10 m/ 
sec) show that the revised estimates of WQ (sec/m"3) is 
very low in the 0.1-5 km range compared to the Haynes-
Taylor model. Since the Haynes and Taylor results are 
based on an effective release height of 75 m above ground, 
the contaminant reaches ground level much sooner (i.e., 
closer to the release point than for the recommended 
mode). Further downwind the curves become comparable 
and finally cross close to 10 km downwind after which the 
recommended model yields concentrations that are higher 
than those of Haynes-Taylor by a factor of 1-3. A major 
difference between the two models is that the recom
mended model allows for a downdraft, whereas the 
Haynes-Taylor approach does not This is important since 
recent research has shown the mesocyclone spawning the 
tornado is adjacent to the major thunderstorm downdraft. 
Particles reaching the top of the mesocyclone are likely to 
be acted on by this downdraft. Once the downdraft brings 
the puff centerline to the surface, the only factors besides 
the wind speed that influence the calculations are the dis
persion coefficients. The other major difference between 
the models is allowance for rainout and deposition of 
material by the Haynes-Taylor model. These processes 
remove material from the puff and deposit it on the ground 
where it is not able to be respired and deliver dose. 

Results for the recommended model for different release 
heights (translational speed of 7.5 m/s and downdraft 
velocity of 10 m/s) and for different downdraft speeds 
(release height of 3500 m and translation speed of 7.5 m/s) 
are shown in Figures 6b and 6c, respectively. The curves 
given in these figures show that W/Q (sec/m"3) is low in the 
0.1-2 km range compared to the Haynes-Taylor model. 
Further downwind the differences in the results from the 
two models are identical to those described for Figure 6a. 
Again, these differences are from the different ways in 
which the models account for downdrafts and deposition. 

The results of Figure 6a-c cannot be compared directly to 
Pepper's results since his report does not show the varia
tion of X/Q with time. It is not possible to integrate X/Q 
over time and produce curves for VP/Q. We can, however, 
compare the concentration X/Q directly, and to do that we 
will use the cases presented in Figure 6b for different 
release heights. The recommended model results com
pared to Pepper's second moments model are shown in 
Figure 7. The curves in Figure 7 only show the distance 
range 1-100 km since Pepper's curve approaches small 
values outside that range. Pepper's results are much lower 
overall than the recommended Gaussian model. The only 
distance range ait which these two models yield compara
ble concentrations is 8-15 km downwind. It is not known 
with certainty why the models differ but we speculate the 
major difference is a result of the downdraft in our recom
mended model that brings material to the surface much 
faster than random mixing and the larger initial cloud size 
assumed in Pepjier's model. 

The recommended model is relatively easy to understand 
because of the simple Gaussian form of the model. The 
wind speed affects the time-integrated concentration 'P/Q 
inversely, and ihe release height and dispersion coeffi
cients appear in exponential form. 

95X04896 17 



WSRC-TR-94-0386, Rev. 1 Estimating Dispersion from a Tornado Vortex 
and Mesocyclone (U) 

18 95X04896 



Conclusions 

Recent research development and evolution of tornadic 
thunderstorms has lead to better understanding of the posi
tion of the tornado vortex and associated updraft and 
downdraft regions within the parent thunderstorm. Disper
sion models previously used at SRS for estimating disper
sion following a tornado strike (Pepper 1981; Haynes and 
Taylor 1983) do not adequately address the effects of these 
thunderstorm downdrafts. A revised model, which 
employs a simple Gaussian dispersion algorithm and pro
visions for a single persistent downdraft, has been devel
oped for use at SRS. 

The recommended model provides a means to estimate the 
maximum time-integrated concentration as a function of 
downwind distance for an F2 or F3 tornado strike. The 
results show the expected variation of time-integrated con
centration with distance. The recommended model was 
expressly composed with conservative, yet reasonable 
assumptions regarding the major factors influencing dis
persion after a tornado strike. Results are provided for 
ranges of wind speed, downdrafts, and initial release 
heights of the mesocyclone. 

Tune-integrated concentration estimates generated by the 
recommended model are much less than the results from 
the Haynes-Taylor model for the first few kilometers, but 
greater than the Haynes-Taylor estimates after 10 kilome
ters. The reason for this behavior is that the recommended 
model takes into account a strong, persistent downdraft 
whereas the Haynes-Taylor model does not. The Haynes-
Taylor model does account for rainout, but rainout cannot 
be guaranteed to occur in the brief aftermath of an F2 or 
F3 tornado. The recommended model could be improved 
by providing for rainout and deposition if this should be 
desired in the future. 

The recommended model gives X/Q values that are several 
orders of magnitude greater than the results from Pepper's 
model over most of the downwind range because of a sin
gle persistent downdraft in the recommended model and 
because Pepper assumed a larger initial cloud size. Pep
per's results decrease more rapidly than the recommended 
model's results, probably because Pepper considered the 
scavenging process whereas the recommended model did 
not. Pepper does not provide enough information to com
pute *P/Q for his model results. 

The scenario considered here does not include an extended 
release after an F2 or F3 tornado strike. A tornado with 
winds in excess of 69 m/s would likely result in a sudden 
release of materials into the tornado vortex. A less likely 
possibility is bleeding or slow discharge of the radionu
clides after the tornado vortex moves over the damaged 
facility. This would require a more conventional approach 
because the dispersion would be primarily horizontal with
out the effect of significant updrafts or downdrafts. 
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Figure 1. Planimetric view of a tornadic thunderstorm at the surface. The thick line encompasses the radar echo. The 
thunderstorm wave-like "gust-front" structure is shown with a solid line and frontal symbols. Surface posi
tions of the updraft are finely stippled; the forward-flank downdraft (FFD) and die rear-flank downdraft are 
coarsely stippled along witii associated streamlines. Likely tornado locations are shown by encircled Ts. 
The major cyclonic tomado is most probable at the wave apex, while a minor cyclonic tornado may occur 
at the bulge in the cold front (southern T), which also marks the favored location for new mesocyclone. 
Anticyclonic tornadoes, in any, are found even farther soum along the cold front (from Davies-Jones 
[1986] who adapted die figure from Lemon and Doswell [1979]). 
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Figure 2. Dififerent flow regions for a tornado (Davies-Jones 1986) 
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Figure 3. Effect of increasing swirl ratio on vortex flow, (a) Weak swirl—flow in boundary layer separates and passes 
around comer region; (b) one-cell vortex; (c) vortex breakdown; (d) two-cell vortex with downdraft 
impinging on the ground (core radius increases rapidly with increasing swirl ratio); (e) multiple vortices. 
The connected CL indicates the centerline (from Davies-Jones, 1986) 
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Figure 5. Maximum ground-level centerline air concentration (m 3) vs. downwind distance (km) from Pepper's Gaus
sian model (Pepper 1981) 

95X04896 27 



WSRC-TR-94-0386, Rev. 1 Estimating Dispersion from a Tornado Vortex 
and Mesocyclone (U) 

PSI_Q VS. DISTANCE (KM 

0.0000 

p 
s 
i 
/ 
0 

s 
E 
c 
/ 
M 

1E-6-

1E-7-

1E-8-

1E-9~=j 

1E-10-

1E-11 " 

1E-12-

1E-13" 

1E-14i= 

1E-15-

RELEASE 

i " 

r o . o o o o i 

1E-6 

1E-7 
P 

1E-8 S 
I 
/ 

i- 1E-9 

1E-10 

1.0 10.0 
DISTANCE DOWNWIND - KM 

00.0 

Q 

S 
E 

k- 1E-11 / 
M 

1E-12 ! 
3 

k~ 1E-13 

B- 1E-14 

1E-15 

7.5 CYL 
12.5 CYL 
22.5 CYL 

- 75 M DP 
- 17.5 CYL 
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Figure 6b. As in Figure 6a except for different downdraft speeds 10-20 m/sec;. The translation speed is 7.5 m/sec and the 
height of the cylindrical mesocyclone is 3500 m. 
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Figure 6c. As in Figure 6b for different initial heights of the center of the mesocyclone cylindrical volume source. 
The translation speed is 7.5 m/sec and the downdraft speed is 10 m/sec. 
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CHI_Q VS. DISTANCE (KM) 
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, -3 \ Figure 7. Maximum ground-level centerline air concentration (m"-5) vs. downwind distance (km) from the recom
mended model with the translation speed = 7.5 m/sec, downdraft speed = 10 m/sec, and the release height 
= 3500 m (H3500CYL); and from Pepper's (1981) second moments model with translation speed = 13.4 
m/sec (13 PEPPE) 
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Appendix A 

F-scale Damage Specifications (Fujita, 1981): 

FO: 18-32 m/sec (40-72 mph). Light damage. Some dam
age to chimneys; branches broken off trees; shallow-
rooted trees pushed over; sign boards damaged. 

Fl: 33-49 m/sec (73-112 mph). Moderate damage. Roof 
surfaces peeled off; mobile homes pushed off foundations 
or overturned; moving autos pushed off roads. 

F2: 50-69 m/sec (113-157 mph). Considerable damage. 
Roofs torn off frame houses; mobile homes demolished; 
boxcars pushed over; large trees snapped or uprooted; 
light object missiles generated. 

F3: 70-92 m/sec (158-206 mph). Severe damage. Roofs 
and some walls torn off well-constructed houses; trains 
overturned; most trees in a forrest uprooted; heavy cars 
lifted off the ground and thrown. 

F4: 93-116 m/sec (207-260 mph). Devastating damage. 
Well-constructed houses leveled; structures wim weak 
foundations blown off some distance; cars thrown and 
large missiles generated. 
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