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ABSTRACT 

NUMERICAL SIMULATION OF THE MAY 15 AND APRIL 26, 1991 T ORNADIC 

THUNDERSTORMS 

Two tornado simula-;ions were performed for this study. The first was for May 15, 1991. 

On this day a strong F2_/F3 tornado struck Laverne, Oklahoma. The second was for April 

26 , 1991. A violent F4/F5 moved across north central Oklahoma. Both tornadic storms 

were triggered by a dry ·ne. 

The RAMS mesoscale model was initialized with standard synoptic scale data. The 

soil moisture was initial:.zed with station precipitation reports. A total of six grids were 

used in both case:,. 

The model was able to generate a dry line in both cases. Deep tropospheric convection 

formed along the dry lines in the third grid. This grid had a horizontal grid spacing of 

5.0km. No cumulus parzmeterization, warm bubbles or any other numerical technique was 

used to aid the development of convection. 

A supercell tr.understorm formed approximately one hour after convection was initiated 

in both cases. As the storms moved towards the northeast an eastward bulge formed in 

the dry line. Cyclonic rotation began at the nose of the bulge in the lower boundary layer , 

beneath the convective storms. While the storms moved away from the dry line the forward 

flanking precipitation dawndrafts expanded. Horizontal vorticity was positively tilted in the 

southern side of the downdrafts. The resulting vertical vorticity was horizontally converged 

to feed the intensifing tornadoes. In time the downdrafts wrapped around to the rear flanks 

of the storms causing vectical vorticity to be produced in a larger area. The tornadoes were 

mature at this time. 



Both tornadoes formed wit hin the boundary layer and moved upward into the parent 

thunderstorm. At the mature stage, both tornadoes reached the storms ' top. The origin 

of rotat ion was vertical vorticity generated by positive tilting of horizontal vorticity in the 

lowest few hundred meters in the downdrafts. 

The maximum horizontal wind speed for the May case was 60m/s at 50m. The pressure 

drop in t he core was 30mb. The April tornado had a maximum horizontal wind speed of 

102m/s at 50m with a pressure drop of 95mb in the core. 
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Chapter 1 

IN TR ODU CT ION 

1.1 P urpose of Research 

Before discussing any scientific concepts concerning the tornado, the author decided 

to present the reader with two very different views about the most intense geophysical 

vortex, the tornado. TLese views have been presented in the introduction of my Masters 

Thesis , ( Grasso , 1992) they are worth repeating here with modification. 

Each spring in the central plains of the United States, groups of people get very 

excited with the appearance of a morning "shotgun" sounding displayed on a workstation . 

Quickly they click the mouse to see if colder air will advect in aloft , and they jump up and 

down if they see positiv-= vorticity advection over the region in question . Some people lose 

composure, as the mouse is clicked to display the jet stream winds to see where t he right 

entrance region or t he left exit region is in relation to other features. Although these people 

have individual names, collectively they are called :'tornado chasers" or :'tornado groupies" . 

After they examine all be different fields and it looks like tornadic storms are possible, their 

hearts start pounding, the blood rushes through their veins , some may even hyper-ventilate, 

the excitement is overwhelming, quite similar to children on Christmas morning waiting to 

rush to the tree to open their gifts! 

The next thing t hese people mus: do is find someone who is willing to sacrifice 

their car; in case of laq;e hail , core punching , as it 's called. Some people do this for fun! 

That one lucky person must also be willing to risk getting a speeding ticket , as it is often 

necessary to exceed leg3,l speed limits to get better video. Oh my God, who has the cam-

corder? Once this person is fo nd , off they go, racing aimlessly across unfamiliar territory 
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in the hopes of witnessing one of mother natures' most awesome, beautiful and devastating 

phenomena .. . the tornado! 

If these people are lucky enough to see a tornado their reaction is all the same, 

blurred indistinguishable speech. Just listen to any video as testimony. Suddenly they are 

overwhelmed by shock and t heir speech slows to a g inding halt as though a divine event 

has occurred. They all t ry to say "wow" while their lower jaw falls to the ground. What 

t hey are witnessing is incomprehensible. 

For the people who are directly effected by the tornado, however , there is nothing 

exciting about it , in fact, it is more like a living hell. Loved ones killed, dream homes 

completely destroyed , one 's sense of security is lost, and in some cases entire towns are 

wiped off the face of the earth in a matter of a few short horrifying moments that ironically 

seems like forever to end. It is for this very reason that tornadoes must be understood .. . to 

save lives. 

1.2 Tornadic Supercell Environment 

Major tornado outbreaks are generally associated with synoptic scale baroclinic 

waves (Newton et al. 1978) . Thirty tornadoes associated with a severe weather event is not 

uncommon. As an extreme case, nearly one hundred and fifty tornadoes formed on April 

3-4, 1974. 

In the first few kilometers above t he ground , a baroclinic wave causes warm moist 

air to flow northward from the Gulf of Mexico. Above the boundary layer , warmer and drier 

air flows towards the nort heast from the desert southwest. This air mass forms a capping 

inversion and acts to prevent convection from occurring until the afternoon. The low level 

winds will display significant veering. Speed shear is characteristic of the middle to upper 

tropospheric winds (Fawbush and Miller ,1954). Temperature and moisture soundings , in 

the warm sector of t he baroclinic wave , may exhibit large amounts , up to .5000 J / kg , of 

convective available potential energy (CAPE). 

Jet streams, associated with synopt ic scale baroclinic waves , have smaller scale wind 

speed maxima, called jet streaks (Palmen and Newton ,1969,pg 199), embedded in them. 
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Secondary circulations a3sociated with jet streaks provide favorable locations for severe 

weather events. 

As a air parcel enters the jet streak the pressure gradient, acting to the left of the 

parcel movement , increases and dominates the coriolis force. Because of the imbalance of 

the two forces, a second3.ry circulation forms at the entrance region . As a result of the 

secondary circulation , th: right side of the entrance to the jet streak is a region of upward 

vertical motion. 

Air parcels exiting the jet streak will experience a larger coriolis force compared to 

the pressure gradi,mt. P_ secondary circulation forms and causes upward vertical motion 

on the left side of the exit region . The two regions of upward vertical motion are preferred 

regions of severe weather events (Uccellini and Johnson,1979). 

A long-lived supercell required a balance between the vertical shear and CAPE. Nu-

merical experiments (Weisman and Klemp ,1982) have demonstrated that very large values 

of shear, relative to CAPE, can cause a growing thunderstorm to lean significantly and 

experience t oo much entrainment of midlevel air . The entrainment will erode the warm 

interior of the storm and cause it to dissipa;;e. At the other extreme, large values of CAPE, 

relative to vertical shea , have produced storms that form rapidly moving gustfronts. The 

horizontal convergence a.nd vert:cal lifting, associated with the gustfront , move away from 

the storm. Without the lifting the parent storm dissipates. 

Weisman and Klemp ( 1982) were able to classify thunderstorm type based on the 

bulk Richardson number , the ratio of CAPE to the vertical shear. Tornadic supercells fell 

in the range from 15 to 35. Multicell storms occurred when the bulk Richardson number ex-

ceeded 40. The reader is cautioned, however , that a given storm may exhibit characteristics 

of both (Cotton and Anthes ,1989,pg 526). 

The locat:on wr_ere the middle to upper troposheric southwesterly jet flows over 

the low level southerly jet is a region of large vertical shear. The large shear causes the 

thunderstorms to lean and causing precipitation to fall outside the updraft (Ludlam,1963). 

Numerical experiments have st.own that the strength of the vertical shear is critical for 

supercell development (Klemp and Wilhelmson ,1978a,b ; Lilly,1982). 
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Lilly ( 1986a,b) suggests that the long life of supercell thunderstorms may be ex-

plained by helicity, the inner product of the vorticity and wind vector. The idea is that 

highly helical flows do not suffer as much turbulent dissipation. Thus less energy flows into 

the smaller scales. The supercell environment is characterised by large values of helicity and 

this may explain the longevity of these types of thunderstorms. This explaination, however , 

is not sufficient. The supercell will dissipate if the gustfront moves away from the storm's 

base, regardless of how helical the flow is. 

In the warm sector of the baroclinic wave the explosive release of convective energy 

in a strongly sheared environment can be realized by the action of one more necessary 

ingredient , a lifting mechanism. Lifting can be accomplished by a frontal boundary, t errain , 

the dry line (Rhea,1966) or an outflow boundary of an existing thunderstorm. 

The dry line is of particular interest for this study. In both simulations , thunder-

storms formed above a dry line. In the early morning the thickness of the moist layer 

decreases towards the west due to the increase in elevation of the terrain in the central 

plains. Daytime heating has been proposed to errode the shallow moist layer by vertical 

mixing and to give the appearance that t he dry line moved rapidly eastward (Schafer,1974). 

In the afternoon vertical circulations associated with the dry line increase. As a re-

sult, horizontal convergence increases as does the horizontal gradient of moisture. Solenoidal 

processes , formed by virtual potential temperature gradients across the dry line , may en-

hance the dry line circulation (Benjamin and Carlson ,1986; Sun and Wu,1992; Ziegler et 

al.,1995 ). Recently Shaw (1995) demonstrated the importance of surface characteristics 

on dry line evolut ion . He was able t o show that gradients in soil moisture were necessary 

for dry line development . Ziegler et al. (1995) demonstrated that the water vapor field , 

denoting the dry line, experienced a positive front ogenetic forcing in the lower boundary 

layer. If the vertical motion at the dry line is strong enough and there is sufficent CAPE 

then thunderstorms can form . 

Once thunderstorms develop , they generally move eastward continually ingesting 

boundary layer air that is rich with convective available energy. These long-lived supercells 

can spawn violent tornadoes. 
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An unanswered question is "do tornadoes develop from the midlevels of supercell 

thunderstorms downwarc. or from the ground upward?" . Early observations of tornadic 

supercell thunderstorms indicate that strong midlevel rotation in the updraft often precedes 

the formation of tornadces by t hirty minut es (Burgess ,1 976). The midlevel rotation was 

observed to lower in the Union City, Oklahoma, tornado (Brown et al.,1978). 

The rotation seer_ by radar is called the tornado vortex signature, TVS . The TVS 

is a large velocity :lifference, .6.v , between two adjacent gates at the same range (Brown et 

al. ,1978). Many time-height plots of 6.v ca::i be seen in Vasiloff (1993). The dynamic pipe 

effect has been used as a possible explaination for the downward development of tornadoes 

(Smith and Leslie,1979 ). The main feature of t his theory is that the descending vortex is 

required to maintain cyclostrophic balance. Since the sides of the vortex are in a balance, 

air can only enter from b€low. As air converges beneath the vortex it achieves cyclostrophic 

balance, thus lowering the vortex. Is the tornado in exact cyclostrophic balance? If so , what 

prevents the condensate in the visible funnel from being centrifuged away? Photographs 

show that the condensate in tornadoes have well defined , sharp boundarys . 

To keep our study of to nadoes interesting, non-supercell thunderstorms also pro-

duce tornadoes without a.n associated mesocyclone (Brady and Szoke,1989). These types of 

storms grow in environments with a very deep adiabatic layer (Davies ,1993). The thunder-

storms grow rapic.ly on 71ind shift boundaries. Pre-existing vertical vorticity, in the bound-

ary layer, associated w~th the wind shift line is amplified to produce a tornado . These 

thunderstorms have been shown to develop tornadoes upwards from the boundary layer 

(Wakimoto and Wilson,1989) rather t han downwards from the pre-existing mesocyclone. 

Obtaining direct measurements of the tornado is not a simple task . Bluestein (1983) 

attempted to place a 400 pound barrel , equiped with instruments, in the path of a tornado . 

Try after try, the instruments were rarely put in t he direct path of a tornado . For the more 

violent tornadoes, the instruments would probably be completely destroyed , if they could 

be found at all. 
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A safer approach is to use a numerical model. First the model must demonstrate 

its ability to simulate such an event. It will be shown that the model used for this study 

does have the capability of simulating a strong and violent tornado. 

1.3 Previous Modeling Work 

The use of t hree dimens·onal numerical cloud models to study thunderstorm dynam-

ics made its debut in the 1970's. Since that time many simulations of thunderstorms have 

been conducted (Wilhelmson, 1974; Schlesinger, 1978; Klemp and Wilhelmson, 1978a,b; 

Schlesinger, 1980; Klemp et al., 1981; Rotunno and Klemp, 1982; Weisman and Klemp , 

1982). The knowledge of thunderstorms was advanced a great deal by these studies. 

Even though a tornado was not explicitly resolved, Klemp and Rotunno (1983) and 

Rotunno and Klemp (1985) were able to deduce a. theory for low level rotation , but not 

ground rotation , from a thunderstorm simulation. Basically they argue that the main vor-

ticity source is generated in a baroclinic zone along the forward-flanking outflow boundary 

between cool and warm air . This horizontal vorticity is then tilted upward while the parcel 

ascends . They also conducted a circulation analysis, assuming a non-rotating frictionless 

frame , to show that buoyancy did increase circulation as a material curve moved toward a 

vertical vorticity maximum at 2-50m. 

There are few numerical simulations of tornadoes that include the parent thunder-

storm. Grasso (1992) and Grasso and Cotton (1995) initialized a three dimensional grid 

domain horizontally homogeneous with a special sounding taken near the May 20 , 1977 Del 

City, OK tornadic thunderstorm. Convection was initiated by placing a warm bubble in 

the center of the grid near the ground . With a total of three two-way interactive grids , a 

weak tornado was simulated along with the parent thunderstorm. 

They concluded that massless particles t hat originated near cloud base on the north-

east side of the storm moved westward into the precipitation downdraft. Maintaining a 

cyclonic trajectory, the particles descended in the downdraft on the west side of the storm. 

The particles continued to turn cyclonically near the surface and were ingested into the 

vortex. This implied t hat vertical vorticity was generated within the forward downdraft 
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and that the source of air for the tornado was within the boundary layer and not within 

the mesocyclone. 

Using a similar p::-ocedure, Wicker and Wilhelmson (1995) with a different model and 

an idealized sounding, si:nulated a weak tornado and the parent thunderstorm. This was an 

important first step as these studies demonstrated a numerical model 's ability to simulate 

a tornado along with t ~1e parent thunderstorm. Their results demonstrate that parcels 

passing through the forward flanking downdraft aquire positive vertical vorticity from tilting 

of horizontal vorticity. Horizon al convergence then ampilfies the vertical vorticity as the 

parcel ascends to the analysed positive vertical vorticity maximum at 100m. 

Recently Davies-Jones a.nd Brooks ( 1993) examined t he origin of a positive verti-

cal vorticity maximum 3..t 100m for a non- tornadic supercell. The horizontal vorticity was 

divided into two components , one baroclinic and the other barotropic. The pre-storm hori-

zontal vorticity is the barotropic part while t he vorticity generated by the storms buoyancy 

gradient was termed baroclinic. They conducted a circulation analysis for the positive ver-

tical vort icity maximum. They assumed a non-rotating frictionless frame and showed that 

buoyancy increased the circulation along a material curve. That is, the storm enhanced 

the barotropic vorticity baroclinically. The resulting vorticity was postulated to have been 

tilted in the downdraft. The resulting vertical vorticity was then amplified by horizontal 

convergence. 

Two dimension.al axisymmetric models have also been used to study the tornado 

(Lewellen,1993). Althcugh these models cannot address tornado genesis they can be used 

to study characteristics of an intense vortex. A non-dimensional parameter commonly 

used is the swirl number, 5 = 2!.0.. , where v0 is the tangential wind speed at some fixed 
WO 

radius ro and wo is the updraft on top of the vortex. Results demonstrated that when the 

swirl increased t he vortex developed a central downdraft. For very large values of swirl , 

the central downdraft reached the lower boundary and multiple vorticies formed (Davies-

Jones ,1986 and Ward ,1 972). 

In free slip simulations, vertical vorticity existed at the lower boundary while the 

t angential winds achieved cyclostrophic balance. ·when a no slip lower boundary was used , 
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cyclostrophic balance was not obtained. Radial inflow was enhanced and the radius of 

maximum tangential winds decreased (Walko and Gall ,1986 and Howells et al. ,1988). 

The intent of this study is to perform a tornado simulation starting with a realistic 

variable initial state. Two cases, May 15, 1991 and April 26, 1991 , were chosen. In both 

cases, tornadic thunderstorms formed on a dry line. Three questions were asked. First , 

could the numerical model being used , trigger deep tropospheric convection without the 

aid of data assimulation , warm bubbles or cumulus parameterization? Second, would there 

be enough meteorological information in the initial synoptic scale t o allow for tornadic 

thunderstorms? Third , will the simulated tornadoes form within the boundary layer , then 

upward into the thunderstorms mesocyclone or downward from the elevated mesocyclone? 



Chapter 2 

MODEL DESCRIPTIO N AND INITIALIZATION 

2.1 M odel Setup 

The numerical rr_odel used for the April 26 and May 1-5, 1991 tornadic simulations 

was the moving g:ids , Version 3a, of the Regional Atmospheric Modeling System (referred 

to as RAMS ) developed at Colorado State University (Pielke et al. ,1992) . The following 

features of the model were used : 

• Non-hydrostatic and compressible (Tripoli and Cotton ,1986a). 

• Mahrer-Pielke (Mahrer and Pieike,1977) radiation scheme for both longwave and 

shortwave radiation with longitudina: variations of short wave irradiance. The fre-

quency of calculated radiation tende::1.cies was 900s. 

• A soil model for tie first 50 cm below ground using eleven prognostic levels (Tremback 

and Kessler ,1985). The soil type used was sandy clay loam throughout the entire 

model dom.ain . As the model was advanced , soil moisture at the ground was reduced 

due to the flux of moisture upward. Any precipitation that fell to the ground increased 

t he soil moisture. 

• A vegetation model (Avissar and Pielke ,1989). T his was run using variable vegetation 

types (Loveland E":t al.,1991 ) on all grids . 

• Hybrid timestep scheme. Momentum was advanced using a leapfrog scheme while 

scalars were advanced using a fo:wa.rd scheme. Both used second order advection. 

• Vertical and horizontal t urbulence was parameterized using a Smagorinsky deforma-

tion based K (Smagorinsky,1963) with stability modifications (Lilly, 1962). 
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• A bulk microphysical scheme that included the following hydrometer species : cloud, 

rain , aggregates, grauple, hail, snow, and pristine ice (Walko et al.,1995 ). 

• The prognostic variables were the three components of momentum, u, v and w, 

Exner function ;r , total water rt and ice-liquid potential temperature Biz (Tripoli and 

Cotton,1980,1982,1989a,b ). 

• Terrain-following sigma coordinate system (Tripoli and Cotton ,1980). 

• Two way interactive moving nested grids ( Clark and Farley,1984). 

• Arakawa fully staggered C grid (Arakawa and La.mb ,1981). 

• Exner funct ion tendencies used to update the momentum variables were computed 

using a time split scheme, similar to Klemp and Wilhelmsen (1978a). 

Surface fluxes of heat and moisture were computed using a leaf area index, LAI, 

a multiplication factor in the vegetation model. The LAI is a constant, depending on the 

vegetation type, that multiplies the fluxes . As a result , unrealistically large surface fluxes 

have occurred at some grid points , particularly those wit h large soil moisture values . It was 

observed that the winds, generally at the lowest model level, became very irregular , looking 

somewhat noisy at these regions . To correct this situation, the LAI was not permitted to 

exceed 3.0. This limit on LAI is reasonable because at (realistic) higher values , t he lower 

levels of the canopy will not be exposed to as much sunlight and wind as higher up , and will 

thus transpire less . .Nume ically t he values of LAI larger than 3.0 would result in producing 

unrealistically large fluxes. 

It is interesting to note that changes in the soil moisture and vegetation types can have 

a profound influence on simulated convection associated with a dry line (Shaw, 1995). 

The two way interactive nested grids are able to move within a parent grid (vValko 

et al. ,1995). This is a valuable feature for the model a.s this allows one t o use smaller 

nested grids , thus producing smaller computer memory requirements. It is important to 

understand how a nested grid moves. Consider two grids , t he first with a grid spacing of 

1000 meters in the x-direct.ion and the second having a 50 km side in t he y-direction. Grid 
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#2 will move east at 5.0 m/s, including the grid for the soil model. Dividing the Grid #1 6.x 

by the Grid #2 speed will give a t ime that the model mmt advance before Grid #2 changes 

its position. For tbs exa:nple, Grid #2 will change its position toward the east every 200s. 

When the second grid mJves, a new region, one Grid #1 6.x and 50km in y, will be added 

to the east side of Grid #2. This new strip will have the same grid spacing as Grid #2 and 

all Grid # 1 variables wiI. be interpolated into this region, including topography, vegetation 

type and soil moisture. The western part of Grid #2 having the same dimensions as the 

new strip, will be removed. The new position of Grid #2 will be one Grid #1 6.x to the 

east of its original location. Any number of nested grids can move simultaneously during a 

simulation. 

\iVhen the model is started at time T0 , a reference state is computed and kept fixed 

for the entire simulation.. This has very interesting consequences when considering vertical 

tendencies. The buoyancy tendency is computed by comparing the temperature at a grid 

point at T+N.6T, wheB N 1, to the temperature at the same grid point at time To. If 

the T+N.6T temperature is wa.rmer than the To temperature then the buoyancy will be 

positive. This means bat if the model is started in be morning, the warmer afternoon 

boundary layer will be ?ositively buoyant . The vertical gradient of Exner function will be 

negative to keep the boundary layer from rising . That is, the sign of the vertical gradient 

of Exner function and buoyancy are dependent on th_e time the model is started. It is 

not necessarily correct -;o examine either of these two terms independently or attach much 

physical significance to them. The buoyancy and vertical gradient of Exner function must 

be considered acting together in the vert~cal equation of motion. It should be mentioned 

that the total condensate mixing ratio is also included :n the buoyancy calculation and is a 

negative acceleration. 

In the model tl:.e horizontal components of the wind, u and v, were computed at zt 

levels and the vertical component, w, at zm levels (F:gure 2.1). The first zm level is the 

ground. There are no tendenc~es of w at this level, ra:her w is diagnosed from u and v at 

the second zt level, one half delta z above, and the slope of the sigma surface. The first zt 

level is one half delta 2 below ground and at this level u and v are set equal to those at the 
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Figure 2.1 : An example of a vertical cross section of the RAMS grid showing the first vertical 
sigma levels. The dashed lines , referred to as zt levels , are where u and v are defined . The 
solid line, referred to as a zm level, is where w is defined. 

second zt level. Since u and v are vertically-homogeneous from the first to second zt level , 

t he interpolated u and v at t he ground are not zero and thus the lower boundary is not a 

no-slip boundary. There is , however , a drag imposed on u and vat the second zt level. This 

makes the lower boundary not a true free slip boundary. As a result the lower boundary 

can be called quasi-no slip . 

If the reader wishes to delve deeper into the model design , the following papers may 

prove useful: Tripoli and Cott on(1981), Cott on et al . (1982;1986), Tremback et al. (1985), 

Tripoli (1986), Peilke et al. (1992), and Walko et al. (1995). 

2.2 Model Initialization 

The April 26 , 1991 Red Rock, Oklahoma tornado simulation was initialized with 

archived standard synopt ic scale data from 1200 UTC April 26 , 1991. This included 2.5 

degree gridded dat a on pressure surfaces , soundings , and surface observations. Displayed 

in Figure 2.2 are the initial water vapor mixing ratio field and the horizontal wind vectors 

at 49m for grid one. 

The soil moisture was initialized using a t echnique based on the Antecedent Precip-

itation Index, A.PI, (Wetzel and Chang,1988 and Copeland, 1995). This procedure uses the 

t hree months of archived station precipitation reports in the continental United States prior 

to model start time. Precipitation values were weighted more if the dat es of the station 
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Figure 2.2: Initial field3 for April 26, 1991 in Grid #1 at 49m . Solid lines, contoured every 1 
g/kg, represent t he wa-:;er vapor mixing ratio. The contours have been multiplied by 10.0. A 
contour label of 120 represents a value of 12 g/ kg . The arrows are horizontal wind vectors. 
A vector having a length equal to the di.stance between the tails of any two vectors has a 
speed of 17 m / s. 

reports were closer to model 3tart time. For the April case, the soil moisture values were 

smoothed and reduced ten percent in va.lue; see Figure 2.3 . 

The horizontal grid spacing, .6.x = .6.y, used for this study was 75km, 25km, 5km, 

1km, 333m, and 111:n for grids one through six, re3pectively. The vertical grid spacing 

started at 100m and was increased using a stretching ratio of 1.1. The model top was just 

over 23km. 

The lateral and top boundaries were nudged during the simulation using the 1200 

UTC April 26 , 1991 and the 0000 UTC April 27, 1991 archived synoptic scale data. 
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Figure 2.3: Initial soil moisture for April 26 , 1991 in Grid #1. The values were smoothed 
and reduced by ten percent . . All soil levels were initialized with the same horizontal profile . 
A contour labeled 120 represents a value of .12 m 3wa.ter /m3 scl where scl stands for sandy 
clay loam. This particular soil type saturates at a value of .42 (Tremback and Kessler,1985). 

For the May 15 , 1991 Laverne, Oklahoma tornado simulation, the initialization was 

similar to the April case. The initial winds and water vapor mixing ratio field at 49m is 

shown in Figure 2.4. Soil moisture was initialized from the API procedure and was not 

smoothed or reduced in value ; the initial field is shown in Figure 2.5. The large gradients in 

soil moisture near the boundaries for both cases are a result of the grid extending beyond 

station sites where precipitation is :-eported. These regions are assumed to have no influence 

on the simulations , particularly on tornado genesis . 

The horizont al grid spacing , 6x = 6y, used for this study was 60km, 20km, 5km, 

1km, 333m, and lllm for grids one through six, respectively. The vertical grid spacmg 
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Figure 2.4: The :nitial fields for May 15, 1991 in Grid #1 at 49m. Solid lines , contoured 
every 1 g/ kg, represent the water vapor mixing ratio.The contours have been multiplied by 
10.0. A contour label o: 120 represents a value of 12 g/ kg. The arrows are horizontal wind 
vectors. A vector having a length equal to the distance between the tails of any two vectors 
has a speed of lC m/s. 

started at 100m and was increased using a stretching ratio of 1.075. The model top was 

just over 19km. 

The lateral anc. top boundaries were nudged during the simulation using the 1200 

UTC May 15, 1991 and the 0000 UTC May 16 , 1991 archived synoptic scale data. Both 

simulations used a 30s topography data set in all grids . 

It is very important to remember that no data assimilation techniques ( other than 

nudging at the _ateral boundaries of the coarse grid) , cumulus parameterization, or warm 

bubbles were used in c.ny grid at any time during the simulations for either case. 



16 

Figure 2.5: Initial soil moisture for May 15 , 1991 in Grid #1. The values were not smoothed 
or reduced . All soil levels were initialized with the same horizontal profile. 



C ha p t er 3 

MAY 15, 1991 SIMULATION 

3.1 Introduction 

Results of the May 15, 1991 Laverne, Oklahoma tornado simulation will be pre-

sented in this chapter. With a total of six grids , a wide range of meteorological scales were 

resved. The first grid c:mtained the synoptic scale while grids four and six contained the 

thunderstorm and tornado scale, respectively. The majority of this chapter will focus on the 

smaller simulated scale~. A discussion on t he observed events of this day will be addressed 

first. 

3.2 M ay 15, 1991 Observations 

At 1200 UTC a. broad region of low pressure existed from southeast Wyoming and 

western Nebraska south to west ern Texas. The center of the low was in northeast Colorado. 

A moisture gradient extended from the low southward west of the Texas Panhandle . To tne 

east morning temperatures varied from 16 to 20C with dew points also in this range. Dew 

points in eastern New Mexico were near -l0C. Surface winds, in the central plains , were 

generally from the south or southeast at approximately ten knots (Figure 3.1). 

A cut off low at 500 mb was situated just north of the Four Corners region at 

1200 UTC. The wind~ associated with the low were not very strong, maximum winds were 

24.0 m/ s to the south of the low over t he Arizona-New Mexico border. A well-defined 

diffiuent pattern existed to the southeast of the Texas Panhandle and western Oklahoma 

due to a short wave orientated over ea.stern Texas southeastward into t he Gulf of Mexico 

(Figure 3.2a). Similar flow features existed at 300 mb. The wind speeds were slightly 
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stronger at this level; a 30.0 m/ s speed maximum existed in easter New Mexico (Figure 3.2b ). 

As the low moved eastward into Colorado, temperatures warmed between 28 and 31C over 

the central and southern plains. 

The convective available potential energy, CAPE, was computed by first calculating 

the lowest l00mb mean temperature and mixing ratio. A hypothetical parcel was lifted dry 

adiabatically, from the surface , until saturation, then along a moist adiabat. The positive 

area was summed and is referre<l to as CAPE. As indicated in Figure 3.2c, values of 1200 

J / kg are in west central Texas while values over 800 J / kg are in the panhandle. Nate the 

rapid decrease in values from the central panhandle : award the west. This was due to the 

reduction of water vapor in the boundary layer. 

A sounding and hodograph at 1200 UTC, Figure 3.2 d, was taken at the location 

where the simulated tornado formed later in the afternoon. The boundary layer could 

be characterized as stable and there was also a considerable reduction of moisture with 

height. At this time only 724 J / kg of energy is available to convection. Although the winds 

veered with height , curvature of the hodograph was lacking in the lower atmosphere. The 

tropospheric wind speeds were a less than or equal to 35 knots. 

This is a good example f how a sounding can be misleading when one is trying 

to identify regions with the potential for tornadic thunderstorms. Although not a simple 

task, one must also consider how the meteorological fields evolve with time to change the 

sounding and hodograph. 

This particular dry line was observed as part of the COP S-91 field experiment ( Hane 

et al.,1993). The gradient of moist ure, approximately 18C/ 100km, moved into the eastern 

Texas Panhandle by 1800 GTC. East to southeast winds on the moist side of the dry line 

converged with dry westerly winds to the west. The dry line remained stationary and in 

the late afternoon two tornado watch boxes existed. One covered an area from much of 

western Oklahoma and the easter Texas Panhandle. The other covered the western third 

of Kansas and a small portion of northeast Colorado. 

Thunderstorms did form along the dry line in the late afternoon. A weak short 

lived tornado was spawned in Shamrock, Texas. A more significant F2-F3 tornado formed 
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at 0135 UTC near Laverne, Oklahoma in Harper County. The tornado was on the ground 

16 '!188 
22~ 

L
0

~0').. 

Figure 3.1: 1200 UTC May 15, 1991 surface chart , temperatures and dewpoints are m 
degrees Celsius. Wind barbs are in knots. 

for thirty six minutes and had a path length of just under twelve miles. Hailstones with a 

diameter of four inches occurred with this storm. The simulation of the Laverne tornado is 

the focus of this chapter. 
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Figure 3.2: ( a) and (b )Horizontal wind vectors and speed, contourred every 2.0m/ s, at 
500mb and 300mb , respectively, ( c )Convective available potential energy, contourred every 
100 J / kg, and ( d) A sounding in the north central Texas panhandle. All figures were at 
1200 UTC . 
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3.3 Dry Line Evolution 

As the simulation ran forward in time, the moisture gradient was quite weak in the 

northern Texas panhandJe until early afternoon. At 1800 UTC the water vapor mixing 

ratio in Figure 3.3 shows the weak gradient. The maximum of 18 g/kg in the lower right 

portion of the Figure was due to large fluxes of moisture from the wet soil below. The soil 

may have been too wet but its influence on the water 7apor field was restricted to near 

the surface. One can see the gradient was larger in the southern panhandle as southerly 

winds converged with so-.1theasterly winds south of the wet soil. In the northern regions of 

the panhandle, although the moisture gradient was weak, moist southeasterly winds were 

converging with dry sou:hwesterly winds . 

Due to the convergence in the boundary layer, water vapor was transported to higher 

levels. In Figure 3.4 a noticeable maximum in water. vapor mixing ratio values of 8 g/kg 

can be seen near the center and lower left side of the figure. Tb.is maximum is embedded 

in winds that turn cyclonically from the southwest to the north. One would expect to find 

a maximum of upward vertica motion where the water vapor mixing ratios were large. 

Upward vertical motior. did exist in a 200km region in the bottom half of Figure 3.5. The 

magnitudes of the upward motion were not particularly large but it was enough to indicate 

the beginnings of a circulation along the dry line. 

One hour later , 1900 UTC , the overall flow at 49m was the persistent moist south-

easterly flow cor..verging with dry southwesterly flow in the central panhandle. As a result 

the water vapor mixing ratio gradient increased in the central and northern panhandle 

compared to 1800 UTC (Figure 3.6). 

At 1515:n the flow remained the 3ame as one hour earlier . The water vapor mixing 

ratio field changed consideraoly. The environmental winds had advected the moist air 

northward fro:rr.. where it was transported vertically. As a result , a larger portion of Grid 

#3 had been moisten~d (Figure 3.7) . 

Upward vertical motion at 1515m and 1900 UTC had grown in horizontal extent 

and was directly over the large gradient in water vapor mixing ratio at 49m. The ascent 
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Figure 3.3: Horizontal winds and water vapor mixing ratio values for Grid#3 at 49m and 
1800 UTC. From a minimum of 5.6 g/ kg, the mixing ratio field is contoured every 0.8 g/ kg 
to a maximum of 18.4 g/ kg . A wind vector having a length equal to the distance between 
two wind vector tails represents a speed of 9.4 m/ s. 

also increased from 18.0 cm/ s one hour earlier to 77 cm/ s. This was a clear indicat ion that 

the vertical circulation along t he dry line was strengthening (Figure 3.8). 

At 2000 UTC , the large g::-adient of water vapor mixing ratio in the central Texas 

panhandle was the main feature at 49m (Figure 3.9). Convergence of t he horizontal winds 

was very strong in t he central panhandle compared to 1800 UTC. From a numerical point of 

view, the large gradient in water vapor covered only a few 6.x . One might expect turbulent 

diffusion to prevent the large gradient from occurring. The fact that diffusion did not 

remove t he large gradient was an indication of just how st rong the forcing was associated 

with the rapid intensification of the dry line. 
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Figure 3.4: Horizontal ~inds and water vapor mixing ratio values for Grid #3 at 1515m and 
1800 UTC. Mixing rati•J values range from 3.8 g/ kg to a maximum of 8.4 g/kg contoured 
every 0.2 g/kg. A wind vector having a length equal to the distance between two wind 
vector tails represents c. speed of 11.5 m /s. 

The winds hav-= backed in the northern portion of the grid , compared to earlier 

times , at 1515m. Dry air to the right of the center of the grid is flanked by moist air 

transported upward by the dry line circulation (Figure 3.10). 

A well-defined band of upward vertical motion dominated the interior of Grid #3 

at 1515m and 2000 UTC. Upward vertical speeds of 1.0 to 2.8 m/ s were common in this 

300 km long region (Figure 3.11). It is surprising that cumulus convection was initiated 

at this time and within this grid having 6.x and 6.y equal 5.0 km . Numerically, one could 

argue that it is quite rnrprising that con·,ection survived in this grid for the next few hours 
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Figure 3.5: Upward vertical moti n at 1515m for grid #3 at 1800 UTC. With a. contouring 
of 2.0 cm/s, the minimum and maximum values a.re -18.0 and 18.0 cm/s respectively. 

with no finer nest spawned. This is another indication of the forcing associated with the 

intensification of the dry line and the conditional instability of the atmosphere. 

The next two figures, Figure 3.12 and Figure 3.13 , show the well-defined dry line 

at 2100 UTC at 49m and the vertical motion at 3063m in the Texas panhandle. A line of 

convection approximately 00 km in length existed at this time along the dry line. One can 

see individual convective cells with updraft speeds of lOm/s. 

Strong convergence can be seen a.long the dry line just west of the maximum in 

water vapor mixing ratio at 49m and 2100 UTC. No convection , however , developed in this 

region. As was mentioned previously, the wet soil was responsible for the maximum in the 

water vapor near the bottom right in Figure 3.12. As a. result of the wet soil, the boundary 
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Figure 3.6: Horizontal winds and water vapor mixing ratio values for Grid #3 at 49m and 
1900 UTC . From a minimum of 5.4 g/kg, the mixing ratio field is contoured every 0.9 g/kg 
to a maximum of 19.8 g/kg. A wind vector having a length equal to the distance between 
two wind vector tails represents a speed of 10.2 m/s. 

layer was cooler in this region and prevented convection from occurring. A sensitivity run 

was done in which the soil moisture was reduced (Shaw, 1995). As a result, the boundary 

layer was warmer and deep tropospheric convection occurred in this region . 

3.4 Dry Line Dynamics 

It is interesting that the gradient of water vapor did not gradually increase, in time, 

near the surface. A numerical study of a dry line, by Ziegler et al. 1995, produced this 

feature as well. In their Figure 4a the moisture gradient remained relatively constant from 

early morning to early afternoon, after which time the gradient increased rapidly. They 
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Figure 3.7: Horizontal winds and water vapor mixing ratio values for Grid #3 at 1515m 
and 1900 UTC. ?rom a. minimum of 4.2 g/kg, the mixing ratio field is contoured every 0.3 
g/kg to a maximum of 10.2 g/ kg. A wind vector having a length equal to the distance 
between two wind vect::>r tails represents a speed of 12.1 m/s. 

investigated the role o{ a thermally driven solenoid to explain the dry line evolution. In 

their Figure 7, be solenodal forcing was the dominant term in the Lagrangian frame. They 

also demonstrated tha.t frontogenesis was occurring along the dryline in the lower boundary 

layer ; see their Figure 8a. 

Therma solenoids and frontogenesis will be examined for the May 15, 1991 dry line 

in a manner similar to Ziegler et al. 1995. The solenoids will be analysed by examining the 

baroclinic generation :)f horizontal vorticity ( the east-.vard gradient of model buoyancy) in 

the north-south direction. Frontogenesis will be analysed by examining two terms; - ~, 

and _ aw 8<1. az az 
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Figure 3.8: Upward vertical motion at 1515m for grid #3 at 1900 UTC. With a contouring 
of 7.0 cm/ s, the minimum and maximum values are -28 .0 and 77.0 cm/ s respectively. 

An east-west vertical cross section of the U component of wind and water vapor 

mixing ratio at 1200 UTC is displayed in Figure 3.14. The winds are westerly and increase 

with height while the water vapor mixing ratio decreases with height . From the figure the 

two frontogenetic terms are nearly zero since there is no vertical motion at this time and 

because the contours of wat er vapor are nearly horizont al. Thermal solenoidal forcing is 

also small, reaching a value of -l.0E-6s-2 in the lower right part of Figure 3.15 . 

A slight change had occurred in the water vapor mixing ratio field at 1400 UTC , 

Figure 3.16. The 12.0 g/kg contour int ersected the ground. The winds remained westerly 

and increased with height up to 1.0km above which they decreased . Frontogenetic forcing 

was near zero due to being approximately zero and since the vertical motion was on 
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Figure 3.9: Horizontal winds and water vapor mixing ratio values for Grid #3 at 49m and 
2000 UTC. From a minimum of 5.0 g/kg, the mixing ratio field is contoured every 1.0 g/ kg 
to a maximum of 21.C g/kg. A wind vector having a length equal to the distance between 
two wind vecto:- tails represents a speed of 12.7 m/s . 

the order of a few crntimeters per second over a 5.0km horizontal distance giving ~; a 

magnitude of 2.0E-6s-1 . The thermal solenoidal forcing at this time was essentially absent 

as can be seen in Fig-:ire 3.17. 

At 1600 UTC horizontal convergence was evident in the lowest kilometer in Fig-

ure 3.18. Easterly wi::ids appeared at this time in the lower right portion of the figure . The 

zero line intersected the ground just to the west X=75km and moved upward and to the 

right to intersect t he vertical axis at Z=900m. An e~tward gradient of water vapor existed , 

although weak. The two fro togenetic terms are both weak and of the order 10-12m-1 s-1 . 

The solenoidal forcing was weak as can be seen in Figure 3.19. Two zero contours bound a 



200. 

100. 

E 0. 

>-

100 

-200. 

-50 
X 

0. 50 
(k.m) 

100. 

Figure 3.10: Horizontal winds and water vapor mixing ratio values for Grid #3 at 1515m 
and 2000 UTC. From a minimum of 4.0 g/kg, the mixing ratio field is contoured every 0.4 
g/kg to a maximum of 11.2 g/kg. A wind vector having a length equal to the distance 
between two wind vector tails represents a speed of 13.7 m/s. 

region of weak postive forcing ( smaller than 10-6 s-2 ) from the center of the figure upwards 

and to the left. 

The easterly winds have moved westerward from 1600 UTC to 1800 UTC. The zero 

contour was located at X=62km in Figure 3.20. The eastward gradient of water vapor and 

the eastward convergence of momentum have approximately doubled in the lower boundary 

layer from 1600 UTC. The vertical gradient in water vapor and the vertical motion in the 

lower boundary layer were weak at this time. As a result , the frontogenetic forcing was only 

weakly positive. The solenoidal forcing grew in magnitude as can be seen in Figure 3.21. 

Values between 10-6s-2 and 2x10-ss-2 dominated the central portion of the figure below 
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Figure 3.11: Upward vertical motion at : .Sl5m for grid #3 at 2000 UTC. With a contouring 
of 20.0 cm/s, the minimum and maximum values are -1.2 and 2.8 m/ s respectively. 

1400m. Negative valu.as having the same magnitude are seen at the left side of the figure 

below 1400m. 

Dramatic chaLges occurred in the two hour period from 1800 UTC to 2000 UTC as 

can be seen in Figure 3.22 and Figure 3.23. The frontogenet ic forcing was large and positive 

in the lower boundary layer due to the nearly vertical c:mtours of water vapor combined with 

the strong convergence and large east-ward gradient af water vapor . The negative product 

of convergence and the eastward gradient of water vapor has a magnitude of 10-9m- 1s-1 . 

Well defined positive and negative solenoidal forcing regions existed at 2000 UTC having 

maximum magnitudes of 6xl0-6 s- 2 and 5x10-6s-2 , respectively. 



Figure 3.12: Winds and mixing ratio a.t 49m a.t 2100 UTC for Grid #3. From a. minimum 
of 4.0 g/ kg the mixing ratio field is contoured every 1.0 g/kg to a. maximum of 22.0 g/kg. 

Figure 3.13: Vertical motion a.t 3063m a.t 2100 UTC for Grid #3. The contours a.re 80 cm/s 
with a. minimum and maximum of -1.6 and 10.4 m/s. 
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May 15 1991 
Mixing Ratio (g/kg) contoured for grid 3,j=35,t=0s 
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Figure 3.14: Vertical cross section through Grid #3 looking north at 1200 UTC. The cross 
section was taken 170.0 km north of the southern boundary of the grid. The U component 
of wind is shaded in 2.0 m/ s intervals. The mixing ratio is contoured every 1.0 g/ kg. 
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May 15 1991 
Buoyancy Solenoid (s**-2 contoured for grid 3,j=35,t=0s 
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Figure 3.15 : Vertical cross section through Grid #3 looking north at 1200 UTC . The cross 
section was taken 170.0 km north of the southern boundary of the grid. The U component 
of wind is shaded in 2.0 m/s intervals. The solenoid forcing is contoured every 10-6 s- 2 . 
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May 15 1991 
Mixing Ratio (g/kg) contoured for grid 3 ,j=35,t=7200s 
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Figure 3.16: Vertical cross section through Grid #3 looking north at 1400 UTC. The cross 
section was taken 170.0 km north of the southern boundary of the grid. The U component 
of wind is shaded in 2.0 m/s intervals . The mixing ratio is contoured every 1.0 g/kg. 
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May 15 1991 
Buoyancy Solenoid (s**-2) contoured for grid 3,j=35,t=7200s 
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Figure 3.17: Vertical cross section through Grid #3 looking north at 1400 UTC. The cross 
section was taken 170.0 km north of the southern boundary of the grid . The U component 
of wind is shaded in 2.0 m/ s intervals . The s9lenoid forcing is contoured every 10-6 s-2 . 
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May 15 1991 
Mixing Ratio (g/kg) contoured for grid 3 ,j=35,t=14400s 
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Figure 3.18: Vertical cross section t hrough Grid #3 looking north at 1600 UTC. The cross 
section was taken 17( .0 km north of the southern boundary of the grid. The U component 
of wind is shaded in 2.0 rn /s intervals. The mixing rz.tio is contoured every 1.0 g/ kg. 
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The solenoids were an indication of gradients in the model buoyancy. Just west of 

the dry line a region of air was warmer than the moist air to the east. The presence of this ... 
warm air appeared to be in response to the surface characteristics, soil type, wetness , and 

vegetation type. A more complete investigation into the dry line evolution is planned. 

Grid #3 was run until 2300 UTC. The convection moved towards the north and 

developed a well-defined anvil canopy. Plots of the vertically-averaged cloud water for 

1900, 2000 , 2100 , and 2200 UTC were made and looped together. This was used to place 

Grid #4 at the southern most portion of the convective line that developed. 

3.5 Supercell Evolution 

With a grid spacing of 1.0 km for bo~h horizontal directions , Grid #4 was spawned 

at 2000 UTC in the central Texas Panhandle. During this simulation this grid was the first 

to be moved and it moved towards the northeast. With Grid #4 running for thirty minutes, 

the water vapor mixing ratio gradient increased sig ·ficantly at 49m (Figure 3.24a). The 

horizontal winds accelerated into the convergence zone from both sides of the dry line. 

It is postulated that the onvection directly over the dry line was lowering the 

pressure at the surface due to the warm interior of ~he deep updrafts. The lower pres-

sure enhanced the acceleration of boundary,.•layer air into the dry line convergence zone, 

consequently increasing the water vapor gradient. 

The vertical motion in the middle troposphere is shown in Figure 3.24b at 2030 

UTC . A well defined continuous north-south line of updraft was evident. The line was 

approximately 40 km long. This line persisted for t hirty minutes. It was anticipated that 

thunderstorm splitting would occur during this time interval and that once t he splitting 

process had occurred, the right moving supercell would be located at the southern portion 

of this line. Intersecting the southern portion of the convective line with the grid was a real 

possibility and not desirable because that was where the supercell was expected to form. 

Preventing the southern boundary of Grid #4 from intersecting the line of convection was 

quite a challenge. 
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May 15 1991 
Buoyancy Solenoid (s**-2) contoured for grid 3 ,j=35 ,t= 14400s 

2337 10.0 

8.0 

1889 6.0 

4.0 

1442 2.0 

.0 

995 -2.0 

-4.0 

547 -6.0 

-8.0 

100 -10.0 

50 60 70 821 90 100 

X (km) 

Figure 3.19: Vertical cross section through Grid #3 ~coking north at 1600 UTC. The cross 
section was ta.ken 170.0 km north of the southern boundary of the grid. The U component 
of wind is sha::l.ed in 2.0 m/s intervals. The solenoid forcing is contoured every 10-6 s-2 . 
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May 15 1991 
Mixing Ratio (g/kg) contoured for grid 3,j=35,t=21600s 
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Figure 3.20: Vertical cross section through Grid #3 looking north at 1800 UTC. The cross 
section was taken 170.0 km north of the southern boundary of the grid. The U component 
of wind is shaded in 2.0 m/s intervals . The mixing ratio is contoured every 1.0 g/kg. 
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May 15 1991 
Buoyancy Solenoid (s**-2) contouredAor grid 3,j=35,t=21600s 
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Figure 3.21: Vertical cross section through Grid #3 looking north at 1800 UTC . The cross 
section was ta.ken 170.0 km north of t he southern boundary of the grid. The U component 
of wind is shaded in 2.0 m/ s intervals . The solenoid forcing is contoured every 10-6 s-2 . 
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May 15' 1991 
Mixing Ratio (g/kg) contoured for grid 3,j=35,t=28800s 
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Figure 3.22: Vertical cross section through Grid #3 looking north at 2000 UTC. The cross 
section was taken 170.0 km north of the southern boundary of the grid. The U component 
of wind is shaded in 2.0 m/s intervals. The mixing ratio is contoured every 1.0 g/kg. 
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May 15- 1991 
Buoyancy Solenc•id (s**-2) contoured for grid 3,j=35,t=28800s 
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Figure 3.23: Vertical cross section throi.:.gh Grid #3 looking north at 2000 UTC. The cross 
section was taken 170.0 km orth of the southern boundary of the grid . The U component 
of wind is shaded in 2.0 m/s intervals . The solenoid forcing is contoured every 10-6s-2 • 
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At 2100 UTC a noticeable eastward bulge occurred along the southern portion of 

the dryline (Figure 3.24c). At this time the right moving supercell was over this part of the 

dry line, see Figure 3.24d. As the storm moved towards the northeast , the strong boundary 
., 

layer fl.ow to the west advected the dry line eastward proc.ucing the bulge. 

Evidence of the splitting process was seen at 2045 UTC. Three distinct updraft 

maxima were evident although still embedded in a north-south line. The two cells to the 

north were left movers while the one to the south was a right mover. In Figure 3.24d the 

well-defined right mover had a maximum updraft speed of 30 m/s. A small left mover , seen 

near the top left portion of the figure , moved out of Grid #4 quickly . 

.... imulations of supercells that are formed by releasing a warm bubble in a horizon-

tally homogeneous domain show signs of the splitting process within the first thirty minutes 

(Klemp and Wilhelmsen, 1978b, and Grasso, 1992). For this study a longer time was re-

quired. This suggests to the author that the splitting process was dependent to some degree 

on the size of the physical process forcing convection. 

As the storm continued to move toward the northeast, the eastward bulge became 

more pronounced, Figure 3.25a. Strong horizontal divergence occurred just to the north 

as the downdraft descended to the ground. A well-defined cyclonic circulation was also 

present at this time on the northern portion of the dry line bulge in the strong water vapor 

mixing ratio gradient. Both of these features were not present fifteen minutes earlier, see 

Figure 3.24c. The rain mixing ratio field is shown in Figure 3.25b and, as would be expected, 

was located at the same position as the divergent winds. 

Fifteen minutes later , significant changes had occurred. Strong horizontal divergence 

dominated the fl.ow to the north of t he dry line bulge, as winds accelerated westward toward 

the dry line. A large region of cyclonic circulation can be seen just to the left of the center of 

Figure 3.25c. The rot ation moved northeast of the bulge. The beginning of a hook signature 

was forming at this time and the rain mixing ratio field had expanded; see Figure 3.25d. The 

ground relative position of Grid #4 at 2115 UTC is the same at 2130 UTC in Figure 3.25 . 
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Figure 3 .24: Grid #4; (a) and ( c) Winds and mixing ratio at 49m for 2030 UTC , contourred 
every .3g/kg, and 2100 UTC , contourred every .4g/kg, respectively (b) and ( d) Vertical 
motion , contourred every 2.0m/ s, at 5961m for 2030 and 2100 UTC, respectively. The 
maximum upward ,·ertical motion was 32m/s and 30m/s for (b) and ( d), respectively 
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(b) 

(d) 

Figure 3.25: Grid #4;(a) and (c) Winds and mixing ratio , contourred every .4g/kg, at 
49m for 2115 and 2130 UTC , respectively. (b) and ( d) Rain mixing raito at 49m for 2115 
UTC, contourred every .04g/kg to a maximum of .76g/kg, and 2130 UTC , contourred every 
.02g/kg to a maximum of .42g/kg, respectively. 
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Figure 3.26: Grid #4; ( a) aILd ( c) Winds and mixing ratio at 49m for 2145 UTC, contourred 
every .4g/kg, and 2200 UTC, contourred every .3g/kg, respectively. (b) and ( d) Rain mixing 
ratio at 49m for 214c5 UTC, contourred every .02g/kg to a maximum of .46g/kg, and 2200 
UTC, contourred every .03g/kg to a maximum of .57g/kg, respectively. 
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At 2145 UTC , Grid #4 had moved east and north 5.0 km. The cyclonic circulation 

was clearly evident to the left of the center of Figure 3.26a, at this time. The center of 

the downdraft was a few kilometers to the north . Strong horizontal divergence from the 

downdraft dominated the upper left quadrant of the figure . The westward fl.ow from this 

region towards the dry line was stronger than fifteen minutes earlier. To the southwest of 

the circulation center towards the dry line bulge, a strong convergence zone was apparent 

along the developing pseudo-gustfront. The rain field became more elongated from the 

southwest to the northeast. The gradient to the southeast of the maximum also elongated 

in this direction. The hook signature became more pronouced at this time; Figure 3.26b. 

Grid #4 moved north 5.0 km from 2145 to 2200 UTC. The storm continued to move 

away from the dry line during this time. Northwest of the circulation center the fl.ow from 

the downdraft had a different characteristic. The air accelerated 6.0 km from the downdraft 

towards the dry line. From there the fl.ow slowed before finally accelerating into the dry line. 

The pseudo-gust front moved east of the circulation center quite similar to the occlusion 

process for synoptic scale low pressure systems ; see Figure 3.26c. Along the leading edge of 

the gustfront a significant gradient in water vapor mixing ratio developed. The hook in the 

rain field (Figure 3.26d) was still present but not as pronounced as it was fifteen minutes 

earlier. 

There appears to have been significant feedback between the dry line and the su-

percell thunderstorm from 2000 to 2200 UTC. As convection first developed along the dry 

line, stronger boundary layer convergence increased t he horizontal water vapor gradient. 

As t he storm moved it appeared to pull the dry line east producing a bulge. To the north , 

downdraft air accelerated to the west perhaps advecting the dry line in that direction or 

preventing any eastward movement . 

3.6 Tornado Evolution 

Grid #5 was spawned at 2100 UTC when the main precipitation downdraft was 

forming. Six minutes later (Figure 3.27a), the initial stage of vortex at 49m can be seen at 

the tip of the dry line bulge. To t he north a convergence zone formed by outflow from 
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Figure 3.27: Grid #5; (a) (c) and (e) Winds and mixing ratio , contourred every .3g/kg in 
(a) at 49m, (c) at 1317m, and .7g/kg for (e) at 5962m. Mixing ratio contours labeled 84 
represents a value of 8.4 g/ kg. Vertical motion (b) at 49m ( contourred every .Olm/s to a 
maximum of 2.0m/ ~), (d) at 1317m (contourred every l.Om/s to a maximum of 18.0m/s), 
and (f) at 5962m (:ontourred every 2.0m/ s to a naximum of 32 .0m/s), respectively for _ 
2106 UTC. 
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two downdrafts (Figure 3.27b ). Note how the winds were basically from the west to the 

northwest of the circulation center. Associated with the vortex was an updraft maximum. 

Two bands of updraft orientated southwest to northeast were south of the vortex. The 

eastern most band and the updraft in the vortex gave the vertical motion field a comma 

shape appearance. 

At 1317m, little evidence of a vortex was apparent. In the western portion of 

Figure 3.27c, winds were :fl.owing towards the northeast and parallel to the large gradient 

in water vapor mixing ratio. On the other side of the water vapor gradient, southeasterly 

winds existed. The comma-shaped updraft (Figure 3.27d), had two maxima embedded 

within. One in the head of the comma was 14.0 m/s while the other , to the southeast , was 

over 15.0 m/s and occupied a larger region. There was also a lack of downdraft within the 

northern portion of the figure. 

Higher up at 5962m, the fl.ow was basically from the southwest with no indication of a 

tornadic vortex (Figure 3.27e). There was a large and narrow band of updraft exceeding 30.0 

m/s. A secondary maximum existed to the south with a speed of 18.0 m/s (Figure 3.27f). 

With Grid #5 running for twelve minutes, important changes occurred at 49m. 

The fl.ow to the northwest of t he circulation center was no longer from the west as it was at 

2106 UTC . This region was dominated by winds having a significant northerly component . 

As the storm moved away from the dry line , the vortex was embedded in a water vapor 

gradient that was distinct from the gradient associated with the dry line a few kilometers 

to the southwest (Figure 3.28a). The updraft along the convergence zone associated with 

the outflow from the two downdrafts was further west of the surface vortex than at 2106 

UTC. The downdraft to the northeast of the vortex, six minutes earlier, had expanded in 

area and was positioned north-northwest of the circulation center (Figure 3.28b ). 

Slightly higher up at 1317m there was now evidence of the vortex. A closed circu-

lation was seen just to the left of the center of Figure 3.28c. A dry slot developed on the 

east side of the vortex, near the center of the figure , as dry environmental air was ingested 

into the cyclonic circulation. An updraft maximum associated with the vortex can be seen 

in the center of Figure 3.28d. Drier environmental air sank along the southern flank of the 
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Figure 3.28: Grid #5; ( a) ( c) and ( e) Winds and mixing ratio contourred every .3g/kg 
for (a) at 49m, (c) at 1317m, and .6g/kg for (e) at 5962m. Vertical motion (b) at 49m 
(contourred every .3m/s to a maximum of 3.6m/s), (cl ) at 1317m (contourred every l.0m/s 
to a maximum of 18.0m/s), and (f) at 5962m (con-:ourred every 2.0m/s to a maximum of 
28.0m/s), respectively for 2112 UTC. 
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vortex. Note the minimum in updraft speed to the east of the vortex associated with the 

dry slot. A region of downdraft to the north of the vortex had become evident at this time. 

Middle tropospheric mixing ratios were quite different compared to 2106 UTC. A 

large region of high mixing ratio developed, as seen in the lower half of Figure 3.28e. 

However , rotation associated with the vortex was absent . A significant change in the vertical 

motion field ( see Figure 3 .28f) was the new and strong downdraft in the center of the figure. 

Maximum downdraft speeds of 12.0 m/s were flanking the updraft gradient that increased 

from 2106 UTC. 

A well defined cyclonic circulation at 49m dominated much of Figure 3.29a at 2118 

UTC. The storm had moved far enough to the northeast, at this time, that the water vapor 

mixing ratio gradient seen in the figure was no longer associated with the dry line. The 

air just to the northwest of the vortex continued to accelerate towards the south. The 

downdraft to the north-northwest of the vortex at 2112 UTC now dominated the northwest 

quadrant of Fig re 3.29b. The convergent zone between the two downdrafts and associated 

upward motion was basically west cf the vortex at 2118 UTC. 

As shown in Figure 3.29c the vortex at 1317m was well defined and occupied more 

area compared to six minutes earlier. Dry air continued to be ingested by the circulation 

maintaining the dry slot to the southeast of the vortex. The updraft curled in a circular 

arch due to the rotation of the vortex. Note the appearance of a strong central downdraft 

bounded by the updraft near the center of Figure 3.29d. Downdraft-dominated regions 

to the north of the vortex and weak vertical motion existed in the dry slot. The updraft 

maximum in the flanking line was now east of the vortex in response to the strong low 

level convergence associated with the gust front to the east south east of the vortex; see 

Figure 3.29a. 

Fields at 5962m for 2118 UTC were very different from the last six minutes . A new 

feature was the highly divergent fl.ow from the mixing ratio maximum just to the left of 

the center of Figure 3.29e. Perhaps this was a precursor to the vortex. Vertical motion 

at this level was also quite different than six minutes earlier. Downdraft in the center of 

Figure 3.28f was bounded by new updraft in Figure 3.29f. 
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Figure 3 .29: Grid # 5; (a) ( c) and ( e) Winds and mix:.ng ratio contourred every .3g/kg for (a) 
at 49m, (c) at 1317m, and .7g/kgfor (e) at 5962m. Vertical motion (b) at 49m (contourred 
every .4m/s to a ma.iC.imum of 4.8m/s) (d) at 1317m (contourred every l.0m/s to a maximum 
of 21.0m/s) (f) at 5962m ( contourred every 3.0m/s to a maximum of 42.0m/s), respectively 
for 2118 UTC. 
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Six minutes later (2124 UTC) outflow from the downdraft was evident in the top 

left quadrant in Figure 3.30a. Air was still accelerating to the south from the downdraft 

just northwest of the mature vortex at 49m. The water vapor mixing ratio minimum south 

of the vortex at 2118 UTC is called the surface dry slot. T e flow field has changed the dry 

slot into a thin region from the southwest curving cyclonically to the east of the vortex at 

2124 UTC. Downdrafts bounded the vortex on all sides but the northeast ; see Figure 3.30b. 

Downdrafts also filled the central part of the cyclonic circulation at 49m. 

The horizontal winds and mixing ratio fields at 1317m (Figure 3.30c) had not 

changed much compared to six minutes earlier. Main features were broad counter clockwise 

flow around the vortex and the continued evidence of the dry slot along its southern flanks. 

The downdraft had strengthened considerably and bounded the vortex on all but the north-

east side (Figure 3.30d) similar to that at 49m. A maximum downdraft speed of 11.0 m/ s 

was on the southeast side of the vortex. The updraft maximum to the east increased from 

16.0 m/s to 18.0 m/s. 

Cyclonic circulation associa~ed with the vortex was now evident at 5962m for 2124 

UTC near the center of Figure 3.30e and was colocated with the mixing ratio maximum first 

seen at 2118 UTC in Figure 3.29e. Vertical motion at the same height and time changed 

quite significantly from 2118 UTC . Ascent within the vortex was in excess of 24.0 m/s. 

These past figures have clearly demonstrated that the vortex developed first near the 

surface then was transported vertically into the storm. A vertical cross section in Grid #5, 

shown in Figure 3.31, indicates that the vortex was in fact a deep tropospheric entity. This 

was indicated by the large horizontal gradient and the change in sign in the u-component 

of the wind from the surface to 10.0 km in the center of the figure. Also shown is the 

perturbation pressure field. The large horizontal shear and the sign change in u-correspond 

well with low pressure in the vortex. 
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Figure 3.30: Grid #5; ( a) ( c) and ( e) Winds and mixing ratio contourred every .2g/kg for 
(a) at 49m, .3g/kg for (c) at 13 1. 9m, and .7g/kg for (e) at 5962m. Vertical motion (b) at 
49m (contourred every .6m/s to a maximum of 5.4m/s), (d) at 1317m (contourred every 
l.0m/s t o a ma.xi.mum of 19m/s) , and (f) at 5002m ( contourred every 3.0m/ s to a maximum 
of 30.0m/s), respectively for 2124 UTC. 
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Figure 3.31: Vertical cross section through Grid #5 at 2124 UTC looking west . The 
u-component of the wind is contoured every 3.0 m/ s. Solid/ dashed contours are for posi-
tive/negative values. Perturbation pressure is shaded w·th the scale on the right side of the 
figure.The horizontal and vert ical axes are measured in meters. 
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3. 7 Tornado C haracteristics 

The sixth anc. final nested grid was spawned at 2100 UTC and had a grid spacing of 

111.1 m in both horizontal directions over a 6.0 km domain. Characteristics of the mature 

t ornado at 2124 UTC will be discussed in this section. 

At 2124 UTC the interior of Grid #6 was doo.inated by strong cyclonic flow at 49m 

(Figure 3.32a) . High values of horizontal convergence were evident along the large gradients 

of mixing ratio. The wind speeds shown in Figure 3.32b display some interesting features . 

There were two secondary speed maxima regions orientated in clockwise bands from the 

tornado center. One within the top half of the figure and the other in the bottom half. 

Since the tornado was moving northeast , one would expect to find t he largest tangential 

wind speed on its sautheast side. A maximum speed of 60.0 m/s existed in that location 

placing the tornado n the strong F2 catagory. 

A shade plot of the F scale can be seen in Figure 3.32c. Each gray shade represents 

a distinct F scale starting from F0. The darkest, crescent shaped , gray shading denotes the 

region of F2 strength winds on the southeast side of the tornado. It is interesting to see 

just how much area was occupied by F0 strength winds. 

Vertical motion at 49m exhibited a circular ring of updraft bounding a central 

downdraft . The up,Yard vertical motion also existed along cyclonically orientated , spiraling 

bands that fed into : he tornado from the east. A la::ge downdraft bounded the tornado on 

all but the northeas: side (Figure 3.32d ). 

Pressures in t he ce ter of the tornado ,vere 27.0 mb lower, at 49m. than the en-

vironment (F:gure 3.32e). Two low pressu re regions existed in the same locations as the 

two secondary wind maxima, seen in Figure 3.32b . The maximum horizontal wind speed 

occurred on the southeast side of the vortex where the horizontal pressure gradient was the 

largest. 

Values of vertical \·orticity of 0.27 s- 1 existed at this time at 49m ( Figure 3.32f). 

The values of vertical vorticity did not increase all the way into the center. The vorticity 
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Figure 3.32: Grid #6 ; (a) Winds and mixing ratio, contourred every .lg/ kg (b) Wind 
sp ed,contourred every 3.0m/ s to a maximum of 60.0 m / s ( c) Shaded F scale, darkest 
sh '-' ;ing represents a strength of F2 (d) Vertical motion , contourrred every .9m/ s to a 
maximum of 8.lm/s and minimum of -6.3m/ s (e) Pressure field , contourred every l.0mb 
to a minimum of 883.0mb (f) Vertical vorticity, contourred every 10-2 to a maximum of 
0.27s- 1 at 49m for 2124 UTC . 
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Figure 3.33: Grid #6; (a) Winds and mixing ratio. contourred every .3g/ kg (b) u-component 
of wind, contourred every 4.0m / s ( c) v-component of wind, contourred every 4.0m/ s ( d) 
Vertical mot:on , ccntourred every 2.0m / s to a maximum of 26.0m/s (f ) Cloud water at 
2206m, countourrec. every 10-2g/kg to a maximum :lf .28g/kg ( e) Vertical motion at 1317m. 
contourred every l.0m/s to a maximum of 20.0m/~- All plots are at 2124 UTC. 
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field formed an anulus ring with low values in the center. The author wonders if a seventh 

nested grid was spawned, would suction vorticies form on this vorticity annulus? 

The horizontal winds at 2206m revealed a large cyclonic vortex in the center of 

Figure 3.33a. The u and v-components are shown in Figure 3.33 b and c, respectively. The 

diameter of maximum winds was just over 1.0 km. A secondary wind maximum existed to 

the north arching counter clockwise to the west of the vortex. 

Upward vertical motion within the vortex was found on the northwest side arching 

around it like the letter C with a -4.0 m/s downdraft within its concave region. Although 

the downdraft was almost bounded by updraft at this height (Figure 3.33d) it was not in the 

center of the cyclonic circulation seen in Figure 3.33a. At a height of 1317m the downdraft, 

-11.0 m/s , was stronger (Figure 3.33e) and completely bounded by updraft making this a 

two-celled tornado. The clear slot downdraft , along the right flank of the vortex, is also 

evident in this figure. 

A dramatic spiral in the cloud field is seen in Figure 3.33f. Although the tempera-

tures were cooler in the core of the tornado, a condensation funnel did not form below the 

thunderstorm to the ground . Perhaps the grid spacing in Grid #6 was too coarse for this 

feature. 

As the simulation was advanced past 2124 UTC , the tornado began to weaken. Since 

the focus of this study was the genesis of the tornado. t he simulation was terminated. 

3.8 Summary of May Simulation 

A diffuse horizontal moisture gradient existed in the Texas Panhandle from 1200 

UTC to 1800 UTC. After 1800 UTC the horizontal moisture gradient increased rapidly due 

to the horizontal convergence of boundary layer air. The increased convergence was a result 

of two strong thermal solenoids that existed in the first few kilometers above the ground . 

Convection was initiated at 2000 UTC. A north-south line of updraft , approximately 

4-5.0 km long, formed rapidly. At 2030 UTC an eastward bulge in the dry line began to form 

beneath the southern portion of t he updraft field . The convective line evolved into t hree 

distinct updrafts at 204.5 UT C. The bulge in the dry lir.e continued to grow. An isolated 
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supercell t understorm existed at 2100 UTC. The d::-y line bulge was situated underneath 

t he storm. 

Vertical vorticity associated with the dry li::ie bulge was amplified by horizontal 

convergence beneath the storms ' updraft. The infant stage of a cyclonically rotating vortex, 

in the boundary layer, was evident at 2106 UTC. By 2112 UTC the rotation had been 

transported vertically into the lower le\'els of the parent storm. 

From 2112 to 2124 UTC posit ive tilting of horizontal vort icity generated vertical 

vorticity in both the rear flank and t he precipitation downdrafts. The vertical vorticity 

was generated in the lowest few hundred meters in the downdrafts. From the new source, 

horizontal convergence of the vertical vorticity intensified t he vortex in the boundary layer. 

The boundary layer vortex was drawn up into the thunderstorm and by 2124 UTC 

the tornado extended from the ground to a height of 10.0 km. The maximum horizontal 

wind, at ·the lowest model level , was 60 .0 m/ s on the sout heast side of the tornado . 

After 2124 UTC the t hunderstorm rotation caused the precipitation downdraft to 

wrap cyclonically around the tornado on all sides but the northeast . The tornado began to 

weaken a d the simulation was terminated . 



Chapter 4 

APRIL 26, 1991 SIMULATION 

4.1 Introduction 

The second case is the April 26, 1991 Red Rock, Oklahoma tornadic storm. This 

day received national attention as a photojournalist near Andover , Kansas captured on 

video, a tornado moving towards them. Four people took shelter under an overpass as the 

tornado moved past them. Andover was hit hard by an F5 tornado on this day. 

This chapter will have t he same format as the last so the reader may compare the 

two tornadic storms. Most of the chapter will be devoted to the smaller scales. The chapter 

will begin with a discussion of the observed events of April 26, 1991. 

4.2 April 26, 1991 Observations 

A large region of low pressure from western North Dakota south into the Texas Pan-

handle existed at 1200 UTC on April 26 , 1991. A warm front bounded Kansas along the 

northern and eastern borders. To the west was a moisture gradient from western Kansas 

south into the Texas Panhandle. Dew points increased from -.SC in western Texas, Okla-

homa, and New Mexico to 18C in central Kansas anc. Oklahoma. Morning temperatures 

were between 17C and 20C in responce to southerly winds from the Gulf of Mexico north 

into central Kansas (Figure 4.1). 

A strong, negatively tilted, baroclinic wave at -500 mb existed from Idaho southeast 

into New :-'1exico (Figure 4.2a ). Wind speeds of 36ms-1 to 40ms- 1 was entering t he base 

..,f the t rough over Arizona and :\few fvlexico at 1200 UTC . .-\ well-defined diffluent wind 

pattern existed over Kansas and Oklahoma . .-\t 300 mb ( Figure 4.2b) a strong wind maxima 
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Figure 4.1: 1200 UTC April 26, 1991 surface chart, temperatures and dewpoints are m 
degrees Celsius. Wind barbs are in knots. 

of 56m/ s existed over eastern :-,;;evada. Winds speeds at the base of the trough were 40m / s 

to 46m / s over Arizona and . rew :v1exico. As the low moved eastward , temperatures warmed 

into the middle to upper seventies . 

Values of CAPE as large as 2_ 00 J / kg existed over central Oklahoma as a result of 

the warm moist flow from the Gulf of :Vlexico (Figure 4.2c). The sharp western boundary 

of CAPE values was due to the significant reduction of water vapor towards the west. 
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Figure 4.2: ( a) and (b )Horizontal wind vectors and speed , contoured every 2.0m/s to 
a maximum of 40m/s at -5 00mb and 56m/ s at 300mb , (c) Convective available potential 
energy, contoured every 100 J / kg to a maximum of 2800 J / kg , and ( d) A sounding at 1200 
UTC in north central Oklahoma. 



64 

A thermodynamic so rnding from north central Oklahoma at 1200 UTC is shown 

in Figure 4.2d. This sounding was extracted from the model and was in the same location 

as the tor ado that developed later in t he simulation. A deep moist layer existed in the 

lower 200 mb capped by a stable layer around 750mb. Significant clockwise turning in the 

hodograph can be seen in t he top left portion of the figure. There are three noticeable 

differences between t his sounding and the one displayed in Figure 3.2d. First , . the CAPE 

values were almost triple. Secondly, the low level moist layer was deeper. Lastly the 

hodograph curved clockwise throughout the troposphere. 

When the dry line moved into western Oklaho::na and Kansas , thunderstorms formed 

along it in the afternoon. By late afternoon most of central and eastern Kansas and central 

Oklahoma were under a tornado watch. Most of the fifty five tornadoes that formed from 

Iowa south into Texas were in Kansas and Oklahoma. Most notable was the Andover , 

Kansas F-5 tornado. This tornado t ouched down at 2305 UTC and was on the ground for 

65 minutes. The path length was approximately 4-5 miles. Twenty miles to the southeast 

was a family of three strong to violent tornadoes. The path length of each tornado was 

between 15-20 miles. 

At 2309 UTC a tornado touched down in crntral Garfield county in north central 

Oklahoma. The tornado intensified as it moved east and crossed interstate 35 in Noble 

county. With a total path length of 66 miles the tornado dissipated in northeast Osage 

county at 00-55 UTC. Bluestein (1993), measured wi:lds of 120 to 125 m/ s in the Red Rock 

tornado, placi:ig it along the boundary of an F4 to 1:5 category. This tornado is t he focus 

of the April 26, 1991 simulation. 

4.3 Dry Line Evolution 

Similar to t he 2\Iay 15. 1991 simulation, the moist ure gradient associated with the 

dryline did not increase until afternoon and it did so rapidly. Figure 4.3 shows t he winds 

and mixing ratio at 49m fo r 1900 GTC in Grid #3 . This grid was located over north central 

Oklahoma and south central Kansas; the border can be seen in the middle of the figure. The 

large values of water vapor mixing ratio along the border were due to water vapor fluxing 



65 

Figure 4.3: Horizontal winds and water vapor mixing ratio values for Grid#3 at 49m and 
1900 UTC. From a minimum of 9.0 g/kg, the mixing ratio field is contoured every 0.6 g/kg 
to a maximum of 19.2 g/kg. A wind vector having a length equal to the distance between 
two wind vector tails represents a speed of 13.8 m/s . 

up from t he wet soil below . A convergence zone can be seen in t he lower left quadrant of 

the figure . ~otice the weak gradient in water vapor located in the same region. 

\,Yater vapor was transported vertically due to convergence near the surface. A ridge 

in the water vapor mixing ratio field can be seen near the lower left portion of Figure 4.4 

at 1992m. A larger region of high water vapor mixing ratio values existed over most of 

the region on the right side of the figure but was not associated with the convection that 

occurred later. The ,vinds at this level were strong and from the southwest. 

At 1900 UTC t here were two main features associated with the vertical motion field 

at 1992m. A band of upward vertical motion existed along the top left portion of Figure 4.5 
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Figure 4.4: Horizontal winds and water vapor mixing ratio values for Grid #3 at 1992m and 
1900 UTC. Mixing ratio val es range from 2.8 g/kg to a maximum of 7.4 g/kg contoured 
every 0.2 g/kg. A wind vector having a length equal to the distance between two wind 
vector tails represents a speed of 25 .7 m/s. 

orientated in the north-sout direction. This was in response to the convergence in the same 

region near the surface in Figure 4.3. Further nesting was done in that region , however, 

no convection developed since the air was flowing fnm the cool region associated with the 

wet soil. It would be interest ing to reduce the soil moisture and do a simulation to see if 

convection would occur. 

The second feature was the :ocal maximum of ·1ertical motion in the lower left 

portion of the figure. This was associated with the horizontal convergence near the surface 

and the ridge in t he water vapor field . The circulation associated wit h the dry line was 

developing rapidly. 
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Figure 4.5: Upward vertical motion at 1992m for grid #3 at 1900 UTC. With a contouring 
of 1.0 emfs, the minimum and maximum are -11.0 and 11.0 cm/s respectively. 

A well-defined convergence zone was apparent near the surface at 2000 UTC m the 

lower left quadrant of Figure 4.6. This was more pronounced than one hour earlier. Again 

note the lack of a large moisture gradient within this zone . One can see the beginnings of 

a moisture gradient becoming more organized near the center of the southern border of the 

grid, as compared to one hour earlier. A second convergence zone was evident in the upper 

left portion of the figure. 

An increase of water vapor m1xmg ratio at 1992m due to the enhanced horizontal 

convergence at lower levels , was clearly evident in the lower left port ion of Figure 4.7. 

Horizontal convergence at lower levels also transported moist air to this height in the upper 
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Figure 4.6: Horizontal winds and water vapor mixir_g ratio values for Grid #3 at 49m and 
2000 UTC . From a minimum of 8.4 g/kg, the mixing ratio field is contoured every 0. 7 gfkg 
to a maximum of 20.3 gfkg. A wind vector having a length equal to the distance between 
two wind vector tails represents a speed of 13.9 m fs. 

left region of the figure. The overall flow was still from t he southwest with an increase of 

water vapor from west to east. 

The upward vertical motion associated ,vith the two lower level convergence zones, 

increased fron 7.0 cm f s to 26.0 cm f s in the upper left port ion of Figure 4.8 and from 8.0 

cm f s to 12 cmf sin the lower left reg:c-n . >l'ote also that the upward ,·ert ical motion in the 

lower left section was orientated more north-south than it was at 1900 l'TC. The trends 

for both regions of upward motion indicate t he genEsis of deep boundary layer circulations. 

At 2100 UTC significant changes had ocnrred. A horizontal convergence zone 

existed o,·er c.. larger region than it had at 2000 C-:='C. _-\ large eastward gradient of water 
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Figure 4. 7: Horizontal winds and water vapor mixing ratio values for Grid #3 at 1992m and 
2000 UTC. From a minimum of 2.7 g/kg, the mixing ratio field is contoured every 0.3 g/kg 
to a maximum of 8.1 g/kg. A wind vector having a length equal to the distance between 
two wind vector tails represents a speed of 25.0 m/s. 

vapor was present for the first time along the convergence zone in the lower left section of 

Figure 4.9 . The horizontal convergence zone in the upper right portion was still present but 

no increase in the water vapor gradient had occurred. 

A clear indication of a strong boundary layer vertical circulation was the large values 

of water vapor mixing ratio in the lower left quadrant of Figure 4.10. The maximum in 

t his region exceeded the previous maximum from one hour earlier by 3.0 g/kg. The local 

maximum of water vapor in the top left was not as pronounced as it ,..,·as earlier. This was 

due to the winds advecting the moisture out of the grid. 
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Figure 4.8: Upward vertical motion at 1992m for grid #3 at 2000 UTC. With a contouring 
of 2.0 cm/s , the minimum and maximum are -14.0 and 26.0 cm/s respectively. 

Upwarc. vertical motions had increased considerably at this time. Peak upward 

motions of 70.0 cm/ s existed in the lower left region while 1.3 m/ s speeds were attained m 

the upper left portion of Figure 4.11. 

At 2200 UTC the horizontal cor_vergence zone at 49m had extended further to the 

north (Figure 4.12). A large gradient in water vapor , marking the dry line. resulted from 

the convergence. Th-= vertical motion along the dry line was very strong and t he largest 

value at this time was 6.5 m/ s at 1992m: see Figure 4.13. 

Tl-.e third grid was run unt il 2300 UTC . De~p tropospheri c convection developed 

and , while moving northeast , produced .arge anvil canopies . The vertically-averaged cloud-

water fiek was animated in time to determine that convection started at 2100 UTC along 
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Figure 4.9: Horizontal winds and water vapor mixing ratio values for Grid #3 at 49m and 
2100 UTC. From a minimum of 7.2 g/kg , t he mixing ratio field is contoured every 0.8 g/ kg 
to a maximum of 20.8 g/kg. A wind vector having a length equal to the distance between 
two wind vector tails represents a speed of 14.2 m/s . 

t he rapidly forming dry line in north-central Oklahoma. The fourth nested grid was spawned 

at t hat time. 

From 1900 UTC to 2100 UTC notice the horizontal winds at 49m had backed in time 

from southerly to the southeasterly direction. This may have a significant impact on the 

dynamics of supercell thunderstorms and tornado by changing the shape of the hodograph 

and horizontal vorticity vectors in the first kilometer. The storm-relative helicity may also 

change to larger and more favorable values. This process also occurred in the May storm 

( compare Figure 3.9 to Figure 3.3). The winds had backed from 1800 to 2000 CTC along and 



20 0. 

1 00 . 

E 
..Y 

>-

0 . 

-100. 

-200 . 

72 

650 . 700 . 75 0 E00.850.9 0 0 
x (km ) 

Figure 4.10: Horizontal winds and water vapor mixing ratio values for Grid #3 at 1992m 
and 2100 UTC. From a minimum of 3.0 g/kg, the mixing ratio field is contoured every 0.5 
g/kg to a maximum of 11.0 g/kg. A wind vector having a length equal to the distance 
between two wind vector tails represents a speed of 24.8 m/ s. 

ahead of the dryline. This is one way that the 1200 UTC hodograph, shown in Figure 3.2d. 

can be altered to a clockwise curved profile favorable for long-lived supercell thunderstorms. 

4.4 Dry Line D y namics 

The next sequence of figures display a vertical cross section in Grid #3 where the 

dry line will fo rm. In the morning from 1200 UTC to 1600 C-TC (Figure 4.14 through 

Figure 4.16 ) the lowest kilometer was moistened by easterly winds ( the lowest two shadings 

in the figures represent easterly winds ). The depth of easterlies increased and the vertical 

gradient in water vapor mixing ratio increased just above L O km. The fro ntogenetic forcing 
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Figure 4.11: Upward vertical motion at 1992m for grid #3 at 2100 UTC. With a contouring 
of 10.0 cm/ s, the minimum and maximum are -0.7 and 1.3 m/s respectively. 

terms are very weak in this t ime interval since ~, and ~; are all small , particularly in 

the lowest kilometer. The solenoidal forcing was smaller than 10-6s- 2 from 1200 UTC to 

2000 UTC and will not be shown . 

In Figure 4.17 the lowest three shadings represent easterly winds. Weak horizontal 

convergence was evident at this t ime in the lowest 1.0 km. Due to the small horizontal 

gradient in water vapor and vertical motion, frontogenet ic fo rcing rem ained small. Noticable 

changes had occurred at 2000 CTC (Figure 4.18). An increase in (t he zero contour for 

the u-component of the ,vind runs horizontally at 1323m from right to left t hen curves 

vert ically at the left side of t he figure at x= , 8km ) combined with t he turning of the water 
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Figure 4._2: Horizontal winds and water vapor mixing ratio values for Grid #3 at 49m and 
2200 UTC. From a minimum of 6.3 g/kg, the mixing ratio field is contoured every 0.9 g/kg 
to a maximum of 20. 7 g/kg. A wind vector having a length equal to the distance between 
two wind vector tails represents a speed of 14.8 m/s. 
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Figure 4.13: Cpward vertical motion at 1992m for grid #3 at 2200 UTC. vVith a contouring 
of 50.0 c /s, the minimum and maximum are -2.5 and 6.-5 m/s respectively. 
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Figure 4.14: East-west vertical cross section of water vapor mixing ratio at 1200 UTC in 
Grid #3. 110.0 km north of its southern border. This field is contoured every 1.0 g/ kg. The 
u-component of the wind is shaded ~n increments of 2.0 m / s. 
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Figure 4.15: East-west vertical cross sect ion of w2,ter vapor mixing ratio at 1400 UTC in 
Grid #3, 110.0 km north of its southern border. This field is contoured every i.0 g/ kg. The 
u-component of the wind is shaded in increments of 2.0 m/s. 
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Figure 4.16: East-west vertical cross section of water vapor mixing ratio at 1600 UTC in 
Grid #3. 110.0 km north of its southern border . This field is contoured every 1.0 g/kg. The 
u-component of the wind is shaded in increments of 2.0 m /s. 
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Figure 4.17: East-west vertical cross section of water vapor mixing ratio at 1800 UTC in 
Grid #3, 110.0 km north of its southern border. This field is contoured every 1.0 g/ kg. The 
u-component of the wind is shaded in increments of 2.0 m/ s. 
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vapor contours at x=85km resulted in small positive frontogenetic forcing of the water vapor 

field in the first kilometer. 

At 2100 UTC a strong convergence zone existed centered on x=104km in the low-

est kilometer of Figure 4.19. The horizontal gradient in water vapor had increased and 

resulted in the frontogenetic forcing to grow by one order of magnitude from 2000 UTC to 

10-10m-1 s-1 . Clearly displayed in the figure is the horizontal convergence of dry westerly 

winds with moist easterly winds in the lowest 1.0km (the four shadings on the lower right 

side of the Figure represent easterly winds). The solenoidal forcing grew rapidly from one 

hour earlier. A large region of positive solenoidal forcing can be seen in Figure 4.20. A 

maximum value of 6xl0-6s-2 is at the center of the figure. 

The analysis of this dry line is similar to the May case in that the frontogenetic 

forcing of water vapor preceeds the solenoidal forcing. The magnitudes of the frontogenetic 

and solenoidal forcing are similar and agree well with Ziegler et al. ( 1995). 

4.5 Supercell Evolution 

As was mentioned previously, Grid #4 was spawned at 2100 UTC and was the first 

nested grid to move. The horizontal grid spacing was 1.0 km in both directions. Thirty 

minutes later, at 49m, a distinct horizontally convergent wind field existed along with a 

large eastward gradient of water vapor (Figure 4.21a). Note the axis of convergence was on 

the moist side of the water vapor gradient , particularly within the top portion of the figure . 

For the May case the axis of convergence was along the moisture gradient (Figure 3.24a) . 

• ote also the horizontal gradient of moisture for t he May case was much larger. 

It is interesting to speculate why there is a difference between the two cases and what 

impact this may have had on the evolution of the dry line and the associated convection. 

The analysis of the dry line suggests it possible t hat the moisture gradient used to locate 

t he dry line is a consequence of, rather than the cause of, processes leading to convection. 

The vertical motion at 5414m (Figure 4.21b ) exhibited a large region of updraft in 

the southern portion of t he figure. Continuing towards the north there was a mixture of 

updraft and downdraft with a stronger updraft center near the top of the figure. Note how 
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Figure 4.18: East-west vertical cross section of water vapor mixing ratio at 2000 UTC in 
Grid #3, 110.0 km north of its southern border. This field is contoured every 1.0 g / kg. The 
u-component of the wind :s shaded in increments of 2.0 m / s. 
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Figure 4 .19: East-west vertical cross section of water vapor mixing ratio at 2100 UTC in 
Grid #3, 110.0 km north of its southern border. This field is contoured every 1.0 g/kg. The 
u-component of the wind is shaded in increments of 2.0 m /s. 
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Figure 4.20: East-west \·ertical cross section of the sole::10id forcing at 2100 UTC in Grid 
#3. 110.0 krr. north of its sou:hern border. This field is contoured every 10-6 s - 2 . The 
u-component of the wine. is shaded in increments of 2.0 m/s . 
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the updrafts were further east of the moisture gradient moving from the bottom portion of 

the figure towards the top. 

Thirty minutes later , Grid #4 had moved 20.0 km to the east . As in the May case, 

a bulge in the dry line developed ( see Figure 4.21c) with cyclonic circulation just to its 

north. The vertical motion at 5414m shows a large region of upward motion with peak 

values of 45.0 m/s near the center of Figure 4.21d with an east-west band of updraft to the 

southwest. 

The evolution of the convective line into cyclonic and anticyclonic storms was com-

plicated. The line appeared to spawn one large cyclonic storm having an updraft diameter 

approximately 16km in lengt h. This splitting process did not evolve as it does in a simu-

lation of convection, triggered by a warm bubble and initialized horizontally-homogeneous. 

This may indicate that t he splitting process was somewhat dependent on the size and shape 

of the convective forcing. 

The next sequence of figures shows the evolution of the winds , water vapor mixing 

ratio , and rain mixing ratio at 49m in fifteen minute intervals. With the fourth grid running 

for thirty minutes , convection developed and produced rain at the surface (Figure 4.22a) 

associ 1 with the updraft cell in the lower portion of Figure 4.21b. 

At 214.5 UTC , Grid #4 had moved 10.0 km to the east. A bulge in the dry line 

was evident. The winds near the southern portion of the bulge had backed compared to 

fifteen minutes earlier , (Figure 4.22c). A larger region of rain had developed , as seen in 

Figure 4.22d, but no hook appendage was evident. 

At 2200 UTC , Grid #4 had moved 10.0 km in both the north and east direct ions . 

The dry line bulge was very noticeable having cyclonic circulation on its leading edge . To 

the north of the bulge on the moist side, winds flowing towards the dry line diverged into two 

distinct branches. One moved to the northwest and the other , associated with the cyclonic 

circulation , moved sout h ; see Figure 4.23a. The rain mixing ratio field had expanded more 

and the southern flanks were co- located with the easterly winds that diverged near the dry 

line. In particular, the southwest corner of the rain field was located in the region where the 

easterly winds turned to northeasterly winds along t he northern flanks of the circulation 
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Figure 4.21: Grid #3; (a) and (c) Winds and mixing ratio at 49m. contoured every .2g/kg 
in ( a) at 2130 UTC and .3g/kg in (b) at 2200 UTC. (b) and ( d ) Vertical motion at -5414m, 
contoured every 3.0m /s to a maximum of 33.0m/s in (b) at 2130 and 4-5.0m/s in ( d) at 2200 
UTC. 
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center. As one can see in Figure 4.23b, a hook echo had not formed. These two figures just 

discussed display near surface features that seem to be at the same point in the evolutionary 

sequence of the storm becoming tornadic as those in Figures 3.25a and b for the May case. 

Significant changes occurred fifteen minutes later at 2215 UTC. The grid had moved 

another 10.0 km north and east . The cyclonic circulation center had moved away from the 

dry line. To the north of the surface vortex, the winds were divergent with air accelerating 

towards the moisture gradient. A dry slot extended from the vortex southwest to t he dry 

line and was co-located with the gust front (Figure 4.23c). A well defined hook in the rain 

water mixing ratio can be seen in Figure 4.23d. A large horizontal gradient in the rain field 

existed to t he southeast of t he maximum and was in the same region where t he easterly 

winds had abruptly turned and became north and northeasterly. This occurred to the north 

of the cyclonic circulation center. 

One can compare these two figures with Figures 3.2.Sc and d. In comparing, notice 

in the April case, that the rain field had developed a much more pronounced hook signature 

during t he last fifteen minutes . The maximum was also aligned from t he southwest to 

the northeast where as in the May case it was along a line orientated more towards the 

north-northeast . 

As in the May case, the dry line developed an eastward bulge where the convective 

storm was located . This further suggests a strong interact ion between the dry line and 

convection. 

4.6 Tornado Evolution 

At 2145 UTC the fifth grid was spawned prior to any organized surface rotation. 

Ten minutes later the beginnings of rotation at 49m can be seen just to the left of the center 

of Figure 4.24a. To the north and west of t he surface vortex the winds were ,vesterly, quite 

similar to t hose in Figure 3.27a. As required by mass continuity, a maximum in upward 

vertical motion existed (Figure 4.24b) where the winds converged , as seen in Figure 4.24a. 

This maximum was located with.in a broad region of upward motion resembling the shape 

of a comma. A second band of upward motion can be seen extending from the head of the 
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Figure 4.22: Grid #4; ( a) and (b) Winds , mixing ratio ( contoured every .2g/ kg), and 
rain water (contourEd every 2xl0-4g/ kg to a maximum of 4xl0-3g/kg) at 49m for 2130 
UTC , respectively (c) and (d) Winds, mixing ratio (contoured every .2g/ kg), and rain water 
(contoured every 2x10- 2g/kg to a maxi:num of .42 g; kg ) at 49m for 2145 UTC, respectively. 
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Figure 4.23: Grid #4; ( a) and (b) Winds , mixing ratio ( contoured every .3g/kg ), and rain 
water ( contoured every 4x l0-2g/ kg to a maximum of .64 g/kg) at 49m for 2200 UTC, 
respectively (c) and (d) Winds, :nixing ratio (cont ured every .3g/kg), and rain water 
(contoured every 3xl0-2g/ kg to a maximum of .6g/kg) at 49m for 221-5 uTC, respectively. 
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comma towards the s01:.thwest. There were two regions of downdraft at this time and height 

located in t::i.e top left a.nd just below t he center of the Figure. Overall the surface features 

presented are qualitatively similar to those in Figures 3.27a and b. 

The winds at ~291m displayed a large region of cyclonically curved flow. The very 

sharp curved flow existed to the left of the center of Figure 4.24c in the same location as t he 

water vapor mixing ra io maximum. Just to the west t:here was a large gradient in the water 

vapor field. Note how circular the contours of upward vertical motion were in the vicinity 

of the 38.0 m/s maximum in Figure 4.24d. This portion of the updraft was also located in 

the same region as the sharp curved flow and the water vapor maximum, an indication of a 

rotating updraft and "hat the updraft was transporting moist air upward from below. The 

large gradient in water vapor was located between the rotating updraft and the downdraft 

to the west. The existence of the water vapor gradient suggests that little mixing of dry air 

into t he updraft core had occurred. 

The flow at 5414m was basically from the southwest. The large moisture gradient in 

the center of and in the top left of Figure 4.24e bounded the maximum of this field. The flow 

had weak curvature just to the east of the maximun. A strong updraft of approximately 

-56 .0m/s dominates the center of Figure 4.24f. The large gradient of updraft and moisture at 

this elevation suggests little mixing had occurred between the environment and the updraft 

core. To the south of the updraft core was a downdraft with a speed of 12.0 m/ s. 

Five minutes later, at 49m, the eastward bulge in the dry line was more prominent 

as seen in Figure 4.25a. At the tip of the bulge, ry air was moving north, and just to 

the west, moist air was flowing south in response to the close ci rculat ion in this region. 

The rota.tion was more organized compared to five minutes earlier in Figure 4.24a. It is 

important to keep in mind that the developing vortex was linked to the dry line at this 

time. The uv.vard -.·ertical motion maintained its comma shape, \Vith the maximum at the 

head of -:he comma. Two downdrafts can be seen, one in a southwest to northeast band 

from the bottom left to the center of Figure 4.2-5b. and a second in the top left part of the 

Figure. 
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Figure 4.24: Grid #-5 at 21.5.5 UTC ; (a), (c), and (e) Horizontal wind vectors and total water 
mixing ratio (a) at 49m (contoured every .2g/ kg), (c) at 2291m (contoured every .6g/kg) , 
and (e) at 5414m (contoured every l.0g/ kg). A contour labeled 120 represents a mixing 
ratio of 12.0 g/kg. (b), (d) , and (f) Vertical motion (b ) at 49m (contoured every .3m/ s to 
a maximum of 3.9m / s), (d ) at 2291m (contoured every 2.0m/ s to a maximum of 38.0m/ s), 
and (f ) at -5414m ( contoured every 4.0m/ s to a maximum of 56.0m/ s. 
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At 2291m, a dosed cyclonic circulation was evident to the left of the center of 

Figure 4.25c. The wind speeds were strongest on tie southeast side. Even though the 

winds were very weak on the northwest flank they were strong enough to make the closed 

circulation visible in the ground relative frame. The updraft contours had changed their 

shape from circular to that of a horseshoe in Figure 4.25d. A maximum updraft of 42.0 

m/s was colocated with the circulation center in the wind field. A pronoul!-ced updraft 

minimum of 15.0 m/s was located just to the east and in the region of strong southerly 

winds associated with the vortex. A downdraft continued to flank the updraft to the west. 

The winds and moist ure mixing ratio at 2200 UTC and 5414m are shown in Fig-

ure 4.25e. The cyclonic curvature in t he winds had increased in the region of the mixing 

ratio maximuo compared with those at 2155 UTC. The wind speeds also increased in the 

same region. The updraft increased considerably to 70.0 m/s as seen in the center of Fig-

ure 4.25f. The regior. with large curvature of the winds was to the west of the updraft core. 

Of particular interest was the indentation in the updraft contours just to the southwest 

of the co::-e, which is most · oticeable for the 30.0 rr-f s updraft contour. One can see that 

the updraft expanded in area from the previous five minutes and the core appears to have 

detached from the updraft gradient to its west. 

Five minutes later at 2205 UTC , the vortex at 49m was moving away from the dry 

line. Regions to the north and northwest of the vort ex were dominated by air on the moist 

side of the dry line. The cyclonic circulation center was located at the tip of the moisture 

gradient bulge in figure 4.26a. A dry slot to the southwest of the vortex was composed 

of weste::-ly winds and contributed to t he cyclonic circulation that is characteristic of most 

of the domain of Grid #5 . The updraft still had the comma shape appearance wit h the 

maximum upward motion at its head (see Figure 4.26b). To he north and northwest of the 

vortex were downd::-aft regions. 

At 2291m the closed circulation \\.·as more apparent than five minutes earlier. This 

circulation is locatEd to the left of the center of Figure 4.26c. The strongest winds continued 

to be or. the southEast side of the rnrtex . To the nc,rtheast of the circulation center the flov,; 

had backed compared to earlier t imes . An updraft maximum of 42.0 m/ s existed just 
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Figure 4.25: Grid #5 at 2200 UTC ; (a), (c), and (e) Horizontal wind vectors and total water 
mixing ratio ( a) at 49m ( contoured every .lg/kg), ( c) at 2291m ( contoured every .6g/kg), 
and ( e) at 5414m ( contoured every l.0g/kg). A contour labeled 120 represents a mixing 
ratio of 12.0 g/ kg. (b ), ( d), and (f) Vertical motion (b) at 49m ( contoured every .6m/s to 
a maximum of 8.4m/s), (d) a 2291m (contoured every 3.0m/ s to a maximum of 42.0m/s) . 
and (f) at 5414m ( contoured e\·ery .5.0m/s to a maximum of 70.0m/ s. 
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Figure 4.26: Grid #5 at 2205 UTC ; (a ), (c), and (e) Horizontal wind vectors and total water 
mixing ratio (a) at 49m (contoured every .2g/kg), (c) at 2291m (contoured every .5g/kg). 
and (e) at S414m (contoured every l.0g/ kg ). A contour labeled 120 represents a mixing 
ratio of 12.0 g/kg. (b), (d ), and (f) Vertical motion (b ) at 49m (contoured every .7m/s to 
a maximum of 9.lm/s), (d) at 2291m (contoured every 3. 0m /s to a maximum of 42 .0m/ s) . 
and (f) at -5414m ( contoured every .S.0m/ s to a maximum of ,0.0m/ s. 
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to the north of the circulation center as seen in Figure 4.26d. Just to the south of the 

maximum was a local minimum of 6.0 m/s. The downdraft on the west side of the storm 

was wrapping further around the southern flanks of the vortex. A second downdraft was 

becoming evident, near the top portion of the figure. Comparing with Figure 4.25d we see 

that the updraft speeds weakened in time between the two downdrafts. 

The streamlines at 5414m exhibited longer cyclonically curved arcs in the region 

of the maximum water mixing ratio in Figure 4.26e. When compared to earlier times, 

winds along these streamlines were strongest on the southeast side. To the northwest of 

this region, just to the west of the mixing ratio contour labeled 120, the wind speed had 

weakened although they had not produced a closed circulation. The storm maintained the 

70.0 m/s updraft maximum as seen in Figure 4.26f. Yfore pronounced was the indentation 

of the updraft contours to the south of the maximum. This local minimum had vertical 

continuity and can be seen in Figure 4.26d . It is proposed that the downward directed 

perturbation pressure gradient force was larger in this region, in response to the organized 

circulation in the subcloud layer. This reduced the net upward acceleration on parcels as 

they moved through this region. 

Ten minutes later, at 2215 UTC, the vortex had moved east of the dry line and 

was no longer coupled to it. The winds were divergent to the northwest of the circulation 

center at 49m (see Figure 4.27a). Along the left flanks of the vortex, air was moving in a 

southerly direction from the divergent zone. By looking at Figure 4.27b , one can see that 

this region was dominated by downdraft . As the vortex moved away from the dry line, 

Figure 4.26a and Figure 4.27a illustrate that the vor;ex existed in the interface between 

northerly downdraft air from the storm and sout heasterly environmental air. 

The closed circulation at 2291m was more organized and had a stronger northeast-

erly flow on the northwest side of the vortex than it did ten minutes earlier. The downdraft 

was stronger and continued to wrap around the southern portion of the updraft maximum 

of 42.0 m/s as seen in Figure 4.27d. The local updraft minimum of 3.0 m/s was located 

just to the southeast of t he maximum. 
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Figure 4 .27: Grid #5 at 2215 UTC; (a), (c), and (e) Horizontal wind vectors and total water 
mixing ratio (a) at 49m (contoured every .lg/kg), (c) at 2291m (contoured every .6g/ kg), 
and ( e) at 5414m ( contoured every l.0g/ kg). A c,:mtour labeled 120 represents a mixing 
ratio of 12.0 g/kg. (b) , (d), and (f ) Vertical motion (b) at 49m (contoured every .8m/ s to 
a maximum of 8.8m/s), (d) at 2291m (contoured e·,ery 3.0m/s t o a maximum of 42.0m/s) , 
and (f) at 5414m ( contoured every 5.0m/s to a maximum of 6-:i.0m/s. 
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At -5414m the winds formed a dosed circulation , although it is not obvious. Weak 

northeasterly and northerly flow existed just to t he south of the mixing ratio contour labeled 

120 and into the maximum mixing ratio region in Figure 4.27e. An updraft maximum of 

65.0 m/s and the local minimum just to the south can be seen in Figure 4.27f. Note the 

local minimum in the updraft field had moved closer to the maximum when compared to 

earlier times. 

These past figures have demonstrated that the vortex developed at lower levels and 

was transported vertically by t he intense updraft into the mesocyclone. Since the vortex 

leans to the northeast , a vertical cross section similar to Figure 3.31 could not be produced 

for t his case. 

4. 7 Tornado Characteristics 

The final grid was spawned at 2200 UTC, had a grid spacing of 111.0m, and was 

6.0 km in length in both horizontal directions. Selected fields of the mature stage of the 

tornado will be presented in this section. 

Winds and total water mixing ratio at 49m and 2208 UTC are seen in Figure 4.28a. 

The tornado is clearly illustrated in the center of the figure. Flow from the west and 

northwest of the vortex accelerated rapidly from the downdraft toward t he vortex. Keep 

in mind that the mixing ratio labe s have been multiplied by 10. For example, a contour 

labeled 160 represents a total water mixing ratio of 16.0 g/kg. 

The wind speeds corresponding to Figure 4.28a are shown in Figure 4.28b . Two 

bands of local wind maxima that a ched cyclonically inward existed to the northwest and 

southeast of the tornado . Strongest winds were on t he southeast side with a maximum of 

100.0 m/ s. With a closed contour of 65.0 m/ s, bounding the tornado, a 6..v of 165.0 m/s 

existed across the vortex. 

A shade plot of the Fujita F scale is seen in Figure 4.28c. The lightest gray shade 

represents winds having F0 strength. Along the south side of t he tornado winds achieved a 

strength of F4 placing this vortex in the violent category. 
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Ven;ical motion at 49m assumed the shape of an annulus of upward motion , with a 

maximum of 18.0 m/s on the northwest side, surroun::ling a central downdraft of -6.0 m/s 

(see Figure 4.28d). A much larger region of downdraft. occupying much of the western 

portion of the figure, flanked the tornado on the left side. Note the tornado was in the 

boundary between environmental southerly flow , to the east, and downdraft northerly flow, 

to the west. 

The central pressure of the tornado at 49m was 95.0 mb lower than its ' environment, 

as seen in Figure 4.28e. One difference between this Figure and Figure 3.32e was the 

apparent lack of low pressure regions to the north and south of the vortex where the wind 

speeds we::-e locally strong. This is a consequence of the 5.0 mb contouring interval in this 

figure as opposed to only 1.0 mb in Figure 3.32e. 

As in the Laverne tornado the vertical vorticity was concentrated along an annulus 

ring at 49m bounding the central downdraft (see Figure 4.28f). The contours in the center 

denote a region of a. local minimum in the vertical wrticity field. The maximum vertical 

vorticity was 0.57 s-1 . In both cases the ring of vertical vorticity formed as a result of the 

horizontally divergent downdraft in the tornado core and the horizontal convergence of air, 

outside the vortex. Perhaps a seventh nest in this region would resolve the breakdown of 

the vorticity annulus ring into suctio _ vorticies. 

At 2291m the vortex dominated a large portion of Grid #6 (see Figure -L29a). 

The strongest winds were on the southeast side while much weaker ,vinds existed on the 

northwest flank. A large region of low values of water vapor mixing ratio bounded the 

vortex, along a curved band, to the west , south, and southeast. 

The u and v-components of the wind a.re displayed in Figure 4.29b and Figure 4.29c, 

respectively. At t his height t he average change in speed across the vortex ,vas 116.0 m/s 

and the diameter f maximum winds was 1..5 km. 

A small. but significant downdraft of 8.0 m/ s was bounded by a horseshoe shaped 

updraft ma ·mum of 60.0 m/s, at 2291m (this can be seen in Figure 4.29d ). The entire 

updraft field had the shape of a comma with the largest up\'lard motion at its head. A large 

curved dO\vndraft ,..,·as in the same location as the minimum in ,,·ater vapor mixing ratio in 
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Figure 4.28: Grid #6 at 2208 lJTC and 49m; ( a ) Horizontal wind vectors and total wa-
ter mixing ratio ( contoured every .lg/ kg) (b) Wind speed contoured every -5.0m/s to a 
maximum of 100.0m/s ( c) F scale, darkest shading represents a strength of F4 ( d) Vertical 
motion contoured every l.0m /s to a maximum of 18.0m/s (e) Pressure field contoured every 
-5.0mb to a minimum of 890mb , the core was 95.0 mb lower than at the grid boundary (f ) 
Vertical vorticity contoured every 3x10-2s- 1 to a maximum of 0.57s- 1 . 
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Figure 4.29: Grid #6 at 2208 G"TC; (a) Horizontal winds and total water mixing ratio 
( contoured every . 7g/ kg) at 2291m (b) u-componen: of the wind , contourred every 7m/s at 
2291m (c) v-component of the wind contourred every 8m/ s at 2291m (d) Vertical motion 
( contoured every 4.0m/ s to a maximum of 60.0m/ s) at 2291m ( e) Vertical motion ( contoured 
every 3.0m/ s to a maximum of 48.0m/ s) at 1248rr . . This shows vertical continuity of t he 
small downdraft (f) Cloud water '. contoured every .lg/ kg t o a maximum of 3.lg/ kg) at 
2291m showing dry slot. 



E 
.::L. 

N 

2.0 

1 . 5 

1 . 0 

.5 

.0 
- 71 . -70. 

99 

-69. -68. -67. -66. -65. 
y (kml 

Figure 4.30: Looking west at a north south vertical cross section in Grid #6 of cloud water 
mixing ratio at 2208 UTC. The distinct lowering was condensate in the tornado. Due to 
the rapid increase of cloud water, above the funnel, and the small contour interval of .01 
g/kg, no contours were plotted in t he top right portion of the figure. 

Figure 4.29a. This downdraft t ransported drier air from above t he boundary layer, to the 

surface, and is called the rear flank downdraft. The same field is presented at 1248m in 

Figure 4.29e to demonstrate the vertical continuity of the small downdraft on the southeast 

side of the updraft maximum. At this height the downdraft had a speed of -12.0 m/s. 

A well-defined clear slot associated with the rear flank downdraft can be seen in 

the cloud field at 2291m in Figure 4.29f. This particular tornado simulation did produce 

a condensation funnel well below cloud base but not to the surface (see Figure 4.30). The 

line at the bottom of the figure represents the ground level. 



Chapter 5 

CIRCULATION AND VORTICITY ANALYSIS 

5.1 Circulation Analysis 

Concepts of circulation, used as a global des criptor for the tornado , are described 

in section 1 of this chapter. The first material curve will lie in the horizontal plane and 

remain near the ground while t he second will lie in the vertical plane. 

Consider a n::m-intersecting closed curve in t he atmosphere. At any point on_ the 

curve two unique vectors exist ; a velocity vector and a tangent vector. Circulation 1s 

computed by integrating the inner product of these two vectors around the curve, 

c = f v• dr. (5.1) 

Since we are interest ed in the value of circulation around the material curve, the Lagrangian 

derivative is applied to Eq. -5. 1 followed by Stokes Theorem yielding, 

DC f Dv ff - Dv Dt = Dt • dr = v x Dt • ii ds . (5.2) 

The dou·ole integral is taken on t he open, two sided surface bounded by t he material curve. 

A unit normal to t he surface is denoted by ii. Taking the acceleration vector , 

Dv - 0
1 

- - --=-00 vri +(__2"... -r )gk- 2D xv+ D. Dt V 0ov w . 

from RAMS and applying the curl operator yields, 

( 5.3) 

- D·v - - - - - - - -v x Dt =-v0ovx v ri+ v x (Bk)+v x (v x 2f2 ) + v x D , (5.4) 

where 

( 0:, ) B = - - r -.v g . 
0ov 

(5 .5) 
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Figure 5_1: Lagrangian circulation tendencies and diagnosed circulation along a material 
curve that remains horizontal near the surface and converges to a vortex from 900s to 1800s. 

In £q_ 5.3 the variables are the reference state virtual potential temperature 0ov, per-

turbation Exner function ", perturbation virtual potential temperature 0~, t otal water rw, 

and the diffusion vector D. The variable B in Eq. 5_5 rEpresents the buoyant acceleration . 

The last three terms on the right side of Eq. 5.4 are shown in expanded form in Eq. 5.7, 

Eq .. :i.6 , and Eq. 5-8, 

(5.6) 
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Figure 5.2: Lagrangian circulation tendencies and diagnosed circulation along a material 
curve that begins in the vertical plane and moves into a horizontal plane at 2206m from 
900s to 1800s. 

- , (}B,. 8Bc 
V X Bk= - - J + - i. ax 8y 

v x (v x 2n) = (2D . V)v- 2n(V • v) - (v • V)2n. 

(5.7 ) 

(5.8 ) 
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Figure 5.3: Materical curve. viewed from above, in Grid #4 at 32409s, 32544s, 32652s , and 
32760s. · 
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Figure 5.4: Hypothetical material curve 

The expanded form of Eq. -5.4 is substituted into Eq . .5.2 to yield, 

DC 
Dt 

(.5. 9) 

This equation w:ll be applied to the two materid curves shown in Figure 5.4 . Curve C1 

lies in t he I and J plane and is near t he ground. The second curve, C2 , is in the l and k 
plane. Note r.; he two curves share a common segment. The arrows on the curves denote the 

direction of integration for computations of circula,tion. 

For C1 , the outward normal is vertically upward, so ii,= k. This is substituted into 

Eq. 5.9. It will be assumed that there are no horizontal gradients in topography. The 
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Figure 5.5: Circulation, in m 2 / s , along the material curve in Grid #4 from 32409s to 32760s. 

gradient in Oov will then be in the vertical. As a result the first term on the right side of 

Eq. 5.9 is zero. The second term also vanishes due to t he orthogonality of the unit vectors. 

The rest of t he equation simplifies to 

DC1 ff 8Dj {)Di ff ow . - _ _ --- = (- - - )dxdy + (J -. - - JV • v - v • f)dxdy. 
Dt ox 

(5.10) 

Further simplification can be made by assuming that t he advection of planetary vorticity 

has negligible influence on the circulation of a horizonta material curve. converging towards 

a tornado . The remaining two terms in the second integral on the right side of Eq . 5.10 are 

combined. The result is 

DC1 ff 8Dj 8Di ff r 8u 8-v - = (-.- - - )dxdy+ -; (-+-. )dxdy. 
Dt ax oy ox oy 

(5.11) 
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Figure .5.6: Material curve , viewed :rom East, in Grid #4 at 32409s, 32688s , 32904s, and 
33120s. The vertical axis represents a distance of :.o km. 
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This is the Lagrangian tendency for the horizontal material curve C1 . The first term on 

the right hand side of Eq . . 5.11 is the frictional torque applied to the curve by the ground. 

This frictional torque acts to slow down the rotation of the air around the material curve 

and thus acts to reduce the magnitude of the circulation. The second term represents 

the convergence of planetary vorticity. If the material curve converges , this term will be 

positive. 

Let us consider the evolution of C1 , in the and J plane near the ground , for all 

times t1:(t1, t2)- At time t1 , the curve bounds a very large area, perhaps many tornado 

diameters in size, and no tornado exists. At time t2 the material curve will bound a small 

area slightly larger than an existing cyclonic tornado . As the curve begins to shrink the 

convergence of planetary vorticity and frictional torque may be of the same magnitude. 

The resulting circulation values will remain somewhat constant. As the curve continues to 

converge the wind speeds will increase. The frictional torque will become more negative 

and dominate the C1 tendency. T e values of circulation , although somewhat constant to 

begin with, will decrease significantly in time as the curve shrinks to the tornado. 

A straight forward calculation demonstrates that the convergence of planetary vor-

ticity cannot account for tornado development. It would take 27 hours for horizontal con-

vergence, having a value of-lx10-2s- 1 , to produce vertical vorticity equal to .1s-1 . This 

assumes a coriolis parameter of lx 10-4 s- 1 and no initial vertical vorticity. One can, for 

all practical purposes , neglect the second integral on the right side of Eq. 5.11. For com-

pleteness, it would take 2.7 hours to produce a final vertical vorticity of lx10-2s-1 under 

the same conditions as above. This value of vertical vorticity is comparable to that found 

in mesocyclones. Mesocyclones form in 1 hour to 1.5 hours. It seems, therefore, that the 

coriolis effect has little impact on a severe tornadic supercell thunderstorm. 

Since the ground acts to reduce wind speeds , the frictional torque by the ground 

cannot increase t he magnitude of circulation on a material curve converging to a tornado. 

If the magnitude of circulation does increase significantly, then t he curve C 1 did not remain 

horizontal during the time interval (t1 , t2)-
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Figure 5. 7: Circulation, in m 2 / s. along the material curve in Grid #4 from 32409s to 33120s. 

For the curve C2, the out,vard normal is directed to the north, so ii,= J. Substituting 

this into Eq. 5.9 renlts in 

+ 
ff 80ov 011 ff 8B , ff 8D, 8Dk ---dxdz + --. -axdz + (- - -. - )dxdz az ox ox oz ox 
ff oi• 

J7=dxdz . 
i:h 

(5.12) 

Again, the coriolis tern will be neglected. The firs t term on the right hand side of 

Eq . . 5.12 contains information about the vert ical gradient of the reference state virtual 

potential temperature. Since this re_'erence state is arbit rary, one can choose it to be 

adiabatic in the boundary layer. For this analysis it is assumed the material curve C2 exists 
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only in the boundary layer. As a result Eq. 5.12 simp:..ifies to 

DC2 = jj(8Di _ 8Dk)dxdz + ff- 8B dxdz. 
Dt oz ax ax (-5.13) 

The first term represents frictional torque acting on the material curve and this 

can be positive. Suppose the winds are towards the east, and of the same speed initially, 

on both horizontal segments of C2 • The ground will act to reduce the wind speed on the 

segment near the ground and thus increase the circulation. 

The second integral is the buoyancy term; the magnitude of which can be very 

large. In a frict ionless, non-rotating frame , this is the only way to change circulation. As a 

consequence, the material curve must have had a vertical segment at some time during its ' 

evolution if changes in circulation have occurred. 

Combining both material curves , C1 + C2 C3, the circulation equation will be 

the sum of Eq. 5.11 and Eq. 5.13. A cancellatio:i of circulation tendencies will occur 

along the common segment due to t he opposing direction of integration. This means that 

surface friction along this common segment will make no contribution to circulation on C3. 

Therefore, buoyancy will be the only tendency to increase t he positive circulation on C3. 

Based on the above theoretical development , the following is a possible senario for 

the evolution of circulation on a material curve. Injtially orientated somewhat like C3 , the 

curve will eventually shrink and bound a cyclonically rotating tornado. At time t0 the 

vertical segments of the material curve are in downdraft air on the left and/ or rear flanks 

of the thunderstorm. The vertical legs extend froo the ground to 1.0 km. Dimensions of 

the side of the horizontal part of the curve will be many tornado diameters in length. It 

will be assumed that at this time the initial value of circulation is too small to account for 

a tornado. 

As time advances , the vertical part of the curve will descend while t he horizontal 

part converges. Buoyancy forces that are along the vertical legs may be positive, large, and 

dominate t he negative circulation tendency due to surface friction on the horizontal part of 

the curve. The net circulation te:idency will be i::ositive , causing the values of circulation 

to increase in time. This process can continue until some time, t 1 . At this time the vertical 
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Figure 5.9: Circulation, in m.2 / s, along the material curve in Grid #4 from 32409s to 33480s. 

part of the curve has descended enough and the wind speeds have increased enough on 

the horizontal part so that now, t he negative frictiona· torque dominates the circulation 

tendency. In the interval of time from t1 to the final stat e where the curve just bounds the 

t ornado , values of circulation decrease. However , the final decrease in circulation did not 

remove all increases that were due to the buoyancy tendency. 

It is possible that the increase of circulation, as the material curve descends in the 

downdraft, can be completely removed by t he surface frictional torque. This reduction 

occurs when the material curve becomes horizontal and converges towards the tornado. If 

the final value of circulation is too small , a tornado will not form. If, therefore, the initial 

or environmental circulation is low, t hen there is more of a demand on the thunderstorm to 
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Figure 5.10: Material curve, viewed from the Northeast, in Grid #4 at 32409s 33030s. 
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produce a favorable buoyancy field. This will increase the circulation significantly, allowing 

a cyclonic tornado to :orm. There is less demand on a t hunderstorm to produce a favorable 

buoyancy field if the initial circulation is large, for a tornado to form. 

5.2 Numerical Tests 

To test the above ideas, RAMS was configured with one grid 47.0 km in each hori-

zontal direction and 15.0 km in t he vertical. This grid had a horizontal grid spacing of 1.0 

km. Vertical grid spacing at the lowest model level was 100.0m and was stretched with a 

ratio of 1.075. A sounding taken near the May 20, 1977 Del City, OK tornadic t understorm 

was used to initialize t he temperature and moisture horizontally homogeneous in the model 

domain. In the top half of t he model domain the winds were set equal to U =-5.0m/ s while 

in the bottom half they were set to U =5.0m/s. The right half of the domain had winds . . 

set t o V=5 .0m/s while the left half of the model domain the winds were set to V=-5.0m/s. 

This produced a wea~ cyclonic vortex in the model domain. A warm bubble was initially 

released. As the warm bubble rose, low level air converged horizontally towards the center 

of the domain causing a vortex to form with tangential winds of 30.0 m/s. 

At 1800s into he model run , a material curve having the shape of a circle and 

composed of 4000 particles was placed around the vortex at the lowest model level. The 

particles were moved back in : ime by linearly interpolating between model wind data stored 

every fifteen seconds and tri-linearly interpolating in space. The material curve was moved 

back to its position at 900s. As t he curve moved back, the circulation and all circulation 

tendencies were computed and stored . 

.--\ plot of the circulation along the material curve and the complete prognostic 

tendencies are shown i:i Figure 5.1. The coriolis term increased slightly due to convergence 

of planetary vorticity; this is the second term on the right hand side of Eq 5.11. Baroclinicity 

rema.ined flat since the material curve was esser,t ially horizontal from 900s to 1800s. The 

diffusion tendency was negative over t he entire interval. The prognosed circulation was 

obtained by adding up all tendencies. One can see how well the prognosed and diagnosed 
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Figure 5.11: Circulation, in m 2 / s, along the material curve in Grid #4 from 32409s to 
33831s. 

circulation match. The first term on the right hand side of Eq 5.11 dominated the evolution 

of circulation. 

A second test was done with the same model set up except the winds were initialized 

from the Del City, OK sounding of May 20. 1977. A warm bubble was initially released. As 

t he model waE advanced a rotating updraft formed . Ear~y in the storms' life, two vertical 

vorticity maxima of opposite signs existed in the updraf gradient . The positive/negative 

vorticity max.i:num was south/ north of be upd raft maximum at 2206m and 1800s. 

At 1800s a horizontally ci rcular material curve composed of 4000 particles was in-

troduced and bounded t he positive vertical vorticity mc.ximum at 2206m. The particles 

were moved back in time to 900s. :vlodel data were saved every 1-5 .0 seconds and were used 
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Figure 5.12: Grid #5;( a)Horizontal vorticity vectors ( a vector having a length equal to the 
distance between the tails of two vectors in the x direction has a magnitude of 6 .8x10- 2 s-1 ) 

for the 50m to 150m layer and t he vertical motion field ( contoured every .3m/ s to a max-
imum of 3.6m/ s) at 2112 UTC (b) Horizontal, ground relative, winds at 49m (a vector 
having a length equal to the distance between the tails of two vectors in the x direction has 
a magnitude of 29 .0m/ s) and vertical motion at 2112 UTC. The \·iew is from above with 
north/east towards the top/right of the page, respectively. 
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for linear interpolation in time and tri-linear interpolation in space. At 900s the material 

curve was basically in a vertical plane south of the updraft . From 900s to 1800s the material 

curve, for the most part , preserved its' circular shape and swung from the vertical plane to 

the horizontal plane. This movement of the material curve demonstrated quite clearly the 

tilting of boundary layer iorizontal vorticity into the vertical by the updraft. 

The results of the circulation analysis are shown in Figure 5.10. The baroclinic 

tendency acted to increase the circulation when the material curve lived in the vertical plane 

while diffusion and coriolis rema·ned flat. As the curve moved into the horizontal plane, 

diffusion dominated all ot her tendencies while the baroclinic and coriolis terms remained 

flat . While the cu::-ve was orientated in the vertical, the prognostic circulation increased 

from 900s to 1200s due to baroclinic tendencies. From 1200s to 1800s the curve moved into 

a horizontal plane where diffusion rapidly reduced the circulation. Again a similarity can 

be seen when comparing the diagnosed and prognosed circulation in the figure. 

The tests described above agree wi h the theory introduced in the beginning of the 

chapter. It seems the shape of the material curve as it moved and the diagnosed circulation 

are enough to infer w ich tendency terms were responsible for any changes in circulation. 

5.3 May 15, 1991 Tornado 

Due to the small size and movement of Grids #5 and #6, t he circulation analysis was 

done in Grid #4 from 2100 UTC to 2124 CTC. Model data were stored every 9.0 seconds 

and required abou: 1.0 Gigabytes of disk space. At 2124 UTC a horizontal material curve 

composed of 4000 particles bounded the positive vertical vorticity maximum at 49.0m. The 

curve was the shape of a circle and had a radius of 2.0km. The particles were moved back 

in time to 2100 UTC as circulation tendencies were computed and stored. The results of 

t he analysis were surprising. The prognosed circulation did not agree with the diagnosed 

circulation. 

This apparent paradox ,,·as studied for months to determine why the prognosed and 

diagnosed circulation did not match. The following tes was done at a specific grid point 

where the V component of wind was calculated. At that grid point. X, t he model value of 
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Figure 5.13: Grid #5 ;( a)Horizontal vorticity vectors (a vector having a length equal to the 
distance between the tails of two vectors in the x direction has a magnitude of l.5x10- 1 s - 1 ) 

for t he .50m to 150m layer and the vertical motion field ( contoured every .4m/s t o a max-
imum of 4.8m/s) at 2118 UTC (b) Horizontal, ground relative , winds at 49m (a vector 
having a length equal to the distance between the tails of two vectors in the x direction has 
a magnitude of 29 .0m/s) and vertical motion at 2118 UTC. The view is from above with 
north / east towards the top / right of the page , respectively. 
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V(X,t) and V(X,t + at) was used to compute aa~ valid at grid point X and time t. The 

model also provided the value of advection of V at the grid point X and time t. The sum of 

these two terms is Ei (X,t ). This value was the same aE the sum of t he model -rr gradient, 

coriolis and diffusion terms. A small error occurred due to the Asselin filter being applied 

to V. 

The Lagrangian derivative of V was computed from a particle released at grid point 

X at time t. The particle was advanced one time step. At this new position the model 

winds were interpolated to the particle. The value of V(X+oX,t+ot) and V(X,t) was used 

to compute 1b~ directly. 

The Lagrangian derivafve of V was computed two different ways and they were 

expected to have similar values. The two values were not only of different magnitudes but 

also different signs! This implies that the prognosed and diagnosed V will be different and 

hence the prognosed and diagnosed circulation will not agree. 

Further testing indicated when a convective storm was fixed relative to the model 

grid points the diagnosed and prognosed circulation curves agreed well. When the convective 

storm moved relative to the model grid points the diagnosed and prognosed circulation 

curves did not agree well. These results suggest that ad·,ection of model variables may have 

errors that a.re large enough to corrupt the relationship between Eulerian and Lagrangian 

frames. 

Let us consider the Eu erian grid and the concept of grid volume averaging. The 

prognostic wind components; u,v , and w are grid volume averaged quantities. That is. 

everywhere '.n a grid volume centered about a u-point , for example, has the same value of 

u. To extrac;; the Lagrangian frame , the value of u of a particle , in a grid volume centered 

about a u-point , will not necessarily be t he same as the value at the u-point itself. This is 

due to the tri-linear interpolation scheme used to determine the value of u for the particle. 

That is. the value of u for the particle is not consistent with grid volume averaging in the 

Eularian frame and may be another cause for the lack of agreement between the diagnosed 

and prognosed circula ion. 
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Figure 5.14: Grid #5; (a)Horizontal vorticity vectors (a vector having a length equal to the 
distance between the tails of two vectors in the x direction has a magnitude of l.6x10- 1 s-1 ) 

for the 50m to 150m layer and t he vertical motion field ( contoured every .6m/s ~o a max-
imum of .5.4m/s) at 2124 L'TC (b) Horizontal , ground relative , winds at 49m ( a vector 
having a length equal to the distance between the tails of two vectors in the x direction has 
a magnitude of 29.0m/s) and ,·ertical motion at 2124 U TC. The view is from above with 
north / east towards the top/right of the page, respectively. 
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Based on the theory introduced in the beginnin5 of the chapter and the numerical 

tests that followed, the analysis will depend on the shape of the material curve and the 

diagnosed circulation profile. 

The first mater· al curve analysis was conducted from 2100 UTC to 2106 UTC. In 

this time interval the material curve maintained a horizontal orientation as it converged to 

the vertical vorticity maximum at 49m. Figure 5.3 presents a view from abov~ the material 

curve. Circulation increased slightly from 32400s to 32500s due to convergence of planetary 

vorticity. From 32500s to 32760s the frictional drag decreased the circulation significantly. 

A second material curve was spawned at 2100 UTC and followed to 2112 UTC. At 

2100 UTC (Figure 5.6a) part of the cun·e was horizon-;al and part vertical. Downdraft air 

moved the vertical segment from 2100 UTC to 2104 UTC. In Figure 5.6b one can see a 

small segment of the curve remaining in the vertical. Based on the theory, the increase 

in circulation was a result of baroclinicity; see Figure 5. 7. Later the curve assumed a 

more horizontal orientation (Figure 5.6c and d) and baroclinic effects became negligible. 

Diffusion removed all increases that were due to barc,clinic effects as the curve converged 

to the posifve vertical vortici y maximum at 49m from 32800s to 33120s, see Figure 5.7. 

Significant changes occured in the time period from 2100 UTC to 2118 UTC. For 

this analysis, the material curve extended well into the boundary layer at 2100 UTC, see 

Figure -5.8a. Seven minutes later , parts of the curve remained in the vertical , as seen in 

Figure -:i.8b. During this time interval the circulat:on had increased significantly. The 

combination of increased circulation and the mater:al curve extending into the vertical. 

implied that baroclinic effects were primarily responsible for the increase in circulation. This 

process ccntinued until 33200s after which time the material curve assumed a horizontal 

orientation. Diffusion decreased the circulation from 33200s to 33480s. Diffusion did not 

remove all increases t hat were due to baroclinicity. 

The fiLal material curve analysis was from 2100 uTC to 2124 uTC. In Figure 5.10a 

part of the cu:-ve extended upward :o just under l.C km then bent back down towards the 

southeast. Near the surface there ·.vere two significant bends in the curve, one vert ically 

orientated and a larger one in the horizontal plane. Approximately fifteen minutes later 
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Figure 5.15: Vertical profile of the vert ical vorticity maximum in Grid #5 for various times . 
The height is in meters and vorticity is s-1 . 

(Figure 5.10c) the main vertical portion of the curve descended in the downdraft. The large 

bend in the curve in Figure -5.l 0a pointing south near the surface, folded upward into t he 

vertical. During this t ime the circulation doubled and was consistent with baroclinic forces 

along the curve. From 33435s to 33831s the curve became basically horizontal and this 

allowed frictional stresses to remove around 40% of the net gain during the period from 

32409s to 33700s. 

5.4 Vorticity Analysis 

:'.\faterial curve analysis from 2100 lJTC to 2112 CTC indicated that thunderstorm 

downdrafts did not have a significant influence on the circulation and hence the vertical 
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Figure -5. 6: Grid #5;( a)Horizontal vorticity vectors ( a vector having a length equal to the 
distance between th~ tails of two vectors in the x dir~ction has a magnitude of 3.3x10- 2 s-1 ) 

and the vertical mo-iion field at 2757m ( contoured every 2.0m/ s to a maximum of 22.0m/ s) 
(b) Vertical vorticity corresponding to ( a ), contoured every 4xl0-3 s- 1 to a maximum of 
5.2xl0-2s- 1 at 2112 lJTC. 
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vorticity. The analysis demonstrated that material curves in that time interval essentially 

converged while maintaining a horizontal orientation near the surface, towards the vortex. 

Horizontal vorticity vectors displayed in this section are valid for the layer from 

50m to 150m; the first model layer above ground bounded by the horizontal winds. The 

horizontal vorticity vectors for the layer from 150m to 264m were very similar to the first 

layer and will not be displayed. As a result the ideas discussed in this section are valid for 

the 50m to 264m layer. 

In this section the vorticity field from 2112 UTC to 2124 UTC will be examined. In 

Figure 5.12a, the horizontal vorticity vectors in the layer from 50m to 150m are displayed 

with the vertical motion. Vectors were plotted every 666.6m. Magnitudes of the vectors on 

the east side of the Figure were approximately 6.8x10-2s-1 . Vertical motion was contoured 

every 30.0 cm/s. The updraft maximum had a speed of 3.6 m/s. 

To the east of the updraft maximum the vorticity vectors were being tilted upward . 

As they ascended into the parent thunderstorm they generated positive vertical vorticity 

that fed the thunderstorm rotation. Of particular importance were the vectors that pointed 

south in the downdraft to the northwest of the updraft maximum. The vectors to the south 

of the strongest downdraft were being tilted as they descended the downdraft to generate 

positive vertical vorticity. A second region with positive tilting in the downdraft was directly 

to the south of t he updraft maximum. There , the vorticity vectors were pointing nor h from 

the strongest downdraft to t he updraft. 

These two regions of positive tilting in the downdraft did not make any contribution 

to the positive vertical vorticity associated with the vortex at this time. The region to the 

northwest was too far away while the one to the south was just forming. 

The horizontal wind vectors plot, with vertical motion for the same time and height. 

is shown in Figure 5.12b. Note the strong divergent flow to the north associated with the 

downdraft. By comparing this figure with the last one, t he reader can see that the vorticity 

vectors were nearly stream,vise to the north and northwest of the updraft maximum while 

just to the south they were crosswise in the downdraft . 
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North 

Figure 5.17: Material curve for the April 26, 1991 simulation, in Grid #4 at 36135s. The 
vertical axis extends from the ground up to 1.0 km. The horizontal dimensions are 4 7 .0 km. 
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Figure .j .18: Grid #4; Horizontal vort icity vectors ( a vector having a length equal to the 
distance between the tails of two vectors in the x direction has a magnitude of 3.9x10-2 s-1 ) 

for t he ;:,0 .0rn to 1:-4.0rn layer, and the vertical m-Jtion field (contoured every .lrn/s to a 
rnaximu:n of l. 7m/ s) at 36000s. 
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Six minutes later , the horizontal vorticity field had changed significantly. The down-

draft to the north was wrapping around the west side of the 4.8 m/s updraft maximum. As 

a result , positive t ilting was occurring in the downdraft . A stronger downdraft existed to 

the south. As before, the horizontal vorticity vectors were pointing north. From 2112 UTC 

to 2118 UTC this downdraft became more organized and was providing a larger region for 

positive tilting of horizontal vor icity. 

The horizontal wind field at 2118 UTC and 49m is displayed in Figure 5.13b. No-

ticeable divergent flow existed in the forward downdraft as well as in the rear downdraft. 

As before, the horizontal vorticity had a large streamwise component to the north and 

northwest of the updraft maximum while having a large crosswise component to the south. 

At 2124 UTC the downdraft surrounded the updraft maximum to the north , west , 

and south. In Figure 5.14a the horizontal vorticity vectors point from downdraft to updraft 

on all these flanks. The downdraft positively tilted the horizontal vorticity as air descended 

within this large area. 

At this time the horizontal wind field (Figure 5.14b) had two main regions of sig-

nificant divergence. One was associated with the forward downdraft , to the north , and the 

second was associated with the rear downdraft , located to the southwest of the updraft 

maximum. The horizontal vorticity vectors had a large streamwise component on all sides 

of the storm occupied by downdraft, even to the south. 

As shown in Figure 5.14b , the environmental winds to the east at 49m were from 

the southeast. The forward flank downdraft produced northerly winds while the rear flank 

downdraft produced winds with westerly momentum. The two downdrafts produced mo-

mentum at 49m that resulted in a large cyclonically rotating wind field. The updraft was 

able to horizontally converge the rotation allowing the vortex to form. 

The vertical profile of \·ertica.l vorticity associated with the tornado in Grid #5 is 

displayed in Figure 5.15 . At 2100 GTC Grid #5 was spawned and this curve shows Grid 

#4 interpolated to the finer grid. Six minutes later. 2106 UTC , the vertical vorticity had 

increased at all levels as the finer grid was able to resolve stronger convergence. For these 

two times the vorticity increased with height. 
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Figure 5. 19: Grid #4; Horizontal, ground relative, wind vectors ( a vector having a length 
equal to the distance between the tails of two vectors in the x direction has a magnitude of 
28.0m /s) and the vertical motion , both at 50m and 2,6000s. 

Significant changes occurred in the next six minutes. The vorticity had its largest 

value at the lowest model level. Recall the material ,:urve analysis from 2100 UTC to 2112 

UT C, where the cuf'/e basically remained horizontal while converging towards t he vorticity 

maximum. Vertical advect ior. transported t he vort icity-rich boundary layer air into the 

storm. ':i:' hundersto::.-m downdrafts did not aid in producing the rnrticity maximum seen 

near the surface. 

From 2118 DTC to 2124 UTC , t hunderstorm downdrafts were primarily responsible 

for producing and maintaining the vor ticity maximr.m near the surface. A second maximum 

was also evident located just below 4.0km. Is this a common feature ? Further analysis was 

done at 2112 UT C to see why t his maximum occu::.- red. 
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North 

Figure 5.20: Material curve for the April 26 , 1991 simulaton, in Grid #4 at 36450s. The 
vertical axis extends from the ground up to 1.0 km. The horizontal dimensions are 4 7 .0 km. 

The horizontal vorticity vectors with vertical motion are seen in Figure 5.16a. The 

vectors were basically parallel to the updraft gradient to the southwest of the updraft 

maximum, near the center of the figure. This orientation allowed for strong and efficient 

tilting of horizontal vorticity. The tilting occurred in the layer from below 2.0 km to 4.0 km. 

The vertical vorticity maximum occurred in the tilting region (ie. the updraft gradient ) as 

is seen in Figure 5.16b. It is proposed that this process , a ong with convergence, amplified 

the vertical vorticity in the 2.0 km layer. 
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Figure 5.21: Grid #4; Horizontal vorticity vectors (a vector naving a length equal t o the 
distance betweer. the tails of two vectors in the x direct~on has a magnitude of 4.4x10-2 s-1 ) 

for t he -SO.Om to 154.Cm layer, and the vertical motion field ( contoured every .2m/s to a 
maximum of 3.2m/s) at 364-50s. 

5.5 Summary of t he May 15 , 1991 Tornado Genesis Process 

The de·,elopr.:ent of the vortex was a two si;ep process. First t he thunderstorm 

caused horizontal convergence of the boundary layer air beneath t he updraft. Vertical 

vorticity 2.ssociated with the dry line bulge was amplified during the process even though 

the circulation decreased. As a result winds near the surface began to rotate and the 

pressure lowered. 

It is proposed that the low pressure near the surface contributed to the development 

of the rear flar.k downdraft. The rotating thundersto:-m began to wrap precipitation from its 
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north side to the northwest side. The circulation increased due to baroclinic processes while 

the material curve descended the downdraft . Horizontal vorticity (with an approximate 

magnitude of 3x10-2 s-1 to 4x10- 2 s-1 in the first two model layers in Grid#5 at 2124 

UTC) was tilted in the lowest few hundred meters above the ground and a few kilometers 

away from the vortex. As a result vertical vorticity was produced in the downdraft as the 

air continued to sink towards the surface. 

In the second step t he vertical vorticity produced by the downdrafts converged 

horizontally (maximum convergence was 5.6x10-2s-1 in Grid #5 at 2124 UTC at 50m) 

into the vortex causing it to intensify. Frictional stresses decreased the circulation as the 

material curve shrunk to the vortex. The rotation in t he lower part of the storm continued 

to wrap the precipitation and the downdraft around the rear flanks of the storm, producing 

a hook echo in the process. The area occupied by downdraft increased thus producing a 

larger region of vertical vorticity that converged into the vortex. In time the precipitation 

was completely wrapped around the back side of the storm and merged with the rear flank 

downdraft . At this time the horizontal vorticity was tilted into the vertical in a large region 

that surrounded the mature vortex from the north, west and south. 

It was found that t he tilting in the downdraft occurred in the lowest 250 meters. 

This is an important point. !hilting in the downdraft occurred only at higher levels , positive 

vertical vorticity would be produced well above the ground. Horizontal convergence of the 

vertical vorticity would produce a vortex above the ground, not at the ground. 

As the vortex became organized in the boundary layer , the updraft advected it 

upward. The result was a mature vortex that occupied a 10.0 km vertical column within 

the thunderstorm. 

5.6 April 26, 1991 Tornado 

The ana.lysis for this case was done for the time interval from 36000s to 36900s or 

from 2200 CTC to 221-5 UTC. A material curve composed of 4000 particles was placed 

around the cyclonic circulation center at .S0m. The curve was the shape of a circle and had 

a radius of 2.0 km. Model winds were saved every 9.0 seconds for the fifteen minute period. 
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Figure 5.22: Grid #4; Horizontal , ground relative, wind vectors ( a vector having a length 
equal to th-2 distance between the tails of two vectors m the x direction has a magnitude of 
33.0m/ s) and the ver ical motion, both at 50m and 36450s. 

Particles were moved back witr. a t ime step of 9.0s . Due to the rapid movement of Grid 

#4, the eastern mos sect ion of the curve intersected t he grid boundary. Because of this, 

t he analysis could on~y be done for just under fifteen minutes . 

The position of the material curve at 36135s is shm;,,n in Figure 5.1, . The view is 

from the north looking to the south. T e vertical axis extended from the ground to 1.0 km. 

As can be seen in the Figure, a significant portion of the curve was in the vertical plane on 

the north side. The highest particle on t he curve was at 503 .0m. The circulation at this 

time was 2.8xl05m 2 / s. 

T he horizon-;al vorticity vectors at 36000s are shown in Figure -5.18. These vectors 

are for the 50 .0m tc 154.0m layer . Because Grid #4 moved west at 36115s and intersected 
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North 
Figure 5.23: Material curve for the April 26 , 1991 simulaton, in Grid #4 at 36900s. The 
vertical axis extends from the ground up to 1.0 km. The horizontal dimensions are 47.0 km. 

the eastern section of the circuit, the material curve was unable to move any further back 

in time. This is why the time difference between the two Figures is 135s. The horizontal 

vorticity vectors in the region from x=782.0km to x= 790.0km along the line y=-62.0km 

had a significant positive projection through the vertical plane bounded by the curve and 

the ground. 

The tilting of horizontal vorticity occurred in the forward flanking precipitation 

do\',·ndraft. The horizontal wind vectors (Figure 5. 19) were clearly divergent in the region. 

The rain ,vater field can be seen in Figure 4.23b . 

Seven minutes later' the material curve had contracted horizontally (Figure 5.20). 

The vertical portion rotated cyclonically and descended. The highest part icle was at 343m. 
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Figure 5.24: Grid #4; Horizontal vorticity vectors ( a vector having a length equal to the 
distance between the tails of two vectors jn the x direction has a magnitude of 9.5x10-2 s-1 ) 

for the 50.0m to 154.0m layer, and t he vertical motion field ( contoured every .5m/s to a 
maximum of 4.5m/s) at 36900s. 

The circulation reached a maximum va~ue of 3.5xl05m 2 / s at 36550s. The orientation of 

the curve and the increase in circulation implied that the growth of circulation was due to 

baroclinic processes. 

The material curve was vertically inclined along the northwest side. In Figure 5.21 

one can see that the horizontal vorticity vectors, loo:ated to the northwest of the updraft 

maximum and in the downdraft, maintained the significant positive projection through the 

vertical surface. 

To the north and northwest, hcrizontal wind vectors can be seen pointing from the 

dO\vndraft towards the updraft ( Figure 5.22 ). The downdraft was wrapping cyclonically 
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Figure 5.25: Grid #4; Horizontal: ground relative, wind vectors ( a vector having a length 
equal to the distance between the tails of two vectors in the x direction has a magnitude of 
52.0m/s) and the vertical motion, both at 50m and 36900s. 

around the back side of the storm, due to the precipitation getting caught m the storms 

rotation, causing the hook echo. 

At 36900s, 2215 UTC, the material curve (Figure 5.23) bounded the rotation at 

50m with a circulation value of 3.0x105m 2 / s. The decrease from the maximum was due to 

surface stresses acting on the curve. 

The horizontal vorticity vectors were pointing from the downdraft towards the up-

draft. This happened to the ,vest and northwest of the updraft maximum, as can be seen 

in Figure 5.24. The divergent downdraft was very prominent in the horizontal wind field 

(Figure 5.25 ), and it covered a large region north of the updraft . The rain water field can 

be seen in Figure 4.23d. 



8000 

.., 6000 

.c 
.!:?' ., 
::c 

4000 

2000 

0 0.1 

134 

' ' .., 
I 

... 
0.2 

Vertical Vorticity 

2150 UTC 

21 55 UTC 

2200 UTC 

2205 UTC 

2210 UTC 

2215 UTC 

0.3 

Figure 5.26: Vertical profile of the vertical vorticity maximum in Grid #5 for various times. 
The height is in meters and vorticity is s-1 . 

The evolution d vertical ·1orticity with height was similar to the May 15, 1991 case. 

From 2150 UTC to 2155 UTC vertical vorticity increased in the lower levels (Figure 5.26). 

Five minutes later, low level vonicity increased due tc, positive tilting of horizontal vortic-

ity in the downdraft. This was followed by strong horizontal convergence. The resulting 

cyclonic circulation w1,s vertically t ransported by the updra:-t. This process continued to 

2215 l'TC at which t ime the analysis ended. The only difference between the April case 

compared o the May case was t he absence of a second maximum in vertical vorticity. 



135 

5.7 Summary of the April 26, 1991 Tornado Genesis Process 

The supercell thunderstorm exhibited significant changes from 2200 UTC to 2215 

UTC, as seen in Figure 4.23 . The large hook echo formed rapidly and the 50.0m horizontal 

wind speeds in the cyclonic circulation increased from just under 30m/s to just over 50m/s. 

Similar to the May 15, 1991 simulation, vertical vorticity associated with the dry 

line bulge was horizontally converged by the strong storm. The beginnings of rotation at 

50m were evident at 2200 UTC (Figure 4.23a). 

Intensification of the vortex occurred when the forward precipitation downdraft 

wrapped around to the rear flanks of the storm. Was horizontal vorticity in the first few 

hundred meters being positively tilted in the downdraft similar to the May simulation? 

Results from the material curve analysis indicate that the horizontal vorticity (with 

an approximate magnitude of 5x10-2s-1 to 6x10-2s-1 in the first two model layers in 

Grid #5 at 2215 UTC) was positively tilted in the forward downdraft in the lowest few 

hundred meters. This produced positive vertical vorticity that was intensified by the strong 

convergence (maximum convergence was 8.8x10-2s-1 in Grid #5 at 2215 UTC at 50m) in 

the horizontal plane. As the downdraft wrapped around the back side of the st orm the 

vortex intensified. This was a result of horizontal vorticity being tilted in a larger region. 

All of the tilting was in the forward downdraft. T he rear flank downdraft wa.s absent 

in the horizontal winds at 50.0m at 221-5 UTC. The material curve analysis demonstrated 

the lack of rear flank downdraft air being ingested into the surface vortex. Recall. for the 

May case, t he rear flank downdraft was ingested into the tornado. 

A thirty minute circulation analysis could not be done due to the rapid speed of 

Grid #4. As a result, the author can only speculate on the evolution of circulation on the 

material curve from 2145 UTC to 2200 UTC . The average rate of change of circulation for 

the simulated April tornado was approximately 7x104 m2 / 400s (this value is just under twice 

that for the simulated May tornado). If this value remain fixed from 214-5 UTC (35100s) 

to 2209 UTC ( 36550s) then the va:ue of circulation at 2145 UTC would be approximately 

lx10 5 m2 / s (the same as in the simulated May tornado). This suggests that the baroclinic 
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zone set up by the April supercell was stronger than the May supercell and caused a more 

intense tornado. 



Chapter 6 

SUMMARY AND CONCLUSIONS 

6.1 Summary of Both Cases 

When these simulations were begun, there was no guarantee that the model would 

be able to explicitly form deep tropospheric convection without the aid of cumulus param-

eterization , warm bubbles or any other sophisticated data assimilation technique. 

When both simulations were first done, the soil moisture was initialized horizontally 

homogeneous. No dry line developed in either case. The moisture gradient seen at 1200 

UTC near the surface remained essentially unchanged in the afternoon. A simulated dry 

line did form when the the initial fields contained a soil moisture mapping based on the 

past few months of observed precipitation. 

The ability of the model to produce convection explicitly, had a dependence on the 

surface characteristics; soil type, variable soil moisture, and variable vegetation. In both 

these simulat ions only one soil type was used in the entire model domain. The author 

wonders what impact a variable soil type data set , for the United States , would have on 

simulated mesoscale processes. 

Having the surface characteristics initialized as realistic as possible, allowed the 

surface to heat up and warm the boundary layer the most in a relatively long and thin 

region. Vertical motion developed in the warm region and low level horizontal convergence 

developed in response to it . The horizontal convergence enhanced the moisture gradient as 

the dry line formed in both simulations . 

_-\s the dry lines developed, the horizontal winds backed in the moist boundary layer 

to t he east . This resulted in a larger vertical shear profile. Before the dry lines formed, 

the winds near the surface were from the south and above t he boundary layer they were 
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from the southwest. When the dry lines were developing, the winds near the surface were 

southeasterly and a.hove the boundary layer they remained from the southwest. Vertical 

motion associated with the dry lines, and large values of CAPE, formed deep tropospheric 

convection. 

As a supercell thunderstorm evolved from the convection an eastward bulge formed 

in the dry line for :>0th cases. Organized horizontal rotation at the nose of the bulge was 

evident near the surface for both cases. 

The enhanced vertical shear ultimately fed the s-;orms ' rotation. The evolution of 

the hook echo and associated downdraft was influenced by thunderstorm rotation. As the 

precipitation downdraft Expanded cyclonically around the back side of the storm , tilting of 

horizontal vorticity occurred in a larger horizontal area n the 1 west few hundred meters. 

The intensification of the tornado ·n the boundary layer occurred simultaneously with the 

expanding precipitation downdraft. 

A necessary, but not sufficient, condition for tornadic thunderstorms to form in 

both simulations was the inclusion of proper surface characteristics , ie, variable vegetation 

and a soil moisture profile based on observed precipita-;ion. The initial instability of the 

troposphere and solar heating allowed .arge values of CAPE to form and fuel the parent 

thunderstorms. 

Both simulated t ornadoes formed upward from t he boundary layer. This was a 

result of positive tilting of horizontal vorticity in the downdrafts within the lowest few 

hundred meters. If one or both of t he simulated tornadoes was in cyclostrophic balance, in 

the boundary layer , then the vah:.e of horizontal convergence must have been zero. Since 

the horizontal converge::ice was not zero in eit her tornado then the horizontal winds were 

not in cyclostrop~1ic balance. Therefore, the dynamic pipe effect could not have formed a 

tornado down from the parent th·rnderstorm . 

Material curve analysis S"Jggests the t hunderstorms increased t he circulation of a 

material curve by barodinic processes. In both simula-; ions tl:-.e horizontal vorticity, in the 

lowest few hundred meters, poir.ted towards the west or southwest ahead of t he storm. 

When the horizontal vorticity vectors were influenced by the storm t hey ended up pointing 
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towards the south. The southward pointing vectors were in a more favorable position to 

be positively tilted by the downdraft. The vertical vorticity generated by the tilting was 

converged and amplified exponentially, over a finite time interval, to allow the tornado to 

form. 

6.2 Conclusions 

A conceptual model , viewed from above, of the tornado genesis process based on 

both simulations is presented in Figure 6.1. As seen in Figure 6.la a convective line was 

triggered by the dry line. A supercell thunderstorm evolves and a noticable bulge formes 

in the dry line. The forward flanking preciptation downdraft began to form as did the 

begining vortex on the nose of the bulge, denoted by BV in Figure 6.lb . As the storm 

moves away from the dry line the rotation _associated with the low-level mesocyclone began 

to wrap the precipitation downdraft towards the rear flanks. The expanding downdraft 

provided more rotation for the intensifing vortex, denoted by IV in Figure 6.lc. In the final 

stages, the hook echo was fully formed and bounded the mature vortex, denoted by MV 

in Figure 6.ld. The gust front , trailing from the mature tornado , is the leading edge of 

downdraft air rotating cyclonically towards the storms ' southern flanks. 

A three dimensional conceptual model is presented in Figure 6.2. East of the dry 

line low-level horizontal vortex lines point towards t he southwest (see Figure 6.2a). The 

begining vortex was associated with pre-existing vertical vorticity on the dry line bulge. 

Further to the north, vortex lines were being tilted upward at the southern side of the 

forward precipitating downdraft, as seen in Figure 6.2b . In time, the storm moved away 

from t he dry line. The precipitation downdraft began to wrap around the intensifing vortex 

towards the rear flanks . A larger region of horizontal vorticity was tilted (Figure 6.2c) 

into the vertical and horizontally converged to feed the tornado as it evolved upward into 

the parent t hunderstorm . Finally, the hook echo bounded the mature tornado. Positive 

tilting of horizontal vorticity in t he downdraft occured to the north, west , and south of the 

vortex (Figure 6.2d). The vertical vorticity produced was horizontally converged to feed 
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the mature tornado. At that time the tornado extended from the surface to the top of the 

parent thunderstorm. 

6.3 Future Research 

These simu_ations have s ed some light on the formation of tornadoes. It is impor-

tant to state that the ideas presented in this thesis, deali g with the formation of the two 

simulated tornadoes, are only valid for these two storms. There are more rnesoscale and 

thunderstorm processes that need to be addressed. A brief discussion of them follows ; 

• As the dry lines developed , especially in the April simulation, the winds to the east 

backed in time. The new vertical wind profile may have had a significant impact 

on thunderstorm rotation. Perhaps the old vertical wind profile could not support 

supercell storms ar.d the new vertical wind profile would. An idealized simulation 

could examine the ~mpact these wind profiles may have on supercell dynamics. 

• Both dry lines acted as efficient conveyer belts, transporting moist air from the lower 

boundary layer to 1evels a.hove the boundary layer, prior to thunderstorm formation. 

Moist layers deepened downwind of t he dry lines. What impact does this have on 

thunderstorms that form on a dry line and move toward the northeast into a deeper 

moist layer? 

• Both simulated dry lines had an eastward bulge underneath a supercell thunderstorm. 

Associai ed with these bulges was a region of vertical vorticity. Both thunderstorms 

were able to horiwntally converge the vorticity. The result was the beginning of 

rotation. Although not the ma.in vorticity source for either tornado, the origins of the 

vertical vorticity on the dry ine bulge should be investigated. 

• As convection above the dry line was developing , the moisture gradient increased. 

\tVas this a result of the \\.·aro convective towers lowering the pressure at the surface? 

The lower pressure would ca.use an increase in the horizontal pressure gradient and 
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enhance the convergence, of moist air to the east and dry air to the west , into the dry 

line. 

• Outflow from the precipitation downdraft accelerated west toward the dry line. This 

occurred in both simulations. How does this outflow interact with the dry line? 

• It is quite possible for outflow from one t hunderstorm to interact with 1earby 

storm. Is there tilting of horizontal vorticity in such outflows? If so, can the vertical 

vorticity produced be amplified into tornadic strength? 

• The 45.0 km north-south line of initial convection on the dry line did not split into 

a right and left mover. The evolution of the line was quite different from a simulated 

warm bubble rising to form a supercell. This suggests that the size and shape of the 

forcing influences the splitting process . An idealized simulation of convection with 

different forcing shapes and sizes can help a swer this. 

• Were the strongest horizontal winds on the southeast side of the tornado simply due 

to the movement of the tornado? This appears to be the case for the two simulated 

tornadoes. Could there be another mechanism? 

• How is the pressure field maintained in a tornado? 

• An analysis of the central downdraft in the two tornadoes should be done. \:Vhat was 

causing the downward motion ? Does the sinking affect the surface pressure? What 

role. if any, does the sinking play in forming a multiple vortex tornado? 

• Would the introduction of a seventh nested grid with a horizontal grid spacing of 

30.0m resolve the evolution of multiple vorticies and the occurrence of a condensation 

funnel down to the lowest model level? 

• \,Vhat mechanism controls the radius of maximum horizontal winds in a tornado? 

• ~Iore tornadoes should be simulated using a procedure similar to the one in this 

study. This ,vill allow one to demonstrate whether one process leading to tornado 

genesis occurs more often than another. 
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• Do anti-cyclonic tornadoes form in a manner similar to cyclonic tornadoes? 

• Simulations of rotating non-tornadic thunderstorms , using an initialization similar to 

this study, should be done. The resul s can be compared to rotating tornadic storms. 

• Using the correct surface characteristics was a very important element to include 

in the simula:ions. This is an area that needs further study. Can the location and 

timing of deep tropospheric convection be improved by changing the surface features? 

Can tornadic thunderstorms, associated with dry liILes , be eliminated by changing the 

surface properties? 
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Figure 6.1: Time sequence of (a) convection initiated on dry line (b) dry line bulge forming 
( c) forward precipitation downdraft begining to wrap around the rear side of the storm and 
(d) fully developed hoop echo and trailing gust front. In the figure the half moons denotes 
the dry line. The precipitat ion downdraft is shown as the shaded region along with surface 
streamlines. The large region bounded by t he solid contour is the anvil canopy. 
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Figure 6.2: Time sequence of (a) convection initiated or_ dry line (b) dry line bulge forming 
( c) forward precipitation downdraft begining to wrap around t he rear side of t he storm and 
( d) fully developed hoop echo. In the figure the half m ns der.otes the dry line. Bold solid 
lines with arrows are sect ions of vortex lir:es in the lowest few hundred meters. Dashed lines 
are surface stream lin~. The surface signature of the rainfall is shown as the continuous 
closed line. The parent storm and tornado are shaded . 
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