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Abstract

Since 1rs Hrsr (iocuitienrariiiii in 1053. the "hook echo" has been perhaps the best- 

iTco^ni/ed radar feature of supercell storms. Hook echoes have been associated with 

a region of subsiding air to the rear of both tornadic and non-tornadic supercells. 

Today this feature usually is referred to as the "rear-Hank downdraft" (RFD). For 

over twenty years, the RFD has been hypothesized to play an important role in the 

final couceutratiou of vorticity at the surface that gives rise to tornadoes.

Despite the long-surmised importance of the hook echo and RFD in tornadoge- 

uesis. only a paucity of direct observations have been obtained at the surface within 

hook echoes and RFDs. In this dissertation, m .ntu surface observations within hook 

echoes and RFDs are analyzed. These "mobile mesonet" data  have unprecedented 

horizontal spatial resolution, and were obtained from the \  erifications of the Origins 

of Rotation in Tornadoes Experiment (X’ORTEX) and additional field experiments 

conducted since the conclusion of \ ’ORTEX. The surface thermodynamic character­

istics of hook echoes and RFDs associated with tornadic and non-tornadic supercells 

are investigated to address whether certain types of hook echoes and RFDs are fa­

vorable (or uid'avorable) for tornadogenesis.

Evidence will be presented that evaporative cooling and entrainment of midlevel 

potentially cold air play a smaller role in the forcing of RFDs associated with tor­

nadic supercells compared to non-tornadic supercells. Tornadogenesis is more likely 

and tornado intensity and longevity increase as the surface buoyancy, potential 

buoyancy, and ecptivalent potential temperature in the RFD increase, and as the 

convective inhibition associated with RFD parcels at the surface decreases. Further­

more. baroclinity at the surface within the hook echo is not a necessary condition 

for tornadogenesis. It also will be shown that environments characterized by high 

boundary layer relative humidity (and low cloud base) are more conducive to RFDs

xui



ciïisuciated with relatively high buoyancy than environments characterized by low 

boundary layer relative humidity (and high cloud base).
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Chapter 1 

Observations of hook echoes and rear-flank 
downdrafts

1.1 Early observations

1.1.1 H ook echoes

Pfiliaps tlu‘ In'st-riH-uffiiizi'cl radar feature associated with supercells is the exten­

sion of low-level echo on the right-rear flank of these storms—first documented by 

Stout and Huff (1953: Fig. l . l)  in an Illinois tornado outbreak on 9 April 1953— 

called the "hook echo' by van Tassell (1955). This reflectivity appendage usually is 

oriented roughly perpendicular to storm motion. Hook echoes have been found to 

l)e associated with the small-scale circulation common in supercell thunderstorms 

called the "tortiado cyclone" by Brooks (1949)]. Furthermore, these low-level re­

flectivity features are typically downward extetisioris of the rear side of an elevated 

reflectivity region (Forbes 1981) called the "echo overhang'’ (Browning 1964: Mar- 

witz 1972a: Letnon 1982). with the region beneath the echo overhang termed a "weak 

echo region" (Chisholm 1973: Lemon 1977) or vault (Browning and Donaldson 1963: 

Browinng 1964. 1965a).

In Stout and Huff's report, the evidence was inconclusive as to whether the hook 

echo preceded tornadogenesis. or vice versa. In van Tassell's (1955) documentation 

of a hook echo near Scottsbluff. Nebraska on 27 June 1955 (it moved directly over 

the radar), it was not mentioned whether the hook echo developed before or after 

tornadogenesis. Furthermore, van Tassell's images suggested the possible presence



of i\ laiiit iiniicyclonic protrusion from the tip of the hook, extending outward in a 

direction opposite that of the cyclonic protrusion.

Sadowski ( 1958) documented a tornado that occurred after the hook echo became 

visible (in fact, the hook echo was becoming less discernible on radar at the time of 

the repuited tornado touchdown). Sadowski might have been the first to speculate 

that if houk echoes generally precede tornadogenesis [later shown not always to be 

true, at least in the radar studies using Weather Surveillance Radar (WSR)-57). then 
it may be possible to issue tornado warnings in advance

Garrett and Rockney (1962) were the first to relate a circular echo on the tip of 

a hook echo to the tornado or tornado cyclone. They called this "ball-shaped’' echo 

an "asc " I annular .section <jf the cylinder of the vortex), but the authors did not 

ott'ci an explanation of the exact cause for the appearance of the asc. Stout and Huff 

' l!)53) also observed an echo hole, but little was discussed of it. Donaldson (1970) 

noted an echo hole in the tornado he studied, and found that it was co-located with 

a tonuulo V(utex. Forbes ( 1981) also observed similar reflectivity features during the 

tornado outbreak of 3 4 .\pril 1974.

The tornado studied by Garrett and Rockney (1962) apparently touched down 

V/o/c the hook echo became prominent, unless a narrow hook echo went undetected 

bv the \\  SR-3 (4 beamwidth) prior to tornadogenesis. The tornado dissipated when 

the hook "closed off" or merged with the forward-flank echo. The hook echo was 

approximately Ü.5 mi (8ÜÜ rn) wide.

Fujita (1958a) documented in unprecedented (and since unparalleled) detail the 

evolution of several hook echoes observed in the outbreak of tornadoes on 9 April 

1953 (Fig. 1.2: this is the same day on which Stout and Huff made their observations). 

He inferred the concept of thunderstorm rotation from the photographs of Stout 

and Huff. Fujita attributed hook echo formation essentially to the advection of 

precipitation from the rear of the main echo around the region of rotation associated 

with the tornado cyclone. Browning (1964. 1965b) also documented hook echoes 

and attributed their evolution (Fig. 1.3) to essentially the same process described by 

Fujita (1958a). Browning and Donaldson (1963) and Browning (1965b) also noted 

that the southern edge of the hook formed a wall of echo “which was often very 

sharp and sometimes rather upright.’’
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Figure 1.1: Radar images from the first documentation of a book echo. The hook echo 
was associated with a tornadic supercell on 9 April 1953. [From Stout and Huff (1953).]
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Fillin' 1.2; Developniont of the hook echo associated with the Champaign, Illinois tornado 
on ‘J April 1953 from 1724 1738 GST. as analyzed by Fujita. [From Fujita (1958a).]

Fiilk.s (1962) hypothesized that hook echo formation was due to a large convec­

tive tower extending into the levels of strong vertical wind shear, which produced 

evelonie and anticyclonic flows at opposite ends of the tower—the cyclonic flow to 

the southwest gave rise to hook echo development. No mention was made of the 

possibility of an anticyclonic hook echo forming on the north side of the tower from 

the same mechanism.

Fujita (1965) later attributed hook echo formation to the Magnus force. He ex­

plained that this force "pulled” the spiraling updraft out of the main echo, resulting 

in the hook echo commonly observed on radar displays (Fig. 1.4). Furthermore. 

Fujita 11973) presented models of the variety of forms that the hook echo may take

(Fig.  1.5). '

' Relatively recent radar observations of hook echoes (with greater spatial and temporal resolu­
tion than available in the 1960s and 1970s) suggest that hook echo formation may not result from 
anv of these processes posed in the past, including solely advection of precipitation (Rasmussen and 
Straka 2001: L. Lemon 2000, personal communication). A thorough study of hook echo formation 
is beyond the scope of this dissertation.
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Fimirc 1.3: Evolution of the hook echo in an Oklahoma supercell on 26 May 1963 studied 
by Browning. [From Browning {1965b).]

The forecasting potential of hook echo detection began to be explored in the rnid- 

l ‘J(i()s. Freund (19GG) found that G of 13 tornadic storms near the National Severe 

Storiiis Laboratory (NSSL) in 1964 were associated with hook echoes. Furthermore. 

Sadowski (19G9) documented a large amount of success using hook echoes to detect 

tornadoes within thunderstorms: he computed a false alarm rate of only 12% in 

a 19Ô3 19G6 study. On the other hand. Golden (1974) found that only 10% of 

waterspouts were associated with well-defined hook echoes.

The "Super Outbreak” of tornadoes on 3-4 April 1974 (Fujita 1975a,b) provided 

a large sample of a variety of “distinctive echoes'’ that were studied by Forbes (1975, 

1981). Forbes ( 1975) found that (1) a majority of hook echoes were associated with 

tornadoes. (2) hook echoes often were associated with tornado families, and (3) 

tornadoes associated with hook echoes tended to be stronger than those from other 

echoes. Forbes (1975) also found that, on average, hook echoes appeared 25 min prior 

to tornado touchdown: however, much variance was present in his sample— 10 of 27 

(37% ) of the hook echoes associated with the first tornado produced by a supercell



CYCLONIC HOOK

OUTER ECHO

ANTICYCLONIC HOOK

OUTER ECHO

l .-i: Fujita uucc liypothosized that the Magnus force led to the formation of hook 
echoes. From Fujita (lütiô).]

were detected a/icr tlie reported^ tornado touchdowns. [Sadowski (1969) found an 

avt'iage time of 13 min between hook echo appearance and tornado touchdown in a 

sample of 13 cases in which hook echoes appeared before tornadoes were reported.] 

Forbes ( 1981 ) found a false alarm rate of only 16% when using hook echoes to de­

tect tornadoes. But because hook echoes were relatively rare (as he defined them), a 

less restrictive shape [a "distinctive echo," e.g., appendages, line-echo wave patterns, 

etc.] also was considered. Distinctive echoes were associated with a probability of 

detection of tornadoes of 65%. Forbes (1975, 1981) did raise concern about the 

generality of his findings, since his statistics were based on the events of a single 

day. Finally. Forbes (1981) noted that “the hook represents a band of precipitation 

accompanied by downdraft and outflow, surrounding a VVER (a region of inflow and 

updraft). ' and that 1-10 min prior to tornadogenesis, a sharp reflectivity gradient

‘ The accuracy of the reported tornado times may be questionable for some of the tornadoes 
studied.
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Fij>iiri“ 1.Ô: Fujita introduced five variations on the shapes of hook echoes. [From Fujita 
(1973).]

aloiij; the upshear side of the updraft (and occasionally a small echo mass several 

kin to the right of the right-rear edge of the main echo) may appear.

Fujita and W’akinioto (1982) studied the Grand Island. Nebraska tornadoes of 3 

June 1980. and not only documented an echo hole associated with a cyclonic tornado 

and a region of negative vertical vorticity on the opposite side of the hook echo, but 

the authors also documented an anticyclonic tornado on the side of the hook echo 

opposite that of the cyclonic tornado (Fig. 1.6). This anticyclonic vorticity region has 

been observed often (Grandes 1977b, 1981. 1984a; Ray 1976; Ray et al. 1975, 1981: 

Heynisfield 1978; Klemp et al. 1981), but its ubiquity largely has been ignored, with 

the exception of Fujita and his collaborators. Fujita (1981) proclaimed “Misoscale 

iiLDiif ltrs skuuld be attracted by such a pair o f cyclonic and anticyclonic tornadoes 

which were evidenced in the Grand Island storm on 3 June 1980 and in the central 

luwa stonn on 13 June 1911.'' However, it was unclear why such attention should 

be given to the vortex couplet, and the couplet’s origin was not well understood.



9:03 p.m. COT (0208 GMT)

Fiu,urt* l.G: Rtidar image and analysis from Grand Island. Nebraska at 0208 UTC 4 June 
1080 showing a vortex couplet straddling a hook echo, with tornadic circulations associated 
with both members of the vortex couplet. [From Fujita (1981) and Fujita and Wakimoto 
(1982).]



1.1.2 Rear-flank downdrafts

The first docunientation of a rear-flank downdraft (RFD). although not recognized as 

such, was probably by van Tassell (1955). In that case study and in another by Beebe 

11959) on the same storm complex, three "reliable” reports of severe downdrafts on 

the south side of the Scottsbluff tornado were made. One observer, located a few 

hundred meters south of the tornado, reported tha t the downdrafts felt "cold.” 

Browning and Ludlam (1962) and Browning and Donaldson (1963) also were 

aiHung the iirst lu mention the presence of a downdraft in the vicinity of the strongest 

low-level rotation (behind the wall cloud). Both papers suggested that this down­

draft may have been thermodynamically forced via evaporation. Browning and 

Donaldson (1963) also noted that the hook echo itself may be associated with this 

downdraft region. Browning (1964) surmised that the rightward propagation of "su- 

pereells" (a term that he coined to refer to steady, intense, large cells that appeared 

to propagate continuously to the right of the mean wind) increased their midlevel 

storm-relative How so as to increase evaporative cooling, and ultimately aid in the 

genesis of downdrafts (both on the rear and forward storm flanks). These hypotheses 

were proposed at least partly because of findings by Browning and Ludlam (1962) 

and Browning and Donaldson (1963) of low wet-bulb potential temperature (#*) air 

in the wakes of the Wokingham, England and Geary, Oklahoma supercells, which 

apparently had tnidlevel origins. [Ward (1961) observed "cooler northwest winds a 

euiiple miles suiiihwest of the (Geary) tornado."]

In contrast to the findings of van Tassell (1955) and Beebe (1959), Browning and 

Ludlam (1962). and Browning and Donaldson (1963), Garrett and Rockney (1962) 

reported that a ivann downdraft was observed about 12 -15 km south of a tornado 

near Topeka, Kansas on 19 .May 1960. The observer described the air as "suddenly 

becoming noticeably hot, similar to a blast of heat from a stove.” Furthermore, 

Williams (1963) also showed that RFD air can arrive at the surface warmer than 

the surrounding air. He noted that when such an event occurs, it may be south of 

the hook echo or wherever forced descent is less likely to encounter sufficient liquid 

water to maintain negative buoyancy.

Haglund (1969), Fujita (1973, 1979), Lemon et al. (1975), Burgess et al. (1977), 

Brandes (1977a), and Lemon (1977) also noted an association between hook echoes



and downdrafts. Haglund (1969) concluded that the hook echo trails the surface 

wind shift slightly, and is associated with the boundary between updraft and down­

draft. Furthermore, surface analyses and aircraft penetrations have revealed that 

the hook echo is located in a region of large vertical velocity (tc) and temperature 

( 7 1  gradients, and somewhat behind the surface windshift line associated with the 

RFD (Burgess et al. 1977: Marwitz 1972a.c).

.A few surface observations within RFDs were acquired prior to the more orga­

nized. scientihc storm intercept programs conducted in the 1980s and 1990s. Tepper 

and Eggert ( 19ÔG) analyzed traces of thermodynamic data within 25 km of tornadoes 

in more than 50 c;uses. Many of the thermograph traces measured minor fluctuations 

during the passage of the tornadoes (and associated RFDs. which were detected by 

the barograph traces), and other traces revealed cooling and moistening near the 

tornadoes. Only a few observations were available within 5 km of the tornadoes. 

Fujita (1958b) inferred the presence of a surface high pressure annulus encircling 

the Fargo. North Dakota, tornado cyclone (29 .June 1957) from pressure traces in 

the vicinity of the tornadoes (Fig. 1.7b .Although speculated. Fujita was unable to 

verify that the high pressure was associated with a ring of subsiding air surrounding 

the tornado. Ward (1964. 1972) and Snow et al. (1980) have found high pressure 

rings surrounding laboratory and numerically simulated vortices, but it is not clear 

whether these are the same phenomena inferred by Fujita. which appeared to be of 

a slightly larger scale.

Fujita (1975) w.us one of the first to mention the possible importance of down­

drafts. especially those associated with hook echoes, in tornadogenesis. in terms of 

his "Recycling Hypothesis: " (1) downdraft air is recirculated into the (developing) 

tornado: (2) this process results in an appreciable convergence on the back side of 

the (developing) tornado: (3) the downward transport of the angular momentum by 

precipitation and the recycling of air into the tornado will create a tangential ac­

celeration required for the intensification of the tornado. Research conducted with 

the aid of coherent radars in the ensuing years would lead others [e.g., Burgess et 

al. 11977). Barnes (1978a). Lemon and Doswell (1979), Brandes (1981)] to make the 

same general speculation.
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Figure 1.7: Pressure field near the center of the Fargo tornado cyclone (2Ü June 1957); A 
and B represent barograph stations. [Adapted from Fujita (1958b).]
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1.2 Doppler radar studies

Till' iiisiaihitiun of Doppler radars in central Oklahoma in the late 1960s allowed for 

the sampling of the three-dimensional wind structures of several supercells in the 

lOTUs using dual- or multiple-Doppler radar techniques (Brandes (1993) provided 

a thorough review]. Some of these storms studied were the Harrah. Oklahoma 

(all storms listed hereafter occurred in Oklahoma) storm (8 June 1974; Ray 1976; 

Hevmslield 1978). the Oklahoma City storm (20 April 1974; Ray et al. 1975). the 

Spencer-Luther storm (8 June 1974: Brandes 1978), the Del City storm (20 May 

1977: Brandes 1981: Ray et al. 1981: Johnson et al. 1987). the Fort Cobb storm 

120 .May 1977: Johnson et al. 1987). the Lahoma storm (2 May 1979: Brandes et al. 

1988). the Orienta storm (2 May 1979: Brandes et al. 1988). and the Lindsay storm 

119 .lune 1980: \ ’asiloff et al. 1986).

1.2.1 Early single and m ultip le D oppler radar observations

\ ’elocit\- data from the Doppler radar datasets mentioned above confirmed the pre­

viously believed association between hook echoes and strong horizontal shear zones 

associated with tornadoes (e.g.. Donaldson 1970: Brown et al. 1973: Lemon et al. 

1975: Ray et al. 1975: Ray 1976: Brandes 1977a: Burgess et al. 1977: Lemon 1977: 

Darnes 1978a.b). Burgess et al. (1977) believed that the RFD, hook echo, and tor­

nadogenesis were intimately connected: “The formation and evolution of the RFD  

i.s judijfil cxtrtmtlij important to tornado formation...the severe tornado [the Okla­

homa City tornado of 8 June 1974] appears related to the increased vorticity source 

provided by pre.sumed downdraft intensification and gust front acceleration along the 

right flank. "

Lemon et al. (1978) suggested that the RFD formed above 7 km. based on anal­

ysis of the 24 May 1973 Union City. Oklahoma tornadic supercell. They analyzed 

a persistent difiuent flow region in the 7-10 km layer northwest (upshear) of the 

niesot yclone that they believed was associated with a downdraft.

.Nelson ( 1977) found an erosion of the hydrometeor field at and below 7 km. 

as well as a sharp reflectivity gradient on the west flank of an Oklahoma multicell 

storm tha t evolved into a supercell on 25 May 1974—these radar observations were

12



hi'lieved to have been a manifestation of RFD formation that apparently occurred 

at the start of the transition from multicell to supercell. The lowest values were 

observed at the surface beneath the RFD (~6 K lower than than the “ambient" 

Ou- values. Complete separation of the forward-flank downdraft (FFD) and RFD 

was evidenced by separate temperature minima. Nelson noted two mechanisms 

suggestive of RFD formation - evaporative cooling and/or hydrodynamic pressure 

perturbations. Nelson believed that the evaporation-driven effect was more likely 

bt'i ausi' of tlie eeho erosion aloft; he also cited strong storm-relative winds (16 m s“ * 

at 7 !J kin: 7 m s  ‘ at 4.5 km) and a large dewpoint depression (~21 K) at the level 

of apparent RFD formation.

Barnes (1978a) also concluded that the RFD originates at middle to upper lev­

els (6.0 7,.j km) based on his study of the 29-30 .\pril 1970 Oklahoma tornadic 

thunderstorms. He surmised that the storm-relative midlevel flow (20-25 m s~‘) 

approaching the cyclonically rotating updraft was decelerated and deflected on the 

upwind I south) side while the relative upwind stagnation point shifted to the left of 

the intercepting wind vector: i.e.. toward the southwest flank. Here "stagnating” air 

experienced the longest contact with the adjacent updraft while mixing only slightly 

with it both cloud and small precipitation drops chilled this air by evaporation 

and begin its downward acceleration before saturation can occur. Barnes added 

"He t uiphaHize that the high horizontal momentum and proximity to the updraft 

rnakr the RFD a potentially important interactant with the gust front and updraft's 

.'iiirfact roots . . .  IfV also note that the location and extent of such a downdraft prob­

ably depends upon the ambient flow relative to the storm, which very likely requires 

a .^peetfir rertical shear profile to place it on the rear flank of a storm where it at­

tains an influential position. " Barnes interpreted the large reflectivity gradient on 

the tnidlevel upwind (southwest) flank as indicating dry ambient air adjacent to a 

precipitation-laden updraft [Bonesteele and Lin (1978) made a similar inference].

Based largely on the work by Barnes (1978a,b). Lemon and Doswell (1979) in­

ferred that the RFD originated between 7-10 km on the relative upwind side of 

the updraft [note that they did not say upshear side; Rotunno and Klemp (1982) 

showed that the linear forcing for pressure fluctuations depends on the vertical shear, 

and numerical results confirmed this theoretical prediction, as did some later dual- 

Doppler radar findings (e.g., Hane and Ray 1985)]. They explained the evolution of
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tlu‘ RFD and tornadogenesis as follows: (1) air decelerates at the upwind stagnation 

point, is forced downward, and mixes with air below which then reaches the surface 

tlirougli evaporative cooling and precipitation drag; (2) the initially rotating updraft 

is then transformed into a new mesocyclone with a divided structure, in which the 

circulation center lies along the zone separating the RFD from the updraft (this 

process appears to result, in part, from tilting of horizontal vorticity): (3) "descent 

of the mesocyclone circulation occurs simultaneously (within the limits of tempo­

ral resolution) with the descent of the RFD." The authors cited the observation 

wf an echo-free hole at 7.5 km. directly above a notch behind the low-level hook 

echo they believed this to be the signature of the RFD. Lemon and Doswell cited 

storm-relative midlevel inflow impingement as the RFD source, because Darkow and 

McCann (1977) showed that the relative flow at these levels is much stronger than 

the storm-relative minimum they found at 4 km. and because of the Barnes ( 1978a,b) 

and Nelson (1977) evidence. Lemon and Doswell also hypothesized that the RFD 

initially is dynamically forced, and then enhanced and maintained by precipitation 

drag and evaporative cooling.

Lemon and Doswell noted that just before tornadogenesis. the mesocyclone center 

shifted from near the updraft center to the zone of high vertical velocity gradient. 

The early mesocyclone wius apparently a rotating updraft, whereas the transformed 

mesocyclone had a divided structure, with strong cyclonically curved updrafts to the 

east in the "warm inflow sector” and strong cyclonically curved downdrafts to the 

west in the "cold outflow sector." .\nd while the tornado was apparently found in 

a stru n g  vertical velocity gradient. Lemon and Doswell noted tha t it was probably 

located on the updraft side of that gradient.

One last signiHcant aspect of the review and conceptual model in Lemon and 

Doswell (1979: Fig. 1.8) was the absence of the anticyclonic vorticity commonly 

observed on the side of the hook and RFD opposite from the intense cyclonic vorticity 

(e.g.. Ray et al. 1975: Ray 1976; Brandes 1977b, 1978). Understandably, greater 

attention historically has been given to the more intense cyclonic vorticity.

Klemp et al. (1981) attributed the RFD in the 20 May 1977 Del City, Okla­

homa >torm to water loading and evaporation based on precipitation trajectories 

crudely approximated using estimated terminal fall speeds. Moreover, midlevel flow 

approaching the storm  from the east flowed through the FFD — not through the RFD
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F igu re 1.8: C onci'ptuai iiiuiiel o f  a turuaciic supercell at the surface based on observations 
and radar stu d ies. [From Lem on and D osw ell (1979).]

a.s Biowiiiiij^ ( 19G4) had conceptualized. RFD air at the surface appeared (from tra­

jectory analyses in their numerical simulation and in the observations of the storm) 

to have come from 1 2 km above the ground (directly behind the gust front: air 

from higher levels reached the surface farther behind the storm).

Hane and Ray (1985) retrieved pressure and buoyancy fields in the Del City 

storm. In the pre-tornadic stage, the pressure distribution included at each level a 

high-low couplet across the updraft with the maximum horizontal pressure gradi­

ent (V/,p) generally oriented along the environmental shear vector at that altitude, 

in agreement with linear theory predictions (Rotunno and Klemp 1982). In the 

tornadic stage the pressure field contained a pronounced minimum at low levels 

coincident with the mesocyclone. probably owing to strong low-level vertical vortic­

ity (y). While the orientation of V/,p agreed relatively well with linear theory, the
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strength of V/ip did not agree as well (|V/ip| depends on \dyf/dz\ |Vm| cos 0, where 

V is the horizontal wind velocity and Q is the angle between d v /d z  and V tc)—the 

am hut s stated that possibly the orientation and magnitude of the shear vector were 

not known exactly [owing to proximity issues for the "composite" sounding (e.g.. 

Brooks et al. 1994b) -V /,p  is quite sensitive to |V ic |—also, Vic probably

had significant errors]. .Agreement of the locations of vorticity maxima with respect 

to 0 \/(J :  also appeared reasonable (in terms of linear theory: e.g.. Rotunno 1981). 

Hane and Rav found weak high perturbation pressure (p' ~1 mb) in the RFD behind 

the gust front during the time of the tornado. .\n  inflow low was retrieved (p' as 

low as - i  mb) east of the mesocyclone. Pressure excesses of 2-3 mb were retrieved 

in the precipitation core.

Hane and Ray (1985) attributed "occlusion downdraft formation (reviewed in 

the next chapter) to increasing low-level rotation, but they, like others, did not 

discuss the asymmetry of the downdraft with respect to the vortex axis. Their Fig. 12 

(Fig. 1.9) showed that the vorticity maximum was south of the buoyancy maximum 

at I km. but the authors used considerable smoothing on the buoyancy field to 

eliminate noise [Brandes (1984a) showed low-level buoyancy fields that contained 

cunsiderable noise the details in the low-level buoyancy fields retrieved by Hane 

and Ray (1985) and Brandes (1984a) probably are suspect]. The buoyancy and 

vorticity fields displayed in the figure would allow for the possibility of an off-vortex- 

axis occlusion downdraft that could be driven by low-level rotation, because the 

maxitnum vertical vorticity was not co-located with the maximum buoyancy (it 

should also be reminded that vertical pressure gradients associated with vertical 

vortiiitv gradients give rise to vertical accelerations, not vertical velocity itself). It 

also might be noteworthy that the tornado was situated in the buoyancy gradient 

between updraft and downdraft, and tha t the RFD contained significant negative 

buoyancy in Hane and Ray's analysis (tem perature deficit as low as -4.5 K).

Ray et al. (1981) showed evidence of a vorticity couplet straddling the hook 

echo (and downdraft maximum) of the Del City storm; the anticyclonic vorticity 

was small in magnitude, however. As with previous studies, little discussion was 

provided pertaining to the negative vorticity region, although the authors briefly 

mentioned that downward vortex tilting might have been the cause. The Doppler 

analyses by Klemp et al. (1981) of the same storm depicted a  downdraft region that
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turned counierclofkwise (i.e.. spiraled) around the updraft as it descended. The 

aiiidv.se^ l)v Klemp et al. also depicted anticyclonic vorticity at the surface on the 

opposite side of the RFD as the cyclonic vorticity: an anticyclonic reflectivity flare 

also was discernible. .Maximum positive and negative vorticity (in their analysis and 

in their simulation results) were nearly equal in magnitude above approximately 

'2 km. But near the time of tornadogenesis, low-level (<2 km) maximum positive 

vorticity became twice as large as the negative vorticity.

.lohnsoii «‘t al. ( IdST) used observations of the 20 May 1977 tornadic storms to 

evaluate theories on the initiation of midlevel and low-level rotation and to verify 

theriiiodynamic retrievals. .Johnson et al. found that the thermodynamic retrieval 

results bv Branch's (1984a) and Hane and Ray (1985) were in good agreement with 

independent measurements where available: however, "rwtictablt différences in the 

rryiun uf the RFD suggested that there was room for improvement in the retrieval 

methods. " The vertical pressure gradients in the vicinity of the main updraft during 

the tornadic phase could not be verified by direct observation.

1.2.2 B ra n d es’ work

Probablv no one presented as many detailed Doppler radar analyses of supercells as 

Brandes [1977a. 1977b. 1978. 1981. 1984a. 1984b: Brandes et al. (1988)]. Brandes 

(1977a) looked at a non-tornadic supercell on 6 June 1974. Hook echo formation 

was attributcnl to the horizontal acceleration of low-level droplet-laden air as the 

downdrafts intensified and the outflow interacted with the inward-spiraling updraft 

(apparently this hypothesis was essentially tha t precipitation advection was respon­

sible tor hook formation). Moreover. Brandes hypothesized tha t the hook echo re­

flected downdraft intensification, and the hook shape was produced by ‘‘interaction 

between outflow and inflow."

In addition to his study of the hook echo, Brandes (1977a) found low 9̂ , air 

(<18^C) on the southwest flank of the storm —this presumably was RFD air, and 

it was observed <6 km from the mesocyclone. Relatively high surface 6^ values 

(>20 ( 'i  were found in the central part of the reflectivity core (suggesting some 

mixing in the heavy rain areas with air originating a t low levels). The rainfall 

maxima matched the hook echo locations, in contrast to Browning (1964), who
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tuuiul the heaviest rainfall beneath left-hand parts of severe right-moving storms 

I i.e.. in the main core).*

Brandes (19771). 1978) analyzed the Oklahoma City and Harrah tornadic super- 

cells of S .June 1974. Observations again were made of vortex couplets that straddled 

the RFD and hook echo. With regard to the surface gust front. Brandes remarked 

that the wave-like gust front structure was remarkably similar to the roll-up of a 

perturbed vortex sheet into individual vortices. Furthermore, Brandes found that 

niesiK yclones were oiciuded (luring the tornadogenesis stage and the parcels of air 

that entered the tornado came through the hook echo and RFD. Numerical simula­

tion results (e.g.. Wicker and Wilhelmson 1995) and more recent Doppler analyses 

(e.g.. Dowell and Bluestein 1997) also have shown that the parcels entering the 

tornado pass through the RFD.

Brandes ( 1981 ) also showed evidence of anticyclonic vorticity on the opposite side 

of the hook echo as the cyclonic vorticity maximum in the Del City-Edmond tornadic 

storm of 20 May 1977 (his Figs. 2. 4. 5. 7. 8): however, no discussion of the feature 

was provided (Fig. 1.10). Brandes’ Figs. 4a and 10 also depicted an anticyclonic 

reflectivity Hare on the hook echo. ,A.s for RFD-genesis. Brandes stated “presumably 

the initiating downdraft (associated with the rear-flank gust front) is formed by 

precipitation falling from the sloping updraft . . .  we suppose the intruding flow has 

low Bu... and when chilled by evaporation, becomes negatively buoyant ...because  

the entrained air penetrates well into the storm, evaporative cooling rather than 

perturbation pressure forces may initiate the downdraft." Intrusion of the hook 

south of the tornado was thought to result from increased entrainm ent and possible 

downdraft descent on the rear of the storm.

The tornado resided within the large vertical velocity gradient between the main 

updraft and RFD. Radial inflow accelerated to 35 m s“ * just prior to tornadogenesis. 

Brandes mentioned that the RFD appeared pnor  to tornadogenesis. in contrast 

to the Harrah tornado, in which, according to Brandes (1978), the RFD did not 

become prominent until after tornado formation. Maximum descent in the RFD 

was near 1.5 2.0 km. Brandes (1981) also stated “. . . th e  sudden appearance of

‘The RFD may have been too cold/strong in this non-tomadic case— winds gusted to 42 m s ‘ 
in tile cold RFD.
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strong rear clowndrafts in storms persisting for hours may also relate to the intensity 

and distribution of updrafts and vorticity.’’

Blocking of midlevel environmental flow was most noticeable near the elevated 

vortex (5.-I km); the location of the vortex and the considerable entrainment to 

the right might have accounted for the apparent erosion of the radar reflectivity 

pattern [Brandes’ (1981) Fig. 2]. The data also indicated that strong anomalous 

shears aloft did nut build down to the surface prior to tornadogenesis. in contrast 

to radar observations of the Union City tornado (Lemon et al. 1978). Brandes 

suggested tha t stretching/conservation of angular momentum was most important 

for tornadogenesis. in contrast to the Lemon and Doswell (1979) model in which 

vorticity tilting bv the RFD assumed a larger role. Brandes proposed that the RFD 

wa), im portant, but he did not state how or why — he also speculated more about 

the role that a shearing instability might play in tornadogenesis.

Brandes (1984a) retrieved the pressure and buoyancy flelds in the Del City (20 

May 1977) and Harrah (8 June 1974) tornadic storms (Fig. 1.11). [Hane and Ray 

( 198 j  I also performed a thermodynamic retrieval on the Del City storm, but used 

a slightly different approach.] He found that upward-directed perturbation pres­

sure gradient forces near the mesocyclone were reduced and could be reversed as 

the low-level vorticity amplifies; Brandes attributed the sudden formation of "con­

centrated rear downdrafts” to vertical, nun-hydrostatic pressure gradient reversal. 

Furthermore, (qualitative examination of the retrieved buoyancy distributions sug­

gested that horizontal vorticity generation by buoyancy gradients in the inflow was 

not essential for mesocyclone intensification or tornadogenesis. [Johnson et al. (1987) 

also found weak forward-flank baroclinity in the Del City storm (A T < 2 K over 

I') km), the authors acknowledged that the baroclinity was too weak for it to be 

important.,

Brandes (1984a) also retrieved high p' on the rear of the Del City storm (as in 

Bonesteele and Lin 1978). but the data did not extend sufficiently far upwind so 

that vertical pressure gradients in the stagnation region could be examined. Some 

evidence was found of warm temperatures behind the gust front (Del City storm), 

which Brandes attributed to subsidence in the RFD.

Brandes (1984a) found cloud base tem perature to be relatively cool (T ' < 0), 

but an upward-directed non-hydrostatic vertical pressure gradient existed (Del City
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sturni). At 3.3 kni. cool temperatures on the southern fringe of the storm were 

suggestive of evaporative cooling as environmental air mixed with storm air. Also 

at 3.3 km. cold tem peratures were retrieved in the R FD —radar reflectivity was a 

minimum here, possibly implying that evaporation was occurring. In the Harrah 

Sturm, Brandes (198-la) also retrieved negative buoyancy in the RFD above the 

surface: no mention W c i s  made of the buoyancy immediately behind the gust front 

(in the Del City storm. Brandes stated that warm air was found near the surface 

behind the RFD mist fronti.

Brandes (198-la) attribu ted  sudden "occlusion downdraft’’ formation to the ver­

tical [u'essiire gradient owing to the explosive growth of low-level vorticity as Klemp 

and Rutimnu (1983) found. (Klemp and Rotunno defined the "occlusion down­

draft" as a smaller-scale downdraft within the larger-scale RFD. A review of the 

origin of this term is presented in chapter 2.) However. Brandes' data  showed that 

the occlusion downdraft was not axisymmetric: this m atter was not discussed. He 

argued that "previous explanations for rear downdrafts, such as evaporative cooling 

and downward pressure forces caused by strong upper tropospheric winds impinging 

upon storms, involved enduring processes which were inconsistent with the abrupt 

and concentrated nature of these phenomena.”

Brandes ( 1984b) claimed that the occlusion downdraft formed after the incipient 

tornado had been detected and roughly coincided with tornado touchdown. Brandes 

1198-lb) concltided that (1) vertical vorticity amplification during tornadogenesis was 

largely by increased convergence that resulted from rainy downdraft-updraft inter­

action. and (2) rear downdrafts were not im portant for mesocyclone sustenance or 

intensification, although they figured prominently in the declining stages, when they 

pervaded the mesocyclone and vertical vorticity was reduced rapidly by divergence. 

He also stated that " . . .  no compelling observational evidence was uncovered that 

related mesocyclone intensihcation to a vertical vorticity transport in either rainy 
or rear downdrafts."

Brandes et al. (1988) hypothesized that because RFDs possessed weak positive or 

negative helicity (i.e.. they straddled vortex couplets), the decline of storm  circula­

tion might be hastened by turbulent dissipation when the downdraft air eventually 

mixes into supercell updrafts. As in Brandes (1984a,b) and Klemp and Rotunno 

(1983). Brandes et al. claimed that "the updraft minimum in the Lahoma storm
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and rear downdraft in the Orienta storm apparently owed their existence to the 

build-up of low-level vorticity and related downward vertical pressure gradients.” 

Large downward pressure forces existed within the rear downdraft and lefthand por­

tions of the persistent updraft region in the Orienta storm, and to the rear of the 

persistent updraft in the Lahoma stortn. Brandes et al. (1988) probably presented 

the most  comprehensive analyses, discussion, and insight into the pressure distribu­

tion in supercells to date, but the RFD initiation mechanism remained unclear.

1.2.3 O bstacle  appearance

Many have suggested that supercells act like obstacles in the flow (e.g.. Newton and 

Newton 19Ô9: Fujita 19üô: Fujita and Grandoso 1968: .\lberty  1969; Fankhauser 

1971: Oharba and Sasaki 1971; Lemon 1976b: Barnes 1978a: Klemp and Wilhelmson 

1978a: Lemon et al. 1978: Lemon and Doswell 1979: Brandes 1981). Theoretical 

studies followed that refuted the obstacle analogy as a viable explanation for deviant 

storm propagation (e.g.. Rotunno 1981: Rotunno and Klemp 1982). and these studies 

also showed that the pressure distribution around an updraft also was not what 

Would i)e expected if the updraft was behaving as an obstacle [except at storm 

top ( Davies-.loties I98ô)j. .Notietheless. some studies have shown that updrafts can 

di.^[)lav behavior that appears similar to how a solid obstacle might be expected to 
behave.

Lemon (197Gb) found evidence (five cases) of anticyclonic vortices being shed 

from severe right-moving storms. None of the eddies documented were cyclonic. 

Lemon offered two hypotheses: (1) von Karrnan vortices^ (do not require a rotating 

obstaijt'j the cyclonic vortices were suppressed by enhanced subsidence on the right 

flanks that did not allow the vortices to persist and be advected downstream by the 

free stream velocity: (2) starting vortices (require a rotating obstacle)—the vortices 

were generated when a solid cyclinder began rotating, with the vortices being shed 

with circulation of the opposite sign of the rotating cylinder. The second hypothesis 

might be more plausible, since it would explain why only anticyclonic eddies were

'N’oii Karman vortices have been shown in fluid dynamics laboratory experiments to develop 
when flow moves past a cylindrical solid object in intermediate Reynolds number (80-200) regimes 
le.g,. Kimdu 1990)
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observed. Furthermore, the second hypothesis was supported by the fact that the 

eddies were only observed in severe storms (assuming rotating updrafts are the most 

intense), and also because the vortices were seen shortly after the storms made right 

turns and hook echoes formed, suggesting that the eddy shedding occurred as a non- 

rotating obstacle hrst began to rotate. These observations suggested that updrafts 

might possess at least some blocking characteristics (or at least that updrafts were 

not entirely porous and did share similarities with solid, rotating obstacles).

Klemp et al. (1981) found in the Del City storm that flow around the storm 

at upper levels (7 IÜ km) resembled obstacle flow with strong outflow from the 

updraft being diverted downstream (Fig. 1.12). They noted, however, that this 

environmental air flow differed significantly from two-dimensional flow around an 

obstacle because flow approaching the storm just to the left of the "stagnation 

point" dcM i'iided into downdraft regions while air immediately to the right entered 

the updraft and ascended to high levels. Below the 7 10 km layer (where flow was 

"obstacle-like" ). the direction of flow within the updraft was strongly biased by 

the environmental wind direction at that level: this appeared to result partly from 

entrainment of environmental air into the updraft (Fig. 1.12).

1.2.4 Collapse o f  overshooting  tops

Some evidence has suggested updraft weakening just prior to tornadogenesis. Burgess 

et al. (1977) and Lemon and Burgess (1976) documented tornadogenesis occurring 

during the collapse of the overshooting storm top. Fujita (1974a,b) also found visual 

and satellite evidence of an association between the collapse of overshooting tops 

and the onset of tornadogenesis. and hypothesized th a t tornadogenesis occurs when 

the o v e r s h o o t in g  top collapses (Fujita 1973).

1.3 Visual and surface observations of RFDs

\  isual and surface observations of supercells increased during the 1970s largely be­

cause of organized storm intercept programs at NSSL (Golden and .Morgan 1972; 

Davies-.]ones 1986: Bluestein and Golden 1993). Many of these observations have
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Klemp et al. (1981).]
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dear slot

Figure 1.13: Photograph of the 2 June 1995 Dimmitt, TX tornado showing a typical clear 
slot associated with an RFD. Photograph by P. Markowski.

advanced our understanding of the basic structures of tornadoes and their parent 
storms.

Golden and Purcell (1978) photogrammetrically documented subsiding air on the 

south side of the Union City tornado, apparently a visual manifestation of the RFD 

and also evidence tha t the tornado occurred in a strong vertical velocity gradient. 

Moreover, a clear slot was seen to wrap itself a t least two-thirds of the way around 

the tornado. Other observations of clear slots, which are probably always visual 

manifestations of subsiding air in an RFD, have been presented by Beebe (1959; this 

was probably the hrst documentation), Peterson (1976), Stanford (1977), Burgess 

et al. (1977). Lemon and Doswell (1979), Marshall and Rasmussen (1982), and 

Rasmussen et al. (1982) and Jensen et al. (1983), who also noted near to ta l occlusion 

of the low-level mesocyclone prior to tornadogenesis (Fig. 1.13).

Burgess et al. (1977) also found that the clear slot could be associated with a 

hook echo: "Perhaps large droplets are present in the downdraft and are brought
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down from the echo overhang, even though the air contains only ragged clouds or is 

visibly cloudless at low levels. If so. since radar reflectivity is more strongly depen­

dent on the size rather than on the number of droplets, radar may show substantial 

echo in the clear' slot." [Analysis of the 2 June 1995 Dim m itt, TX tornadic su- 

percell also indicated an association between the hook echo and clear slot, based on 

phutogrammetricallv determined cloud positions (Rasmussen and Straka 2001).]

.\lth(jugh a relatively small number of supercells were analyzed with Doppler 

radar, direct surface observations within supercells were even less common. Barnes 

( 1978a.b) found that 0̂ .. decreased by 2 3 K directly behind the RFD gust front 

in a tornadic storm on 29 .\pril 1970; farther northwest. 0̂ , decreased by >5 K. 

Xelson (1977) also showed evidence of low 6^ at the surface in the divergent area 

behind the main updraft in his 25 May 1974 case. Furthermore, Lemon (1976) and 

C'harba and Siisaki (1971) observed values compatible with midlevel (3-5 km) 

environmental air. as well as large pressure excesses and divergence on the right- 

rear Hanks of supercells on 3 April 1964. immediately behind the echoes. Klemp et 

al. (1981) referred to "cold downdraft (rear-flank) outflow" in the Del City storm, 

but no evidence was presented proving th a t this was actually cold—observations by 

Branch's (1984a) and Johnson et al. (1987) suggested that at least parts of the Del 

City rear-flank outflow were warm, although 6̂  ̂ values may not have been as large 

as in the inflow Brown and Knupp (1980) documented nearly constant 6^ 3 km 

east of the Jordan. Iowa F3 atid F5 tornado pair, and those observations probably 

were in the RFD air tnass. based on the pressure trace, which measured a pressure 

excess of a few tub.

In his summary of Totable Tornado Observatory (TOTO) observations. Bluestein 

(1983) documented a warm RFD and pressure rise of >2 mb in a non-tornadic 

supercell on 17 May 1981. Bluestein also presented evidence of a 1.5 K temperature 

rise in an RFD approximately 1.3 km south of the Cordell, Oklahoma tornado on 22 

May 1981. Similar to what Fujita (1958b) first inferred, Bluestein also showed data 

that suggested high pressure at least partly encircling a tornado (his Fig. 7). In the 

violent Binger. Oklahoma tornado on 22 May 1981. small tem perature fluctuations 

(<1 K) were observed as the tornado passed within a few 100 m north of TOTO.

Johnson et al. (1987) presented observations of the RFD and FFD of the Del 

City storm collected by a 444-m tower as the storm passed overhead. The RFD
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was associated witli equivalent potential temperature (#g) values approximately 4 K 

lower than the ambient conditions; however, the tem perature increased 1.5 K and 

the dewpoint tem perature decreased 2.5 K—if Qg was nearly conserved, then air 

had subsided from approximately 1 km. Although the RFD was not sampled well 

bv the tower, the data  tha t were available suggested an apparent mesolow beneath 

the RFD. .\lso associated with the mesolow was a downward-directed perturbation 

pressure gradient force within the lowest half kilometer.

Lemon and Doswell ( 1979) proposed that RFD air can be distinguished from FFD 

air because it is drier, denser, and usually cooler. O ther evidence of these differences 

appeared in Lemon (1974) and Nelson (1977). although Lemon and Doswell also 

noted the finding of Williams ( 1963) that RFD air can arrive at the surface warmer 

than its surroundings if insufhcient condensate is present in the descending parcels 

til maintain negative buoyancy.

1.4 Recent findings

In contrast to the major observational, theoretical, and numerical simulation ad­

vancements of the previous decades, the last ten years have brought relatively few 

new revelations. The Verification of the Origins of Rotation in Tornadoes Experi­

ment (VORTEX: Rasmussen et al. 1994) and smaller, post-VORTEX field experi­

ments have collected surface data of unprecedented spatial and temporal resolution; 

however, these data have not yet been fully explored.

Rasmussen and Straka (1996) documented a warm RFD south of the Dimmitt 

tornado on 2 .June 1995. In the same case, the hook echo was co-located with the 

surface divergence maximum, implying an association between the hook echo and 

(at least) a low-level downdraft [as also had been suggested by, e.g., Fujita (1973, 

1975. 1979). Lemon (1977). Lemon et al. (1975), Brandes (1977), and Burgess et al. 

(1977);.

.\dditional evidence has come forth of vortex couplets straddling the hook echoes 

of tornadic storms (Rasmussen and Straka 1996; Wurman et al. 1996; Straka et al. 

1996: Bluestein et al. 1997b: Dowell and Bluestein 1997; Wakimoto et al. 1998a,b; 

Rasmussen and Straka 2001) as well as in at least one non-tornadic storm (Gaddy 

and Bluestein 1998).
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Wakiiiiüto t>t al. (1998a) concluded tha t the occlusion downdraft was largely 

driven by the reversal of the vertical gradient of dynamic pressure, owing to in­

creasing vorticity at low levels. They found th a t precipitation loading forcing of the 

occlusion downdraft was an order of magnitude less than the forcing provided by 

the non-hydrostatic vertical pressure gradient. [Carbone (1983) had suggested that 

precipiratiun loading may contribute to occlusion downdraft genesis.] Wakimoto et 

al. stated that agreement between the occlusion downdraft and the (vertical) pres­

sure gradient force provides convincing evidence that the negative vertical velocities 

are ilvnainically driven by the strong low-level rotation" (it is the author s opinion 

thiit because pressure is retrieved from the 3D wind velocity field, the vertical pres­

sure gradient force and vertical velocity fields should be expected to agree generally 

regardless of how realistic either field is). Wakimoto et al. did not discuss why the 

occlusion downdraft hypothesized to have been driven by low-level rotation was not 

'coincident with the low-level vertical vorticity maximum (their Fig. of).

Other recent supercell studies by Blanchard and Straka (1998). Trapp (1999). and 

Wakimoto and Cai (2ÜÜU) have presented evidence that the differences between tor­

nadic and non-tornadic supercells may be subtle, if even distinguishable, in pseudo- 

dual-Doppler radar analyses of the wind fields. These observations partly have been 

a motivation for the present work. It is the author s belief that the thermodynamic 

ditlerences between these tornadic and non-tornadic supercells at the surface within 

the ir  RFDs may not be so subtle. More discussion on this subject appears in future 
chapters.

Finally, at least one documentation has been made of hook echoes not associated 

with rotating updrafts and RFDs. Houze et al. (1993) showed examples of hook- 

shaped (in a cyclonic sense, with the hooks pointing toward the right with respect 

to storm motion) reflectivity structures in left-moving severe storms in Switzerland. 

These features, termed "false hooks’’ by the authors, apparently were associated with 

the cyclonic downdraft regions on the right (southern) flanks of the anticyclonically 

rotating storms (in which the updrafts would have been on the left (northern) flanks].
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Chapter 2 

Theoretical and numerical modeling studies 
pertaining to rear-flank downdrafts

2.1 Research prior to 1990

2.1.1 N um erical m odeling  efforts

At aiDiiiul rlic same tinu’ that the tediiiological advance of Doppler radar allowed for 

a three-dimensional view of the air How in a supercell, computer power had advanced 

to the point where three-dimensional cloud models could be contemplated (Rotunno

1993).

The Hrst simulation wiis carried out by Schlesinger (1975), but a vortex pair at 

midlevels was the oidy feature that resembled a supercell. Later simulations, carried 

out for much longer than Schlesinger's original simulation, began to show features 

that were qualitatively similar in appearance to those observed in Doppler radar 

studies (e.g.. Klemp and Wilhelmson I978a.b: Wilhelmson and Klemp 1978).

Klemp et al. ( 1981) simulated a supercell with a composite sounding derived from 

three ■ proximity" soundings on 20 May 1977. and compared the simulated storm 

characteristics to those observed in the Del City storm (which was sampled by four 

Doppler radars). Trajectory" analysis (these were not true trajectories, but rather 

streamlines if the storm was assumed to be quasi-steady, then the streamlines 

Would be similar to trajectories) in the simulated supercell showed obstacle-like How 

at 7 10 km. Parcels at 7 km tha t impinged upon the upshear side of the updraft 

did not appear to sink [in contrast to the hypotheses of Barnes (1978a), Nelson
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(1977). and Lemuii and Doswell (1979) which proposed that the RFD had an origin 

above 7 km], but those at 4 km did: i.e., the RFD was 4-7 km deep (parcels from 

4 7 km did not reach the surface, but negative vertical velocities extended to 4-7 

km). Surface RFD air appeared to come from 1-2 km aloft, directly behind the 

gust front: farther behind the gust front, air from higher levels reached the surface, 

furtherm ore, the RFD air at the surface had 9g values as much as 8 K lower than 

the surfaee iiiHow 0,. value. Lastly, the positive and negative vorticity maxima above 

2 km were nearlv ei|ual in magnitude in the simulation bv Klemp et al. But near 

tlie time of tornadogenesis. low-level positive vorticity became twice as large as the 

negative vint ici ty.

Klemp and Rotunno (1983) investigated the transition of a supercell into its tor­

nadic phase through use of a high resolution (251) m grid spacing) model initiated 

within the interior of the domain of the Del City supercell simulation performed by 

Klemp et al. (1981). W ith the enhanced resolution. Klemp and Rotunno found that 

the low-level cyclonic vorticity increased dram atically and the gust front rapidly oc­

cluded as small-scale downdrafts developed in the vicinity of the low-level circulation 

center. They concluded that the intensification of the RFD during the occlusion pro­

cess was dvnamically driven by the strong low-level circulation. This was the first 

study to propose such a mechanism for downdraft genesis and intensification. Later. 

Brandes ( 1984a.b) and Brandes et al. (1988) would make the same conclusion based 

on Doppler radar analyses of tornadic storms.

Klemp and Rotunno (1983) defined the RFD as that "which supports the storm 

outflow behind the convergence line on the right Hank.’’ They stated tha t since non- 

tornadic storms often were observed to persist for long periods of time with a well- 

dehned gust front, these storm-scale downdrafts (RFDs) were not uniquely linked 

to tornadogenesis within a storm. On the other hand, noted Klemp and Rotunno. 

if a storm progressed into a tornadic phase, the gust front became occluded and 

a strong downdraft formed directly behind the gust front at low levels and also 

might divide the updraft at midlevels. Klemp and Rotunno referred to  this smaller- 

scale downdraft as the "occlusion downdraft.’’ Klemp and Rotunno proposed that 

this occlusion process and its associated downdraft were dynamically induced by 

the strong low-level rotation that evolved along the convergence line. The rotation 

induced low pressure coincident with the center of circulation and dynamically forced
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ail iluwii tViJiu above the downdraft formed first at low levels and then extended 

upward as the How adjusted to the non-hydrostatic vertical pressure gradient force. 

Rotunno ( I98G) also hypothesized that the occlusion downdraft was initiated by the 

explosive growth of vertical vorticity at low levels.

The Hnding of Klemp and Rotunno that the occlusion downdraft is dnven by 

luu'-ltL'tl rotation sometimes has been implied as being in conflict (e.g., Klemp 1987) 

with their predecessors' early hypotheses that the RFD is driven from aloft ther- 

niodvnaiuicallv or dvnamicallv and /.s responsible for  increasing low-level rotation 

(e.g.. Fujita 197Ô: Burgess el al. 1977; Barnes 1978a; Lemon and Doswell 1979). 

However, it is my opinion tha t the issue is one of semantics; I do not believe that 

a conflict exists at all. The occlusion downdraft and RFD are two distinct entities, 

as defined by Klemp and Rotunno; thus, the formation mechanisms and roles of the 

occlusion downdraft and RFD should not be anticipated to be necessarily identical, 

t )b.M>i valions of RFD formation preceding the increase of low-level vorticity are plen­

t i ful  t c .g. .  L e m o n  and Doswell 1979: Brandes 1984a.b; Rasmussen and Straka 2001). 

Oiii e a downdraft forms, the vertical distribution of angular momentum invariably 

must be affected, and feedbacks on the downdraft by the new angular momentum 

distribution would be probable (e.g., when low-level rotation becomes substantial, 

a downward-directed vertical pressure gradient could become established, acceler­

ating air downward). Early hypotheses that the RFD is responsible for bringing 

rotation to low-levels never ivsserted that once low-level rotation began to intensify, 

tiiat dynamic effects could not feed back on the downdraft. Therefore, I feel that 

the occlusion downdraft may be viewed as a rapid, small-scale intensiflcation of the 

RFD that occurs after the RFD transports higher angular momentum air to low lev­

els (i.e.. the occlusion downdraft is a byproduct of the low-level vorticity increase); 

I stipulate that this evolution is not at odds with early proposals tha t the RFD is 

initiated at middle to upper levels and is responsible for initiating rotation near the 

ground (and 1 also speculate that the clear slot may be a visual manifestation of an 

intensifying RFD or "occlusion downdraft” ).

It should also be noted tha t although the occlusion downdraft in the Klemp and 

Rotunno 11983) simulation was found to be driven by low-level vorticity amplifica­

tion. the occlusion downdraft did not descend along the axis o f low-level rotation. 

.\o  explanation was offered (one might expect tha t the vertical pressure gradient
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associated with the vertical gradient of vertical vorticity would lead to a maximum 

acceleration along the rotation axis). Two reasons might account for the asymmetry:

11 ) the vertical pressure gradient associated with the vertical gradient of vertical vor­

ticity [di^/Oz) does not contribute to vertical velocity directly, but rather to vertical 

accelerations {dii'/dt)—thus, dw /d t  might be a minimum in the vorticity maximum 

center, but if this occurs within the updraft (where w 0), then a downdraft 

I//• < 0) may first appear on the periphery of the updraft (away from the center of 

rotation I. where //• is less positive: (21 other terms in the vertical momentum eqtia- 

t ion. when combined with the vertical pressure gradient force (dp'p/dz—a dynamic 

perturbation pressure gradient) owing to OC /̂Oz. may force the strongest downward 

acceleration away from the tixis of largest C—e.g., buoyancy or pressure gradients 

owing to buoyancy [Op'^/Oz a hydrostatic perturbation pressure gradient) may fa­

vor iuscent in the updraft center, so that the net effect of buoyancy, dp'g/dz, and 

Op'p/Oz may yield the strongest downward acceleration on the updraft periphery. 

In fact, superposition of the fields of the vertical momentum equation forcing terms 

in Klemp and Rotunno’s (1983) simulation leads to the strongest downward accel­

eration being a significant distance to the south of the maximum low-level rotation 

(Fig. 2.1). Thus, it is entirely possible for an occlusion downdraft to be "driven" by 

low-level rotation even if the occlusion downdraft is not co-located with the low-level 

rotation.'

Rotinmo and Klemp (1985) used simulations to investigate the origins of low-level 

rotation in supercells (being different from that responsible for midlevel rotation), 

and thev were among the first [iti addition to Davies-.Jones (1984)] to use the prop­

er tv of near-conservation of equivalent potential vorticity to illustrate why linear 

theory appeared to be more accurate than one would expect in the presence of large 

amplitude perturbations. They also demonstrated how Bjerknes circulation theorem 

could be used to explore the origins of low-level rotation in a supercell. Though their 

work was im portant, the findings probably were not relevant to the subject of RFDs 

and hook echoes.

' If a riiesucyclone is vertically tilted, then it also may be possible for an occlusion downdraft to 
reach the surface away from the center of strongest surface vorticity, as found by Wakimoto and
Cai (2000).
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F i g u r i '  2 . 1 ;  A  composite of the forcing terms in the vertical momentum equation in the 
nested, high resolution simulation by Klemp and Rotunno (1983) at < =  2 min and z = 250 
m. The figure has been adapted from Fig. 12 of Klemp and Rotunno’s manuscript. The 
hook echo and regions where w exceeds 0 and 3 rn s~* are shaded according to the legend. 
The region where downward local vertical velocity accelerations (dw/dt) are largest also 
is shaded. This region is located where the superposition of the buoyancy forcing, advec- 
tion. and dynamic pressure forcing leads to the strongest downward local vertical velocity 
ciianges (dw/dt). The regions where the buoyancy forcing (-Cpdd-Kf,/dz + B, where trj, 
is the perturbation pressure owing to buoyancy, B  is buoyancy, and all other terras have 
tlieir cimveutional meanings) and advection of vertical velocity (—v-Vm) are positive, and 
w i i e r e  the dynamic vertical pressure gradient (-CpOdi^dn/dz, where tr^n is the perturba­
tion pressure owing to nonhydrostatic effects) is most largely negative (downward), are 
indicated in the legend. The circulation center is indicated by the bold dot. Note that 
the largest downward acceleration occurs southeast of the low-level circulation center; a 
downdraft driven by increasing low-level rotation need not be co-located with the axis of 
strongest rotation.
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Most three-dimensional numerical simulations of supercells have produced cold, 

negatively buoyant FFDs and RFDs. However, some idealized simulations have sug­

gested that tornadogenesis may be favorable if downdrafts are not too cold. Eskridge 

and Das (1976) proposed that a warm, unsaturated downdraft could be important 

for tornadogenesis. although they did not specify whether the downdraft could also 

be cold, nor what the advantages of a warm downdraft over a cold downdraft were. 

Perhaps more importantly. Leslie and Smith (1978) found that some vortices could 

not (‘̂ tabli^h contact with the ground when low-level stable air was present, even if 

verv sh.dlow. Remarkably. Ludlam (1963) many years earlier had argued tha t "at 

Itast a propurtion of the air that ancends in the tornado must be derived from the 

cold oatftuw: if this contains the potentially cold air from middle levels its ascerit 

mujht be expected soon to impede if not destroy the tornado . . .  it may be particu­

larly important for the intensification and persistence of a tornado that some of the 

doicndi'aft air may be derived from potentially warm air which enters the left flank of 

the storm at low-levels." Ludlam's hypothesis may have been incredibly far-sighted, 

and it serves as a major motivation for this dissertation.

2.1.2 T heoretical stud ies

.Although tilting of horizontal vorticity to produce a rotating updraft was first hy­

pothesized by Barnes (1968. 1970) and demonstrated numerically by Schlesinger

(1975). Klemp and VVilhelmson (1978a.b). and VVilhelmson and Klemp (1978). the 

first extensive theoretical study of the tilting process in supercells was provided by 

Rotunno ( 1981). Rotunno used a system of linearized momentum equations to show 

that linear theory can account for a pair of counter-rotating vortices straddling an 

updraft, such as those previously observed (Ray 1976: Ray et al. 1975; Ray et al. 

1981) and numerically simulated (Klemp and Wilhelmson 1978a.b; VVilhelmson and 

Klemp 1978; Klemp et al. 1981) in supercells. Rotunno (1981) mentioned the al­

ternative view that counter-rotating vortices are due to an effective obstacle formed 

by fluid of less horizontal momentum being transported upward, partially (at least) 

conserving that momentum, and so, at the higher level there is, relative to the sur­

rounding flow, a deficit of horizontal momentum. Rotunno said “of course, these 

phenomena (tilting versus the process just described) are essentially the same.”
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Rorunnu and Klemp (1982) showed that linear theory predicts high and low 

pressure perturbations to be aligned with the environmental shear vector across the 

updraft, as opposed to the storm-relative wind. Rotunno and Klemp also commented 

on the obstacle How analogy, which had been invoked numerous times to explain ob­

servations of midlevel rotation and stagnation high pressure, which could ultimately 

dynamically force an RFD (e.g.. .-liberty 1969: Lemon 1976b; Barnes 1978a: Klemp 

and Wilhelmson 1978a: Brown 1992): (1) significant entrainment of momentum oc­

curs within the updraft "cylinder." making it quite porous: (2) storm-relative flow 

impinging on the cylinder varies considerably with height; (3) the prediction of high 

and low pressure perturbations aligned with the environmental shear is consistent 

with the equations of motion. .A.n im portant implication of their finding was that the 

prediction of the nun-hydrostatic vertical pressure gradient is independent of any a 

prion  estimate of storm motion.

While most of the theoretical studies pertaining to supercell storms investigated 

(be development of midlevel rotation (e.g.. Rotunno 1981: Rotunno and Klemp 

1982: Lilly 1982. 1986a.b: Davies-.Jones 1984). Rotunno and Klemp (1985) explored 

the sourie of low-level (1 3 km .A.GL) rotation in supercells and found the source 

(baroclinie horizontal vorticity generation in the forward-flank buoyancy gradient) 

to differ from the source of midlevel rotation (horizontal vorticity associated with 

the mean vertical shear). However, it was Davies-.Jones (1982a.b) who first noted 

that in order to obtain large vertical vorticity at the ground (i.e., a tornado) in an 

environment in which vortex lines are initially quasi-horizontal, a downdraft would 

be iieces.sarv.

Davies-,Jones ( 1982a,b) concluded that in a sheared environment with negligi- 

blt background vertical vorticity. an "in. up. and out” circulation driven by forces 

primarily aloft would fail to produce vertical vorticity close to the ground [this 

conclusion depends on eddies being too weak to transport vertical vorticity down­

ward against the flow: this was verified by Rotunno and Klemp (1985) and Walko 

( 1993)1. If a Beltrami model is crudely assumed to represent the flow in a supercell 

(Davies-.Jones and Brooks 1993), then vortex lines are coincident with streamlines 

and parcels flowing into the updraft a t very low levels do not have significant verti­

cal vorticity until they have ascended a few kilometers. Otherwise, abrupt upward



turning of streamlines, strong pressure gradients, and large vertical velocities would 

be retpiired next to the ground.

Davie.s-.Jones ( 1982a.b) neglected baroclinie vorticity and suggested that the 

downdraft had the following roles in near-ground mesocvclogenesis: (1) tilting of 

horizontal vorticity by a downdraft produces vertical vorticity: (2) subsidence trans­

ports air containing vertical vorticity closer to the surface; (3) this air flows out from 

the downdraft and enters the updraft where it is stretched vertically; (4) convergence 

beneath the updraft is enhanced by the outflow. Davies-.Jones also showed kinemati­

cally that the How responsible for tilting and concentrating vortex lines also tilts and 

pai k.N usent ropic surfaces, thus explaining observations of strung entropy gradients 

across mesocyclones near the ground.

2.2 Recent studies

In this section a short summary is presented of numerical and theoretical studies 

cuiuliu ted in the last ten years.

Davies-.Jones and Brooks (1993) showed that the vertical vorticity of air parcels 

descending in an RFD can be reversed during descent (from anticyclonic initially to 

less anticyclonic to cyclonic in the lowest 50 125 rn of their descent);

1. Strung storm-relative inflow restrains the outflow beneath the updraft (Brooks 

et al. 1993)

2. .\s air subsides in the downdraft, vortex lines turn downward due to the 

barottopic "frozen fluid lines" effect, but with less inclination than the trajec­

tories because horizontal southward vorticity is being generated continuously 

by baroclinity

3. Because the downdraft subsides "feet first’’ and the vortex lines now cross the 

streamlines from lower to higher ones, the barotropic effect acts to turn the 

vortex lines upward even during descent (tilting)

4. The baroclinie effect acts to increase horizontal vorticity further but does not 

control the sign of the vertical vorticity
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ô. Thus, air with cyclonic vertical vorticity appears close to the ground; as this 

air passes from the downdraft into the updraft, its cyclonic spin is substantially 

amplihed by vertical stretching

W icker and Wilhelmson (1995) used a two-way interactive grid to study tor­

nadogenesis. During a 4Ü-min period, two tornadoes grew and decayed within the 

mesocyclone. Maximum ground-relative surface winds exceeded 60 m s“ ‘ during the 

tormulues. which lasted approximately 10 min. Tornadogenesis was initiated when 

the mesucyclune rotation increased above cloud base: the increased rotation gen­

erated lower pressure in the mesocyclone. increasing the upward-directed dynamic 

vertical pK'ssure gradient force. The upward-directed pressure gradient force ac­

celerated the vertical motions near cloud base (to 20-30 m s '* ): as the updraft at 

cloud base intensified, the convergence in the subcloud layer increased rapidly and 

stretched vorticity sufficiently to form a tornado. No hypothesis was put forth of 

what causeil rotation to suddenly increase above cloud base. Tornado decay began 

when the vertical pressure gradient decreased or reversed at cloud base, weaken­

ing the updraft above the tornado (apparently the vertical pressure gradient was 

upward-directed, not downward-directed just prior to tornadogenesis. when others 

found it to be downward-directed at the time of occlusion downdraft initiation). 

.\s the updraft weakened, the low-level flow adverted the occlusion downdraft com- 

[)let(‘ly around the tornado, surrounding it with downdraft and low-level divergence. 

Cut off from its source of positive vorticity, the tornado dissipated, leaving a broad 

low-level circulation behind.

\ \  icker and Wilhelmson's Fig. 9 showed a spiraling, asymmetric RFD associated 

with tornailogenesis. Their figure also indicated anticyclonic vertical vorticity on the 

opposite side of the RFD as the cyclonic vertical vorticity. Furthermore, the RFD 

contained low 6̂  values (61' was as low as -1 5  K; 0' was approximately - 5  to - 8  K 

in the hook echo).

In contrast to Davies-Jones and Brooks (1993), Trapp and Fiedler (1995), and 

.\dlerm an et al. (1999). Wicker and Wilhelmson claimed th a t “cyclonic vorticity 

fouiul in the mesocvclone near the ground appears to be generated primarily from 

in How air. which originates east of the forward flank downdraft and very close to the
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^ruinai. " Wicker and Wilhelmson also found that parcels tha t entered the mesocy- 

clune from the RFD descend from ~500 m (like Davies-Jones and Brooks found) and 

initially contained negative vertical vorticity: however, vertical vorticity increased to 

only weakly negative values, not large positive values as Davies-Jones and Brooks 

had found. Trajectories into the tornado from the RFD revealed that positive ver­

tical vorticity was acquired only after parcels began to ascend, not while they were 

still descending (Davies-Jones and Brooks 1993; Trapp and Fiedler 1995: .\dlerman 

et al. 1999).

Trapp and Fiedler ( 1995) used an idealized thunderstorm representation (a "pseu- 

dustorm") that emulated the storm-relative flow, into an updraft, of the horizontal 

St teamwise vorticity that is baroclinically generated in cold air outflow. They con­

cluded that the occlusion-like downdraft was an effact of the strong vortex flow on 

the vertical velocity and pressure fields rather than a cause of the final vortex spin- 

up, (.Again, as iterated in the previous section. I do not believe that these findings 

are in conflict with the hypothesis that the RFD transports vorticity to low levels.)

Brooks et al. ( 1994a) found that the formation of persistent near-ground rotation 

was sensitive to the strength of the storm-relative midlevel winds. When storm- 

relative midlevel How was too weak, outflow undercut the updrafts and associated 

mesocyclones. When storrn-relative mid level flow was too strong, the cold pool was 

not oriented suitably for vorticity generation in the baroclinie zone immediately 

behind the updraft, which was found to be needed for the development of near­

ground rotation in their simulations.

Davies-.Jones (1996) showed that low-level pressure had been incorrectly diag­

nosed by Rotunno and Klemp (1982) and a few others because they used their 

heuristic pressure solution (which assumes V*p ~  —p. which is only approximately 

correct away from boundaries) to deduce pressure near the ground. This paper 

probably dues not have much relevance for RFD formation: however. Davies-Jones 

showed how Rotunno and Klemp's assumption did not allow pressure gradients to 

exist at the surface (since the linear forcing, dw /dz ■ Vw ,  is zero at the ground). 

Davies-.Jones demonstrated that consideration of the proper lower boundary condi­

tion allowed for correct prediction of inflow lows. Davies-Jones also mentioned tha t 

the obstacle analogy predicts the direction of the horizontal pressure gradient force
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(•(jirectly only near the equilibrium level, where the flow resembles a source in a 

iinit'orin stream.

Shapiro ami Markowski 11999) investigated the formation of downdrafts in simple 

two-layer (three-layer) vortices using an analytic (numerical) model. Applicability 

of the idealized model to real atmospheric vortices, in which buoyancy, buoyancy 

gradients, precipitation, and asymmetries probably are im portant, is questionable. 

Their results dem onstrated how the "vortex-valve” effect (Lemon et al. 1975: Davies- 

.loues 198G) can transport vorticity from the top of a homogeneous, axisymrnetric. 

rotating fluid to low levels via an annular downdraft and secondary circulation, when 

the top layer of fluid rotates with an angular velocity larger than  that of the bottom  

laver of fluid.
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Table 2.1: Summary of findings pertaining to hook echoes and RFDs.
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Chapter 3 

Motivation for investigating RFD surface 
thermodynamics

The a.ssDfiatioii hctweeii hook echoes and RFDs and tornadoes is well-established; 

however, direct observations within hook echoes and RFDs have been scarce [a 

lew observations were mentioned by van Tassell (1955). Beebe (1959). G arrett and 

Rockney (19G2) Browning and Ludlam (1962). Charba and Sasaki (1971). Lemon

(1976). Barnes ( 1978a.b). and Brown and Knupp (1980)]. Thermodynamic retrievals 

have been performed (e.g.. Brandes 1984a; Hane and Ray 1985), but small-scale 

details cannot be resolved, and buoyancy fields often are noisy.

Fig. 5.1 presents a sample of some of the hook echoes in which mobile niesonet 

data have been lollected. .\o obvious characteristics capable of discrindnating be­

tween hook echoes associated with tornadic and non-tornadic supercells are apparent 

in the radar data. The primary goal of this dissertation research is to determine if 

surface data collected by a mobile mesonet within hook echoes and RFDs can dis­

criminate between hook echoes and RFDs associated with supercells th a t produce 

tornadoes and those that do not. Despite the well-documented association of hook 

echoes and RFDs with tornadoes, the dynamical relationship is not yet understood.

This dissertation has two main objectives; (1) document the surface thermody­

namic fields in the proximity of tornadic and non-tornadic low-level mesocyclones in 

resolution not previously possible; (2) determine if differences exist at the surface in 

the hook echoes and RFDs of tornadic and non-tornadic supercells.
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Figure 3.1: A sample of some of the hook echoes associated with both tornadic and 
non-tornadic supercells from which mobile mesonet observations have been collected. The 
hook echoes associated with tornadic supercells are as they appeared 5 min or less prior
to tornadogenesis.
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3.1 Documentation of surface thermodynamic fields

Biamies ( 1984a) and Hane and Ray (1985) were among the first to use the pioneering 

ineihuds prop used by Gal-Chen (1978) and Hane et ai. (1981) to  retrieve thermo- 

dvnaniif (buuvamy and pressure) fields in supercells from multiple-Doppler-radar- 

synthesized three-ilinieiisiunal wind fields. However, the com putation of buoyancy 

re(|uires assumptions about lateral and surface boundary conditions and the forcing 

fur buoyancy involves one more derivative than the forcing for pressure: thus, buoy­

ancy fields retrieved in past studies may contain significant uncertainties and almost 

iinariably cuntain greater noise than retrieved pressure fields.

The spatial resolution of retrieval results is limited by the resolution of the dual- 

Doppler radar data. L’sually horizontal resolution is limited to 1-3 km. Furthermore, 

ground clu tter contaminates Doppler velocities: therefore, thermodynamic variables 

typically cannot be reliably retrieved at altitudes less than about 500 m above ground 

level (.\GL).

In some cases, a height of 500 in AGL may be within the cloud. By definition, a 

tornado is a phenomenon ruoted in the surface layer. .Although radars can provide 

three-dimensional observations of entire storms (something tha t an observing system 

of vehicle-borne instruments cannot do), they cannot sample the most critical surface 

laver. Gonse(|uently. 1 contend tha t direct measurement of surface conditions may 

be some of the most important observations for a researcher attem pting to address 

cjuestions pertaining to tornadogenesis. In this dissertation, surface data obtained 

from an arm ada of instrumented automobiles (a “mobile mesonet'’ ) will be analyzed. 

The system is described in detail in the next chapter.

Some might argue that observations are unnecessary because computing power 

has now increased to the level such that three-dimensional numerical simulations of 

supercells can be conducted with a horizontal and vertical resolution of less than 

25Ü m (especially if grid nesting is employed). However, im portant processes must 

unavoidably be parameterized (e.g., microphysics and subgrid-scale mixing). Micro­

physics plays a critical role in dictating the degree of evaporational cooling within 

simulated storms: thus, surface thermodynamic fields are sensitive to microphysics 

parameterizations. Numerical simulations invariably have produced cold RFDs (e.g., 

Klemp and Rotunno 1983: Wicker and Wilhelmson 1995: Adlerman et al. 1999),
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largely because the exclusion of ice leads to more concentrated downdrafts: the in­

clusion of ice leads to distribution of hydrometeors over a larger horizontal region 

and a reduction of the outflow intensity in close proximity to the updraft. Some 

past observations (e.g.. Brown and Knupp 1980; Bluestein 1983; Rasmussen and 

Straka 1990) as well as those that will be presented in chapter 5, will reveal that the 

RFDs associated with many strong tornadoes are relatively warm, both in terms of 

tem perature and ecpiivalent potential temperature. Thus, observations apparently 

will continue to be of great benefit in this era of advancing computational capa­

bility. The author shares the view expressed by Dosweil (1985); "The RFD's role 

rtmauis cunfu.'iituj with respect io tornadogenesis. Truly confirming evidence about 

thr rarioas a.'ipects of the numerical simulations awaits better observations, despite 

till i itinpt lluig similiirities between simulations and real storms. "

3.2 Differences between tornadic and non-tornadic 
supercells

I bis aspect of the research addresses whether there is something thermodynamically 

"special ' about RFDs associated with tornadoes compared to other thunderstorm 

downdrafts and RFDs dissociated with non-tornadic supercells.

Many studies have found that the air parcels tha t enter the tornado pass through 

the RFD. For example, observations by Brandes (1978; Fig. 3.2). Lemon and Dosweil 

(1979). Rasmussen et al. (1982). and .Jensen et al. (1983) have shown or implied a 

near total occlusion of the low-level mesocyclone by the RFD prior to tornadogenesis. 

Furthermore. Wicker and Wilhelmson (1995) found th a t trajectories entering their 

simulated tornado-like vortex passed through the hook echo and RFD (Fig. 3.3). 

Recent tornadogenesis hypotheses [e.g.. those appearing in Davies-Jones and Brooks 

(1993) and Rasmussen and Straka (1997)] also have depended on air entering the 

tornado from the RFD. Davies-Jones and Brooks (1993) hypothesized th a t baroclinie 

generation of vorticity and reorientation of vortex lines in the RFD and hook echo 

were prerequisites for tornadogenesis (Fig. 3.4).

Given the prior emphasis on the RFD in the tornadogenesis process and the ap­

parent consensus that RFD air parcels enter the tornado, the buoyancy and buoyancy
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Figure 3.2: Brandes’ (1978) conceptual model of low-level mesocyclone characteristics 
during the tornadic phase included an occluded mesocyclone with air parcels from the 
RFD feeding the tornado. Winds are relative to the storm. [Adapted from Brandes 
(19781.i
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Figure 3.3: Vertical velocity and trajectories at lüO min (tornado-like vortex present in 
simulated storm at this time) for z = 100 m in the 120 m resolution simulation by Wicker 
and Wilhelmson (1995). The trajectories entering the vortex have come from the hook 
echo and RFD region. [Adapted from Wicker and Wilhelmson (1995).]
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STREAMWISE VORTICITY WITH BAROCLINITY
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Finnic -5.1: Silu'iiintic iliagmm showing how cyclonic vorticity may be generated from 
tilting uf baroclinie horizontal vorticity in a downdraft. In the case of stream wise vorticity 
with How to the right of the horizontal buoyancy gradient and a southerly shear component, 
a combination of tilting and baroclinie generation causes the vorticity of parcels to change 
from anticyclonic (a) to cyclonic (c) while still descending. [Adapted from Davies-Jones 
and Brooks (1993).]
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gradients in hook echoes and RFDs naturally assume importance. Can tornadoge­

nesis occur only for special ranges of buoyancy and /or buoyancy gradients in hook 

echoes and RFDs?* Leslie and Smith (1978) presented results from idealized numer­

ical simulations that indicated the generation of intense surface vorticity could be 

precluded if low-level stability was too strong. .\nd  it is worth reiterating Ludlam’s 

( 19(j.'3) hypothesis: "if (the RFD) contains the potentially cold air from middle levels 

its ascent (into the tornado and parent updraft) might be expected to impede if not 

destroy the tornado . . . it may bn particularly important for  the intensification and 

persistence of a tornado that some of the downdraft air be derived from potentially 

icarm air . . Furthermore. Brooks et al. (1993.1994a) showed that the cold air to 

the rear of numerically simulated supercell updrafts could undercut the mesocyclone 

and preclude generation of strong low-level rotation in some "failure cases."

Hecent dual-Doppler radar observations from VORTEX have shown that, at 

least kinematically, the differences between tornadic and non-tornadic supercells 

are subtle, if even distinguishable in three-dimensional velocity data (Blanchard 

and Straka 1998; Wakimoto et al. 1998a.b: Trapp 1999: Wakimoto and Cai 2Ü00: 

Fig. .3.0). Would surface observations collected in the RFDs of the storms analyzed 

bv Blanchard and Straka. Wakimoto et al.. and Trapp reveal significant differences?

potential temperature Huctuations (which are proportional to the density fluctuations 
that give rise to the “buoyancy force" ) are analyzed in the ensuing chapters, and not strictly 
buoyancy itself.
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Figure 3.3: Cumparisuii of u non-tornadic and tornadic superceil [adapted from Trapp 
(lyyy)]. The wind fields of the two storms (at 1 km AGL) are indistinguishable in the 
dual-Doppler analyses, for all practical purposes.
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Chapter 4

Data description and analysis techniques

Mobile mesonet data were analyzed on 24 days from 1994-1999, which included 

the sampling of 3(1 hook echoes' in tornadic and non-tornadic supercells [Tables 4.1 

and 1.2; hook echoes associated with more than one tornado (or a t least in the radar 

data, oidy a single hook echo evolution was observed to be associated with multiple 

lui iiadoes) were counted as single causes]. Tornadoes were associated with the hook 

t‘( iioes and RFDs in 18 cases, and of t he 12 non-tornadic cases, mesocyclones were 

observed at the surface in all but 1 case [8 .lune 1998—a mesocyclone was detected by 

the \ \ ’SR-88D at an elevation of 300 rn above radar level (ARL)j. The tornadic cases 

included tornadoes of all intensities, ranging from F0-F5. The 1994 and 1995 cases 

were from \ ORTEX operations days: on these days, radar da ta  from the XOAA- 

F3 lower fuselage and tail radars, and occasionally mobile Doppler radar were used 

in the analyses. For the cases during 1997-1999, WSR-SSD da ta  were used in the 

analyses.

Throughout this dissertation, I will refer to the RFD as the contiguous downdraft 

region that surrounds the low-level mesocyclone or tornado. While it is probable that 

different parts of the RFD may have different dominant forcings a t different times, in 

the mobile mesonet observations and visual observations in the field, the downdraft 

has the appearance of a single entity (e.g., only one “clear slot" is visible). I will 

not attem pt to discriminate between what Klemp and Rotunno (1983) called an 

"o( elusion downdraft" and what Browning and Donaldson called an "RFD."

‘ The following criteria for classification of an echo as a “hook echo” have been adopted from 
Forbes ( 1981). an appendage with echo protrusion oriented at least 60° to the right (south) of the 
main echo movement.
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I able l.l: C’juses of luobilo masonot observations obtained within the hook echoes and 
RFDs of non-tornadic supercells. ,\11 times are UTC. The date given for each case is with 
respect to local, nut UTC time.
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• . l ie D.ile Liil atujii ro ru a d o  tim e* D u ra t io n Fu j i t»
F* u n *

E s i in i a t e d
m a x im u m
a i a m e t e r
(m )

T V S
t y p e

W S R -H 8 D  d a t a  
a v a i la b le

.1  ' o  'M K a w  Lake. tJK ÜUI2 UU23 11 FI 100 U K IN X

. 4 ") 2 5 ' M .Northnulil .  r X 223U-2JÜÜ 30 F 3 500 D K LUU

: 5 I IVtjjple. 225t»-23ÜO 4 FI 50 N / A K T L X

[u It) '15 J»*tn»ure. KS ÜU4U-ÜU54 5 FO < 5 0 N / A K D D C

5 in '*5 l i i i l l s tu il .  K-S UlJü-OlMU 44 F 3 500 NO K D D C

Krujita.  r X 2.H3 0 0 1 5 32 F4 500 N / A K L B B

Di uw ii it t  r x OUST O i l * 21 F4 275 N / A K L B B

: u  •*' , W h e e .e r  I X 2335 0 0 3 0 55 F 5 500 N / A K F D R

V l l i s o n  I X 00-I5 0131 40 F 4 2000 N / A K F D R

2 2 5 2 5 ‘*r " o u l b  Httveii . K ï5 u l 3 5  015 5 20 F 2 1500 D K IC T

h a r w r i l .  I'.X 0042 < I FO V 50 N / A K F D X

2 1 5, 1 Apttih**, U K 2220 2235 1 5 F 3 100 D K T L X

2 5 5 i Mi Mine  ». U K 0047  0 1 0 0 1 3 FI t)0 D K T L X

2n 5 2l) J e r u b u .  I'X 2 3 1 3 - 2 3 1 5 2 FO < 5 0 D K A M A

27 5 25 R u s w h U .  . N M 2125 2132 7 FI < 5 0 N / A K L B B

2 s 5 11 ' " ' I l k * .  K S 0 0 2 0  0 0 3 9 10 FI 150 D K D D C

2W *1 ; M‘i O K 0 000 < l FO < 5 0 N / A K T L X

l u  . .  J N d Z i i r f t b .  r x 0 045 < 1 FO < 5 0 D K L B B

Table 4.2: Causes of mobile mesonet observations obtained within the hook echoes and 
RFDs of tornadic supercells. All times are UTC. For TVS types, “NO" ("D”) indicates 
non-descending (descending) TVS. following the criteria of Trapp et al. (1999) (“N/A" 
means that either no TVS was detected or Level II WSR-88D data were unavailable). The 
date given for each case is with respect to local, not UTC time.
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Fi'j,uir l.l; A phutDgraph uf a mobile mesonet unit similar to the ones used to collect 
surfai t' data from 1994 1999.

4.1 Mobile mesonet data

The mobile mesonet is a system of vehicle-borne weather sensors tha t was developed 

for \O R T E X  and also was deployed in field research from 1997-1999 (Straka et al. 

1990: Fig. 4.1). The observing system samples storms with high spatial (100 1000 

mI and temporal (10 60s) resolutions.

4.1.1 Instru m ent specifications and q u a lity  con tro l procedures

The mobile mesonet records time and position [both using a  Global Positioning Sys­

tem (GPS) receiver], 'fast' tem perature (measured by a short-response thermistor), 

"slow " tem perature (measured with a slower response time, comparable to the re­

sponse time of the relative humidity sensor, and sheltered in the same manner as 

the relative humidity sensor, so th a t derived quantities th a t are functions of tem­

perature and moisture can be accurately computed, e.g., dewpoint temperature).
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relative humidity, pressure, and wind velocity. D ata were recorded at 2-s intervals 

during the years uf this study. .Additional specifications are provided in Table 4.3.

Numerous quality control tests were performed on the data  prior to analysis:

R ad io  F requency  in te rfe re n c e  Field operations required fairly frequent use of 

a 4Ü W \ ’HF transceiver, as well as other communication equipment. Use of 

these transm itters caused large errors in several meteorological quantities. The 

source for these errors was believed to be radio frequency (RF) interference— 

when large RF energy was present, the flux-gate compass produced large volt­

ages that overwhelmed the datalogger and corrupted the data. D ata collected 

when RF interference was detected (the flux gate compass output was used as 

a detector of this interference) were not included in the analyses.

P o s itio n  Occasionally vehicle positions became frozen for short intervals, causing 

erroneous latitude, longitude, and wind velocity. These data were not included 

ill the analyses.

V ehicle head in g  Which* heading (used to determine wind velocity) was measured 

by a flux-gate compass when stationary and by GPS when moving. The flux- 

gate compass measures direction with respect to magnetic north, while GPS 

directions are relative to true north. Moreover, the magnetic fields induced by 

the vehicles are an additional error source for the flux-gate compasses. Both 

sources of errors in vehicle heading were removed prior to analysis.

W in d  velocity  Whicle accelerations (determined using the GPS heading and speed 

data) can lead to significant errors in the pressure and wind data. If the vehicle 

velocity changed by >4 m s~‘ in a 6-s interval, wind data  from that interval 

were excluded from the analysis.

In addition to the above quality control checks, significant biases were removed 

using vehicle intercomparisons. The intercomparisons involved assembling observa­

t ions over a period of 30-60 min in relatively quiescent weather conditions, while 

the vehicles were moving as a caravan. Biases were removed if the intercomparison 

revealed a bias magnitude >0.2 K for fast" tem perature, >0.2 K for “slow” tem­

perature. >0.2 mb for pressure. >10° for wind direction, and >1 m s“  ̂ for wind
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M easi irem rti l Sensor  t y p e S e n i o r  range E s t i m a t e d  to ta l  
i n a c cu ra c y

R e s o l u t i o n R e s p o n s e
t im e

S i li c o n  c a p a c i t i v e tiOO-llÜU mb <  ± 0  6 tub 0  01 m b <  I a

l e tu p e r a tu r if  i Fadi 1 R e s i s t a n c e <  ± 0  3®C Ü 0 1 ® C 0 6 s

T e m p c r d tu re  ; S low » R e s i s t a n c e <  ± 0  5®C Ü 0 1 ® C •>» 15 a

H f l ^ t i v r  fmi iuUity C a p a c i t a n c e 0 - lÜ Ü ‘îfe <  5% 0 .0 3 % 15 a

W ind  sp r«d P r o p e l le r  vane 0 - 6 0  ni 1 ^ <  2 -4 % 0 . 0 3  m <  1 a

W iiiu vitrei t ioii P r o p e l le r  vane 0-335® <  ± 3 - 6 ® 0  05® < 1 s

Vetii clr  b fd d i ii g  s td t iu n a r v i Klux- |$ate  c o m p a s s Slip - I "*■ I 
cusi  - i - -r I t

<  ±2® <  I® 500 ms

tiruiling i iiu'. il ig; C P S 0  300® <  ±3® <  I® < I a

C P < unlia i i te i i <  I III a " ’ <  I m s ' * <  I a

C P S Ü i ‘JO® N / S  
u- ±180® E/VV

<  10 0  in 10 m < 1 a

Table 4.3: C haracteristics o f the m obile m esonet [from Straka et al. (1996)].

speed. If biases were very large (5 times the above magnitudes), it was assumed 

that instrument performance was unacceptable and the data were excluded from 

the aiialvsis entirely.

4.1 .2  T im e-to -sp ace conversion

Qualitv-controlled observations used in the analyses usually were averaged over 12-s 

intervals (occasionally 6-s averaging was employed, if vehicle speeds relative to the 

storm were large). The data  were plotted relative to the radar echoes using time- 

to-space conversion. In other words, if one could assume th a t the feature being 

analyzed did not change its character significantly over the tim e interval during 

which mecisurements were made [the "Taylor hypothesis:'' Taylor (1938)], then if the 

velocity v =  (u, c) uf the feature was known, then the distance the feature traveled 

in time At wms nAt in the x  direction and cAt in the y direction. Therefore, a 

measurement made at time ± A t was valid at the following position in space:

x' = X ±  uAt 

y' = y ±  cA(,

(4.1)

(4.2)
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wlitTf r and tj are the coordinates of the location from which measurements were 

made at a reference time, tref-

Fur most analyses, the maximum allowed |A t| (|Atmuz|) was 2-3 min: i.e.. a 

steadv-^tate assumption was made for approximately the tim e it takes the WSR- 

SSD to complete a volume scan. At analysis times in which features were evolving 

rapidly, such that the steady-state assumption could not be made reliably for ±2-3 

min. smaller values of |Af,„uxl (sometimes <1 min) were used.

.\11 analvses presented in chapter 5 were obtained within 5 min of tornadogenesis 

or the time of strongest rotation on WSR-88D at the lowest (0.5°) elevation angle 

(dehiied as the time of "tornadogenesis failure"), whenever possible. For some cases 

this was not possible, owing to logistical problems common to data collection in the 

held: in such cases, the analysis time for which observation density was greatest is 

shown instead.

4.1.3  D en sity  o f m obile m esonet observations

1 tie area sampled within RFDs and hook echoes varied from case to case, owing to 

logistical limitations inherent in storm intercept held research (e.g.. road networks 

often do not allow observations to be collected in important regions of the thunder­

storm). 1 have attem pted to quantify the quality of the RFD sampling in each case 

tn dividing the mesocyclone region (dehned as having a radius of 4 km) into four 

quadrants. 1-1\'. with the line separating quadrants I and IV from quadrants II and 

111 being parallel to the "neck" of the hook echo (Forbes 1978) and passing through 

the circulation center (Fig. 4.2). Within each quadrant, the fraction of the area that 

was within I km of a mobile mesonet observation was estimated to the nearest 10%. 

The fractions for each case are presented in Table 4.4.
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Figure 1.2: Schematic illustrating the arbitrarily defined quadrants I, II, III. and IV. In 
this depictiun. 70% of the area of quadrant III is within 1 km of a mobile rnesonet obser­
vation (denoted by black dots). Similarly, the densities of mobile mesonet observations for 
each analysis are summarized in Table 4.4.
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t 'asi* Dütt! L ocation Q u a d ra n t I Q u a d ra n t  H Q u a d ra n t  III Q u a d ra n t IV

I j  ju  y-i Loving, T X 0 20 10 20

J 1 JO y.'i S liiT inan. I X 90 70 70 80

i ■) IJ  <J .i H ays. KS 10 0 30 10

1 •i j j / ' j i S ham ro ck . P.X 00 40 80 60

Ti 0 /8 , 91 E lm w ood. O K 10 50 70 70

li 1 1 9 '9 8 Sidney. \ E 90 50 50 70

7 1 JÜ /98 l  um a, C O 10 40 60 0

S 1, J I , 98 .Medicine L odge. KS 10 20 50 70

•i 0 8 98 O k lah o m a  C ity . O K 10 0 60 70

lU 0 9 98 S eym our. I X 100 40 50 100

1 1 1 JO 99 C a rlsb a d . .N.M 90 40 80 100

1 JO 99 M entone. I X 90 30 80 80

1:1 1 /0 ,9 4 Kaw Lake. OK 100 50 70 80

11 1 J l '9 4 N o rth h e ld . T X 0 0 50 0

1.1 4 /1 7 /9 5 T em ple , O K 90 30 60 90

1Ü 1, 10,9.1 Je tm o re , KS 0 0 30 50

17 1 10,91 lla n s to n . KS 100 50 50 0

1.' 0 J 91 1 riuna . I X 100 90 10 40

i'i 0 J 91 U im m itt, r.X 40 90 40 60

JO II .8 91 W heeler. I X 100 80 40 30

J ; 1. 8 9 l .\lli.8on. r .X 10 70 10 80

j j 1 J I  97 South  IL iten . KS 0 0 20 70

j . i 0 7 98 Farw ell. rx 90 10 70 100

j i 1 .1  99 .\p a th e .  O K 100 20 30 60

j .i 1 : |,9 9 M inco. O K 100 70 20 100

JO 1 JU '99 Jericho . T X 10 30 40 70

1 J I  99 Rosw ell. .N.M 0 50 80 0

JS 1 :il 99 S itka. KS 40 70 50 0

JO 0, I 99 C o lem an . O K 90 30 20 40

10 ii J  99 N aza re th . IX 90 60 70 80

Table 4.4: Sampling densities by quadrant (Fig. 4.2) for each of the 30 hook echo cases 
at Iht analysis times appearing in chapter 5 (chosen to be as near as possible to the time 
of tornadogenesis or toruadogenesis failure). Numerals represent the percent of the area 
within each quadrant that was within 1 km of a mobile mesonet observation.
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4.2 Radar data

Fur the cases analyzed from VORTEX (1994-1995), radar data  were available from 

the P3 research aircraft operated by the National Oceanic and Atmospheric Admin­

istration (NOAA). The aircraft was equipped with two radars: a lower fuselage (LF) 

non-coherent radar and a Doppler tail (TA) radar. For detailed descriptions of these 

radars, the reader is referred to .Jorgensen et al. (1983) and Ray et al. (1985).

During \'ORTEX. the antenna rotation rate of the lower fuselage radar was 2 rprn 

(Daugherty et al. I99G): lower fuselage radar da ta  were often desirable for analysis 

with the mobile mesonet data because of the high temporal resolution of these radar 

data. L'ontinuous altitude plan position indicators (CAPPIs) could be constructed 

from the tail railar data (reflectivity, velocity, and spectrum width), but only at 

roughly 7 min intervals.

The .\0 .-\.\-P3  position (obtained from GPS) wtvs saved only at the htyinmng 

of each scan. If the aircraft was moving at. e.g. 120 m s~ '. the aircraft would have 

traveled 3ÜUÜ rn in the time it takes to complete one scan, and significant errors in 

the locations of the reflectivity data would have been present in the data. To place 

mobile mesonet observations in the correct positions with respect to LF reflectivity 

data. W SR-88D images were overlaid atop the LF reflectivity and mobile mesonet 

data, and the LF reflectivity data were shifted so th a t the reflectivity cores sampled 

by the two radars were in phase.* Another effect owing to the updating of the 

.\’0 .\ .\-P 3  position once per scan is tha t the shapes of echoes would be distorted. 

However, for the region of the storm of interest (e.g.. the hook echo), echoes typically 

only subtended lU 20° of azimuth (range ~15-30 km typically). In the time it takes 

the LF radar to scan 10 20° (<2 s). the aircraft position only changes by 100-200 m 

(less than the 250 m gate spacing): thus, echo distortion in the regions of the hook 

echoes owing to position errors would not have been severe.

.Vt some of the analysis times for 1995 cases, radar data  from the Doppler On 

Wheels (DOW) radar were superposed. A full description of this 3-cm mobile radar 

appears in Wurman et al. (1997).

■ReHectivity t ore positions were compared because they appeared similar in the data collected 
by ijotli radars: however, the hook echo regions can appear signihcantly different when viewed by 
W'SR-SSD versus the LF radar at close range.
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Cases analyzed from 1997-1999 generally incorporated VVSR-88D archive level II 

data. For two cases (7 June 1998 and 9 June 1998). level III data  were used. Level 

II data are the base digital data (mean radial velocity, reflectivity, and spectrum 

width) produced by the signal processor at the full spatial and temporal resolution 

of the radar. Level III data only includes some of the graphic products archived by 

a radar site on a given day (typically includes base reflectivity and velocity at the 

lowest two elevation angles).

4.3 Thermodynamic variables analyzed

.Analvses of virtual and equivaletit potential temperature. RED parcel origins (by 

examining sounding data and using entropy as a tracer), potential buoyancy in the 

RED as measured by convective available potential energy (C .\PE ) and convective 

inhibition (CI.\). and pressure were performed, using the d a ta  gathered by the mo­

bile mesonet. For the analyses of virtual and equivalent potential temperature and 

pressure, the fluctuations of these variables were computed by subtracting a base 

( "reference " ) state value that depended on the large-scale atmospheric conditions 

(e.g.. //  — j) -  p. where p is pressure, p' is the pressure fluctuation, and p is the base 

state pressure). The method by which the base state was determined is described 

in section 1.-1. The potential errors of all variables (including derived variables) are 

analyzed in appendix .A.

4.3.1 V irtu a l potentia l tem p eratu re

The virtual potential temperature, d^. is defined here as

= 0 ( 1 +0.61</„-( /,) . (4.3)

where 0 is the potential temperature, is the water vapor mixing ratio, and qi is the 

liquid water mixing ratio. Ice and cloud water concentrations have been neglected 

here, and the base state is assumed to contain no hydrometeors. Virtual potential 

temperature fluctuations are directly proportional to density fluctuations, which
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appear in tlie buoyancy force (also see appendix B); however, historically, virtual 

potential temperature has been favored over the use of density in buoyancy analyses.

Liquid water mixing ratio was parameterized using radar reflectivity sampled at 

the lowest elevation angle obtainable, following Rutledge and Hobbs (1984).

V dgkg '') =  (4.4)

where Z  is radar reflectivity in dBZ. The reliability of this parameterization is 

adversely affected by the presence of ice (especially hail); however, an under- or 

overestimate of Z  by 15 dBZ when reflectivity lies in the 30-45 dBZ range has 

approximately the same effect on as a 0.3 K potential tem perature fluctuation. 

The ice mixing ratio has been neglected in the buoyancy computations, although 

some ice probably is accounted for in the parameterization of c// in terms of the 

radar reflectivity factor.

Radar reflectivity factors (dBZ) were objectively analyzed using a one-pass Barnes 

( 1904) scheme, with a weight function, ic, ,̂

=  exp . (4.5)
V «X «y /

where k ~ k .̂ = s,j is the “smoothing param eter” and x,k. and (/,*,. are the distances 

of the kth  datum from the ith grid point in the x  and y directions, respectively. For 

the N t)A.\-P3 data, a value of Ü.04 km’ was chosen for n. which yielded a response of

0.5 at the minimum resolvable wavelength in the (horizontal) direction of worst data 

resolution (approximately 1 km. assuming four grid points are needed to resolve a 

wavelength). For the WSR-88D data, k was chosen such th a t the response function 

was similar: however, the exact value varied from case to case because of widely 

varying ranges from the radars and thus, widely varying minimum resolvable scales.

The objectively analyzed radar reflectivity data were linearly interpolated to the 

mobile mesonet observation locations, where qi and subsequently were computed.
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4.3 .2  Equivalent p oten tia l tem p eratu re

The equivalent potential tem perature. 0£, was analyzed in each case by first com­

puting the pressure of the lifting condensation level (LCL) (using the 6 and of a 

surfai-e parcel and iteratively solving for the pressure at which q^ =  the satura- 

tiiiii mixing ratio), and then iteratively computing the tem perature. T. on the moist 

adiabat from the LC’L up to 2UU mb. where

(IT _  \ 1 4- L^.q.js! f î j T

dp ~  PC, I +  L iq ,J c ,R ,T ^ '   ̂ • ’

where Z.£ is the latent heat of vaporization (a weak function of T). R j  is the gas 

loiistant for dry air. R,. is the gas constant for water vapor, p is air density, and c, 

is the specific heat of dry air at constant pressure (e.g.. Bohren and .\lbrecht 1998,

p. 291).*

Often wet-bulb potential tem perature is used in severe thunderstorm  studies, 

because of its similar conservation property for dry and moist adiabatic processes. 

Bohren and .Albrecht (1998. p. 298) showed that

0  ̂ ^  0^ + — qvs- (d.T)
‘■p

therefore.

€ = C  + (4.8)p Cp

where (=U.G22) is the ratio of the gas constants of dry air and water vapor, and 

c( = e[(T ).  For T  -  2-3 K. e' ~  3-6 mb and 6'̂  -  8'  ̂ -  5-10 K.

‘It may he  worth stating that 0, is defined for reversible adiabatic processes and is conserved 
for these processes. Therefore, tlie moist adiabatic lapse rate also should include the heat capacity 
of liquid water, since 0, depends on %. However, since entropy is a function of T, p. and qi, it 
cannot be represented on a single two-dimensional thermodynamic diagram; for this reason, it is 
convenient to define a pseudoadiabatic process as one in which the heat capacity of liquid water 
or ice is neglected (Emanuel 1994). The moist adiabatic lapse rate appearing on skew T-log p 
diagrams does not include the heat capacity of liquid water or ice, nor were these effects included 
in (4.61. Therefore, the 0̂  computed here is really the “pseudo-equivalent potential temperature,” 
0 p̂ (Bolton 1980). which assumes that liquid water falls out of the parcel, thus its heat-carrying 
capacity is neglected. .Although 0 t ,  is not exactly conserved for moist adiabatic processes, for all 
practical purposes, it can be considered to be conserved (Emanuel 1994).
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4.3 .3  Parcel origin

If t'luropy (0^) is approximately conserved for adiabatic processes, then it is possible 

to estimate the height from which surface parcels in the RFD have descended, if the 

vertical profile ofW  ̂ is available from a nearby sounding. The height of parcel origins 

(c,j assuming 0̂  conservation (no entrainment) was analyzed for each case. How­

ever. values should be viewed with caution, because lateral entrainment clearly 

must occur in order to satisfy mass continuity if vertical accelerations exist. Fur­

thermore. if parcels reach the surface with the same 0̂  as the inflow (and updraft), 

perhaps via forced descent, then the height from which they have descended cannot 

be tletermined. because the updraft has. to a good approximation (at least away 

from its lateral buuudaries). no vertical gradient. It perhaps is most appropriate 

to denote as simply the height on an inflow sounding where B̂  values are equal 

to tlio.se observed at the surface within the downdraft, rather than as a measure of 

parcel origin.

4.3 .4  C A P E  and GIN

C’.\PE  and CIN were computed for parcels within the RFD by inserting the measured 

surface virtual temperature (T,,). dewpoint tem perature (Tj). and p into the inflow 

sounding nearest to the observed storm in space and time. I am uncertain of the 

appropriateness of using RFD air parcels in "proximity soundings" to assess C.A.PE 

and CIN. It can be argued that CAPE and CIN. by definition, refer to the integrated 

buoyancy that is computed relative to the base state\ i.e., surface parcels in the 

RFD should be inserted into inflow soundings rather than soundings obtained within 

the RFD when computing C .\PE  and CIN. assuming tha t the inflow sounding is 

representative of the base state (and an RFD sounding does not sample the base 

state atm osphere).‘

While B[ is a measure of the actual buoyancy, CAPE is a measure of potential 

buoyancy (positive buoyancy that may be realized if the parcel can be lifted to its

'Of course, the atmosphere really does not "care” about "base states"— base states are arbi­
trarily defined by meteorologists to facilitate understanding of how pressure gradients arise that 
I an yield motions such as those observed in thunderstorm updrafts. In this work, the usage of the 
term base state" is consistent with long-standing convention.
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level üf free convection). I am not sure whether buoyancy itself or potential buoyancy 

is most relevant (or whether either is relevant) in tornadogenesis; for this reason, I 

have analyzed both 0[, and CAPE. CIN was analyzed to assess whether the amount 

uf wurk done by an updraft to lift a parcel to its level of free convection is possibly 

an im portant condition leading to tornadogenesis success or failure.

C .\PE  and CIN values do nut depend on the specification (or rnisspecification) 

of a base state using an arbitrary method, such as that described in the next sec­

tion. which was used to cunipute Instead, a single inflow sounding determines 

the profile of ^ (:). While the issue of deciding which arbitrary method to use to 

estimate the base state is avoided, the representativeness of the inflow sounding 

used in the C .\P E  and CIN calculations sometimes may be questionable. (Perhaps 

it would have been desirable to use a number of inflow soundings to construct a 

"composite" sounding, although this approach would have been just as arbitrary as 

any other.) It is believed that results obtained using the different approaches (6̂(, 

versus C.\PE/C1.N). if similar, would be more robust than if an analysis of only 0[, 

or C.-\PE/C1N was performed.

Both C .\P E  and CIN were computed as follows (undiluted ascent from the surface 
w as iLSSumed):

5̂00
C A P E = - R u  ( B p - Ô ) d l n p  (4.9)

J PLFC

C I S  = -R u  [Ô -  6p) d in  p. (4.1Ü)

where ' is the pressure of the level of free convection, ps/c is the surface pressure. 

Of, is the potential temperature of the lifted parcel, 9 is the potential tem perature 

o f  the environment, and CAPE was only computed below 500 mb, because many 

o f  the special soundings launched on operations days were term inated below the 

equilibrium level. For the soundings containing data to the height of the equilibrium 

level, on average, approximately 20% of the total CAPE was present below 500 mb.
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4.3 .5  P ressure

Pifssure WHS reduced to the average lieight of the vehicle observations using the 

integrated hydrostatic equation of the form.

P = Put, exp
(~obs ~ ) P

Rdf ,
(4.11)

wliere :  is the average elevation of the mobile mesonet observations within the 

analysis domain, p is the pressure reduced to :. is the pressure observed by the 

mobile mesonet vehicle, is the elevation at which the mobile mesonet pressure 

was recorded, and is approximated as the average virtual tem perature (liquid 

water elfects neglected) recorded by the mobile mesonet within the analysis domain.

Elevation data were obtained from U.S. Geological Survey Level 2 Digital Ele­

vation Model (DEM) data. Each 7.5-minute unit of DEM coverage has a horizontal 

resolution of ;3U m. a vertical precision of 1 ft (0.31 m). and accuracy equal to or 

better than one-half of a contour interval of the 7.5-minute topographic quadrangle 

map [correspotids to 2.5 5.Ü ft (0.78 1.6 m) accuracy]. Mobile mesonet elevations 

were obtained fro tu a nearest-neighbor analysis of the DEM data. .\n  analysis of the 

errors of reduced pressure values, owing to DEM errors. GPS position errors, and 

instrumetit errors, is presented in appendix .4.

4.4 Specification of the base state

Computations of fluctuations of meteorological variables (e.g.. p') depend on how

the base state (e.g.. ^i,. p) is defined. It is difficult to define exactly what constitutes 

the "envirotunent" of a storm, therefore it also is difficult to define the base state of 

the atmosphere in the environment of a storm (Brooks et al. 1994b; Markowski et

al. 1998c).

While there is more than one way to estimate the base state (and while all 

techniques are arbitrary and imperfect), the base state  of a meteorological quantity.

was estimated by a weighted mean of .V convectively uncontam inated surface 

airways and Oklahoma Mesonet (Brock et al. 1995) observations within a 400 km 

radius of the updraft, where
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u-’.ç.

(  =  4 ------ . (4.12)

1=1

wlu‘rt‘ u-, is tlu' Barnes weight functiuii.

u, =  exp • (4.13)

where r is tlie distaiiee uf the /th mieuiitamiriateci observation from the updraft and 

K„ is ehusen in a manner following Koeh el al. (1983) where

Ko = 3 . (4.14)

where A/i is the average spacing between standard observations [O(IÜÜ) km]. [The 

weighted means of convectively uncontaminated observations using aci =  Ü.ÔKg and 

Ko = I.üs:,, also were computed to examine the sensitivity of the base state to the 

( huice u f^  (see appendix A).j For cases in which observation density varied consider­

ably across the "inHuence region" (e.g.. a case in which a storm was on the Oklahoma 

border, whereby half of the averaging region contained Oklahoma Mesonet obser­

vations at a density of several times the density of surface airways observations), 

"super-observations" were made by combining observations in the observationally 

dense regions, so that undue weight would not be given to the clustered observa­

tions.

Most often reference or base state quantities are taken to represent spatial or 

temporal averages (or both) and are assumed to be constant with respect to space 

or time derivatives (or both) (e.g.. Stull 1988). However, in the method above, 

the base state  computed at a storm is not necessarily constant in time nor space 

[although over the course of an hour, the 0̂ ,. 6^, and p "experienced’’ by a single storm 

are constant for most practical purposes (changes of ~0.1 K and ~0.1 mb are typical 

over the distance a storm may move in ~1 h)j. Originally I proposed to define the 

base state using a simple arithmetic mean of observations within an arbitrary  radius 

(in that case, the base state would be a spatial constant). However, I discovered that
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[his spoclHcatioti of the base state  was overly sensitive to the choice of the radius of 

influence because of considerable environmental inhomogeneity on some days, and 

the inability of the surface network to adequately resolve the inhomogeneity (e.g.. 

using a 4ÜÜ km radius versus a 200 km radius to estim ate the base state yielded 6  ̂

differences of 3-5 K on some occasions). The technique used for this work, on the 

other hand, yielded only small differences (generally <0.5 K) among reference values 

as the value of the smoothing param eter k was varied.

While not rigorously justifiable, precedents do exist for rlefining the base state 

in the manner used herein. Fujita (1955) and Charba and Sasaki (1971) used a 

technique in which the base state  was obtained at each observation location by 

interpolating from smooth contours obtained from the regular synoptic stations. 

.Although it is unconventional to specify a reference state  tha t is not constant in 

space or time ( because linearization of the primitive equations loses its advantages), 

the choice is as arbitrary as the decision to make the reference state a constant with 

respect to space or time.

Typically station pressures are not routinely reported by surface observing sta­

tions. However, altim eter settings usually are reported. Because the altim eter set­

ting is computed using a pre-specified lapse rate (the "standard atmosphere"), unlike 

computations of sea level pressure made at surface observing sites (in which the as­

sumptions made about lapse rate are different each day and at each location), station 

pressures can be retrieved from altim eter setting values if the height of the observing 

station above mean sea level is known. Integration of the hydrostatic equation yields

P .l ii  =  PaU  f x p
V Ts

(4.15)

where is station pressure at the observing site, pau is the altim eter setting, 

r  =ü.5 K k n r ‘ is the lapse rate of the standard atmosphere, z,tn is the height above 

sea level of the observing site, and Tsl  =  288 K is the mean tem perature at sea 

level in the standard atmosphere. Once the station pressure was determined, it was 

reduced to the mean height of the mobile mesonet observations using the technique 

described earlier in this section, and subsequent averaging of several surface pressure 

values employing the same methods ultimately allowed for the estimation of p, the 

mean pressure at the mean height of the mobile mesonet observations.
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4.5 Limitations

Liinitcitiüiis art* unavoidable in observational research, and those that should be 

considered in this work are summarized below:

1. Road networks do not allow continuous sampling of moving updrafts for peri­

ods longer than about 5 min before repositioning of the arm ada requires that 

they temporarily forfeit data  collection in critical regions of the storm; there­

fore. the time evolution of features is difficult to document. In all but a lucky 

few crises, all that can be obtained are snapshots of the hook echo and RFD 

region at various times from case to case (in some cases, the RFD is sampled 

near tornadogenesis: at other times, during the m ature phase of a tornado: and 

at other times, during tornado demise). One case by itself probably offers little, 

but the ensemble of snapshots from different times relative to tornadogenesis 

from a variety of cases hopefully can lead to new understanding.

2. Time-co-space conversion was performed over ~5 min intervals —storms are not 

steady for 5 min periods, at least not near the time of tornadogenesis (if they 

were, then tornadogenesis would not occur). In order to maximize the coverage 

of data (gathered by a finite number of vehicles), ~5  min was reluctantly chosen 

as the time period over which steadiness was assumed. O ther past studies 

have been forced to assume even longer periods of steadiness [e.g., 8-16 min 

in lohnson et al. (1987)]. Furthermore. dual-Doppler radar analyses also are 

not immune from the necessity to assume steadiness for “sh o rt’ periods of 

time (5 lU min: e.g.. Grandes 1977a.b.1984a.b: Ray 1976: Ray et al. 1981: 

Wakirnoto et al. 1998a.b). There is some confidence that the choice of

of 2 .'i min in this work was not too severe: the thermodynamic fields to be 

presented in chapter 5 are largely free of noise— if the choice of [Af^axl was 

made inappropriately large, one might expect th a t a time-to-space conversion 

analysis would yield noisy fields.

3. Thermodynamic fields and their gradients cannot be ascertained above the 

surface by direct means. \ t  best, only the sign of the gradients can be inferred 

above the surface, based on assumptions of the lapse rates beneath and at a 

distance from the storm.
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4. It is tempting to only investigate storms at or just prior to the time of tor­

nadogenesis. Caution should be exercised when drawing conclusions based on 

such analyses - time histories of air parcels (following their trajectories) are 

im portant, including any baroclinity encountered possibly as much as 3Ü min­

utes prior to tornadogenesis. It is not possible to compute trajectories at the 

surface using direct observations over 30-minute intervals owing to observation 
densitv.
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Chapter 5

Surface observations in hook echoes and RFDs

I I I  tliis r h u p t f v .  uiily a  small, n'piestmtative subset of the total assembly of surface 

analyses is iiu luiled where appropriate. The complete collection of over 200 (color) 

RFD surface analyses. 30 plots of larger-scale surface observations, and over 30 

proximity soundings is available electronically from the author. This approach was 

taken in order to keep the length of the dissertation manageable.

5.1 RFDs associated with non-tornadic supercells

The RFDs associated with non-tornadic supercells generally contained large 6/̂  deficits 

at the surface. Figs. j .I  and 3.2 show analyses of in two representative non- 

tornadic supercell cases (29 .\pril 1995 and 19 May 1998). Values of Q[, within 2 km 

of the surface circulation centers ranged from approximately -4 K to -9 K.

The non-tornadic RFDs also were associated with large Og deficits (typically >10 

K). with mid level tig values commonly being detected a t the surface (e.g.. Figs. 5.3 

and 5.4 ). Numerous past studies also have reported a  similar finding, but it cannot be 

determined whether the low-(?g surface parcels detected by the mobile mesonet have 

midlevel onyim . or if the parcels comprise updraft air th a t has descended and been 

diluted by midlevel environmental air during the downward excursion. Surface tig 

values sampled within non-tornadic RFDs. on average, were similar to the tig values 

measured at heights (AGL) of 1.5-2.4 km on proximity soundings (e.g.. Fig. 5.5).
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C AS E  2
0028:32 UTC 30 APRIL 1995 (t-0 min)

2 km

Figure 5.1: S u b jec tiv e  ana ly s is  o f v ir tu a l p o te n tia l te m p e ra tu re  flu c tu a tio n , (K ). a t  0028:32 U T C  30 A p ril 
I'J'J'i D ashed co n to u rs  a re  used  in regions w here th e  an a ly s is  is less c e rta in  ow ing  to  low obse rv a tio n  density . T h e  
•(■'i m in  ' in d ica tes  th a t  th e  analy s is  reference tim e is 5 m in  before to rn a d o g e n e s is  fa ilu re  ( th e  tim e  o f s tro n g e s t 

low-level ro ta tio n  on W S R -88D ). M obile m esonet s ta tio n  m o d els  include ( re a d in g  coun terc lockw ise , b eg inn ing  w ith  
th e  th ree -d ig it num eral a t  th e  to p  left) te m p e ra tu re , T .  in ®C to  th e  n ea res t 0 .1 ° C  w ith  th e  decim al o m itte d , dew  
po in t te m p e ra tu re . T i.  in 'C  to  th e  n ea re s t U.1°C w ith  th e  dec im al o m itte d , v ir tu a l  p o te n tia l te m p e ra tu re , flv, in 
l\ to  th e  neares t U. I K w ith  th e  d ecim al o m itte d , an d  eq u iv a len t p o ten tia l te m p e ra tu re ,  in K to  th e  n ea re s t 1 
K W ind  b a rb s  dep ic t s to rm -re la tiv e  w inds a n d  a re  in k n o ts  (1 full b a rb  =  10 k t;  1 flag = 50 k t). M obile  m eso n e t 
o b se rv a tio n s have been averaged  over 12-s in tervals, a n d  (A tm a rl =  3 m in  w as u se d  in  th e  tim e-to -sp a ce  conversion . 
O b serv a tio n s o b ta in e d  m o re  th a n  1 m in  before o r a f te r  th e  analy s is  refe rence t im e  a re  “flagged” w ith  a  v e rtica l 
b ar th ro u g h  th e  cen te r  o f th e  s ta tio n  m odel. S to rm -sc a le  f ro n ts  a re  d ep ic ted  u s in g  conven tio n a l fro n ta l sym bo logy  
(dashed  b o u n d a rie s  a re  d raw n  w here  u n c e r ta in ty  ex ists). T h e  le t te r  “M” in d ica te s  th e  p o sitio n  o f m esocyclone c e n te r  
a t th e  low est r a d a r  e levation  angle. R a d a r  reflec tiv ity  d a ta  w ere o b ta in ed  from  th e  N O A A -P 3  L F  ra d a r .
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C A S E  6
0205:12 UTC 20 MAY 1998 t -0 min)

6 4 .3 2 5  ’7-3030
60-3034

2 km

Figure 5.2: As in Fig. 5.1. for 0205:12 UTC 20 May 1998. Radar reflectivity data are 
from the KCYS WSR-88D radar.
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C A S E  2
0028:32 UTC 30 APRIL 1995 (t-0 min)

Figure 5.3: As in Fig. 5.1, but 0' is analyzed.
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C A S E  6
0205:12 UTC 20 MAY

" III! 1 I"T —

2 km

Figure 5.4; As in Fig. 5.2, but 0' is analyzed.
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C ASE 2
0028:32 UTC 30 APRIL 1995 (t-0 min)

1500

21 00

1 500

Figure 5.5; As in Fig. 5.1, but Zg (m AGL) is analyzed.
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Many RFDs associated with the non-tornadic supercells contained surface-based 

CAPE despite significant surface and 9̂  deficits; however, in most cases. CIN was 

large within 4 kin of the circulations (200-300 J kg~‘ in 4/12 cases, >500 J kg~‘ in 

5/12 cases). In 3/12 cases, at least some surface parcels within 4 km of the circulation 

in rhc RFD did not contain any C .\PE . and in 1/12 cases, no surface parcels within 

2 kin uf the mesocyclone contained CAPE. In Figs. 5.6 and 5.7 analyses of surface- 

based C .\PE  (below 500 mb) and CIN are presented for the 29 .April 1995 case. It is 

im portant to reiterate that C.APE and CIN values were obtained bv inserting RFD 

surface measurements into warm mfluw  soundings, whose representativeness often 

is (|uestionable.

Finally, it is worth noting that in a couple of non-tornadic supercell cases, smaller 

surface 9,. deficits of 3 5 K were observed in the RFDs, along with more substantial 

surface-based C .\PE (e.g.. Figs. 5.8 and 5.9).

5.2 RFDs associated with tornadic supercells

riie RFDs associated with "weakly tornadic" supercells (e.g., those that produced 

FO FI tornadoes that persisted 5 min or less) often had surface thermodynamic 

eharai teristics that were similar to the RFDs associated with non-tornadic super- 

cells. The surface 9,. and 9̂  deficits in these RFDs generally were approximately 4-7 

K and 10 12 K. respectively, within a few krn of the vorticity centers (e.g.. Figs. 5.10 

and 5.11). These surface parcels were associated with generally >100 J kg"‘ C.APE 

(below 500 mb) and <150 .) kg“ ‘ CIN.

In the RFDs associated with much more prolific tornado-producing supercells 

(e g., those that produced tornadoes of >F2 intensity or tornadoes that persisted 

>5 min). surface 9̂ , and 9  ̂ deficits were relatively small (typically <2 K and <4 

K. respectively, within 2 krn of the tornadoes)(e.g.. Figs. 5.12, 5.13, 5.14, 5.15, 

5.16. 5.17. and 5.18). In a few cases (e.g.. Cases 18. 19, 20, 24, 25— note that all of 

these contained a strong tornado), the tem peratures and 9  ̂ values observed in the 

RFD were warmer than the inflow values. In such cases, the warm downdrafts were 

not stiriply midlevel air that had descended dry adiabatically after all hydrometeors 

had evaporated or sublimated from the parcels (i.e., the 'heatburst mechanism”).
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CASE 2
0028:32 UTC APRIL 1995 (t-0 min) 

CAPE

400

0  _ <ati

2 km

Figure û.G; As iu Fig. 5.1. but CAPE (J kg"') below 500 mb is analyzed assuming 
undiluted ascent from the surface and including virtual temperature effects. The station 
models display CAPE (left) and CIN (right).
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CASE 2
0028:32 UTC §Q(APRIL 1995 (t-0 min) 

GIN

150

aay.f

o _  ipn

Figure 5.7: As in Fig. 5.6, but CIN is analyzed.
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C A S E  5
2014:43 UTC 8 JUNE 1995 (t-0 min)

-5 e:,

: .

\  \  
SSdâ̂ cD

zi] -3113

2  k m

Figure 5.S: As in Fig. 5.1. for 2014:43 UTC 8 June 1995. Radar reflectivity data are from 
tlu* DOW radar.
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C A S E  5
2014:43 UTC 8 JUNE 1995 (t-0 min) 

CAPE
4 0 0

375 \  1W•c

400

600

500 600

2 km

Figure 5.9: As in Fig. 5.8, but CAPE is analyzed.
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CASE 13
2 3 4 9 :3 0  UTC 6 MAY 1994 (t-22 min)

Bi

- 7 . 5 - 8.0

%

- 6.0

1 km

Fi(^uri‘ Ô.1Ü: .As in Fig. 5.1. for 2349:30 UTC 6 May 1994. Radar reflectivity data are 
from tlie KI.\X VVSR-88D radar. The “t-22 min” indicates that the analysis time is 22 
mill prior to tornadogenesis.
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C A S E  30
0 0 2 8 :1 3  UTC 3 J UNE  1999 (t-12 min)

Figure 5.11: As in Fig. 5.10. for 0028:13 UTC 3 June 1999. Radar reflectivity data are 
friiin the KLBB WSR-88D radar.
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Instead, these warm downdrafts had small (often <3 K) 0, deficits, implying that 

the parcels did not have midlevel environmental origins. The implications of this 

finding will be discussed more fully in chapter 8.

The 0̂  values measured at the surface within RFDs associated with tornadic 

supercells generally were similar to values observed at lower altitudes (often <1 km 

.AC: L ) on nearby soundings, compared to the non-tornadic cases (and as mentioned 

above, sometimes RFD 0̂  values were similar to inflow 0  ̂ values)(e.g.. Fig. 5.19). 

Furthermore, all of the RFDs dissociated with tornadic storms contained surface- 

iaiscd C'.APE. with some RFDs containing extreme values of CAPE [e.g.. >7U0 .1 

kg“ ‘ below 5UÜ mb on 8 June 1995 and 3 May 1999 (Figs. 5.20 and 5.21)]. Values 

of C.APE within the RFDs of tornadic supercells increased as tornado intensity 

and longevity increased, and CIN values within the RFDs were often <50 J kg" ', 

especially in the portions of the RFD northeast through southeast of the tornadoes 

I,e.g.. Figs. 5.20 and 5.21).

•Although small and 0̂ . deficits were detected in most of the RFDs associated 

with strong tornadoes, in one well-sampled case, a relatively large By and By deficit 

I  up to 7 K and 18 K. respectively) was observed within a hook echo associated with 

a strong (FT), long-lived (>20 min) tornado (e.g.. Fig. 5.22). However, despite the 

large surface By and By deficits, the relatively cool parcels within the hook echo still 

were associated with significant surface-based CAPE (Fig. 5.23). It may be note­

worthy that large-scale C.APE values for this case were exceptionally large (>4000 

•I k g "  ‘ I ;  thus, surface parcels with By values as much as 7 K smaller than those on 

the large scale still were potentially buoyant.

5.3 Miscellaneous new observations

It may be noteworthy that in some of the most prolific tornadic storms intercepted 

(Cases 20. 24. and 25). surface baroclinity was weak (maximum |V/,0[,| <  1 K km "'), 

absent, or oriented such tha t horizontal vorticity generation would be antistream- 

wise. These observations argue, at the least, that surface baroclinity is not a neces­

sary condition for tornadogenesis. Moreover, the fact tha t these storms were able to 

produce so many long-lived, strong tornadoes may imply tha t the lack of baroclinity
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C A S E  17
0 1 3 8 : 0 0  UTC 17 MAY 1 9 9 5 (t-0  min)

m m

■ -I-

i ïm i

8«j« tront locate# 
using DQV^

fr.. ./j?.' T ■
...r

2 km

224 345 
227 A s  >84030» 22J /

229 344 >8225059 [  >79D:>7808052 X ^ 226 /3W
.... 343 /_  - 1  . 0

228 6A - 1 . 5
>840,

Figure 3.12: As in Fig. 5.10. for 0138:00 UTC 17 May 1995. The “T” indicates the 
location of the tornado. Radar reflectivity data are from the DOW mobile radar.
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C AS E  18
2345:12  UTC 2 JUNE 1995 ( t + 2  m i n )

- 3.0  " 2.0

-2

•3.0

. 0  - - - "
-1 .5   --------

2  k m

FijJiiri' 3.13: As in Fig. 5.10. for 2345:12 UTC 2 June 1995. Radar reflectivity data are 
from the D U W  radar.
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C AS E  18
2345:12  UTC 2 JUNE 1995 (t+2 min)

ei

. 'i'X+v r-viè'^  ----'  ■ -&*' •»-5-.-v
1* ■ /:  ̂ . W

2  k m

Figure 5.14: As in Fig. 5.13. but 0' is analyzed.
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C A S E  19
0 1 0 6 :0 0  UTC 3 J UN E  1995 (t+9 min)

A

2 km

Figure 5.15: As in Fig. 5.10. for 0106:00 UTC 3 June 1995. Radar reflectivity data are 
from the N0AA-P3 LF and DOW (inset) radars.
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C A S E  20
0022 :00  UTC 9 JUNE 1995 (t+47 min)

m

0

2 km

Figure 5.1G: As in Fig. 5.10, for 0022:00 UTC 9 June 1995. Radar reflectivity data were 
obtained from the N0AA-P3 LF and DOW (inset) radars, and lAt^ail =  2.5 min was 
used.
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CASE 25
0052:04 UTC 4 MAY 1999

ei
(t+5 min)

j i T .

mm

-0 .5  0 .0

awft / 
01%

2 km

Figure 5.17: As in Fig. 5.10. for 0052:04 UTC 4 May 1999. Radar reflectivity data were 
obtained from the KTLX VVSR-88D radar.
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C AS E  25
0052:04 UTC 4 MAY 1999

6 1

(t+5 min)
l i m

m a

« %
Si®»i

2 km

Figure 5.18: As in Fig. 5.17, but is analyzed.
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C A S E  1 8
2345:12 UTC 2 JUNE 1995 ( t + 2  m i n )

1 400 1400

nMSi \  ! •' V

1000

2  k m

Figure 5.19; As in Fig. 5.13, but Zg is analyzed.
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C A S E  2 0
0 022 :00  UTC 9 J UNE 1995 (t+47 min)

600

807044

2 km

Figure 5.20: As in Fig. 5.16, but CAPE is analyzed.
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CA S E  25
0052:04 UTC 4 MAY 1999  

CAPE

900

(t+5 min)

900

900

2 km

Figure 5.21: As in Fig. 5.17. but CAPE is analyzed.
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C A S E  21
0101:00 UTC 9 JUrtE 19f ( t + 1 6  min)

-aayg,

W

■ 5':'^^ _

TBES"
2 km

t" I g U r o  0 . 2 2 :  . \ s  in F ig. S.IO. for 0101:00 U T C  9 J u n e  1995. R a d a r  reflec tiv ity  d a ta  a re  from  th e  .NOAA-P3 LF 
r;ul.ir. an d  A (,„ .,x : -  J .5  m in  w as used. D a ta  o b ta in e d  from  tu r tle s  (W in n  e t  al. 1999) a lso  have  been in co rp o ra ted  
III" till' .iii.iiy.sis ( tu r t le  o b se rv a tio n s  a re  d e n o ted  as b lack-filled  s ta tio n  m od els). T  read in g s  from  th e  tu r tle s  w ere 

not used 111 th e  first J  n u n  follow ing d ep lo y m en t In o rd e r  to  allow  th e  T  to  a d ju s t to  th e  env iro n m en t a f te r  being 
: : .in.-l>oi(e<i u iside .ill a ir-.'o iid itiu n ed  tru c k  ( th e  th e rm is to r  h a s  a  la rge  tim e  c o n s ta n t) . .M oisture was n o t m easured  
by th e  tu r tle s ,  b u t m ix ing  ra tio s  were in te rp o la te d  to  th e  tu r t le  lo c a tio n s  fro m  th e  m ob ile  m eso n e t locations in o rd er 
to  o b ta in  e s tim a te d  t i t  (sen sitiv e  to  m ix ing  ra tio  e rro rs) a n d  6 „  (n o t a s  se n sitiv e  to  m ix in g  ra t io  erro rs) values a t th e  
tu r tle  lo ca tio n s. .All T .  F j ,  flv, an d  t ic m ea su re m e n ts  a n d  e s t im a te s  in  th e  v ic in ity  o f  th e  tu r t le s  should  be  view ed 
cau tiously .
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CASE 21
0 1 0 1 : 0 0  UTC 9 J Ü # E  1 ( t t i 6  r a i n )

w.

Af") «0»
j_S70**

2 km

Figure 5.23: As in Fig. 5.22, but CAPE is analyzed.
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was symptomatic of a lack of cold air near the mesocyclone. Relatively cold, stable 

surface air air parcels were found to be more widespread in non-tornadic RFDs, as 

documented in section 5.1.

In none of the cases was evidence found of a separate "occlusion downdraft” 

in the mobile mesonet data. While I agree that the dominant downdraft forcing 

may be different at various times in the evolution of the RFD. the surface data 

do not appear to indicate that the "occlusion downdraft” proposed by Klemp and 

Rotunno (1983) is anvthing more than a surging, intensification of the RFD (e.g.. 

Fig. 5.1). Furthermore, no evidence was obtained of a tornado occurring prior to or 

in the absence of the occlusion of the mesocyclone that was originally described by 

Burgess et al. (1977) and Lemon and Doswell (1979).

Relatively high pressure was observed along the RFD gust fronts and within 

the RFDs of both tornadic and non-tornadic supercells—both are locations where 

convergence and divergence are a maximum, respectively, and therefore fluid exten­

sion' [proportional to (Ou/Oi-)- + [dv/Oy)-] "contributes" to pressure excess there 

(Rotunno and Klemp 1982)(e.g.. Figs. 5.24. 5.25. 5.26. and 5.27). Furthermore, 

the high pressure regions typically spiraled around the cyclonic vorticity maxima, 

forming nearly closed annuli of pressure excess, similar to what Fujita (1958b) had 

inferred (cf. Fig. 1.7).

It is worth mentioning that in all but one non-tornadic case, a mesocyclone was 

detected at the surface, in addition to an occluded gust front structure. In fact, the 

analyses presented in this chapter reveal that the surface gust front and streamline 

structures of the non-tornadic and tornadic cases often were indistinguishable (ex­

cept for the obvious presence of the tornado in the latter cases). The only apparent 

signiHcant difference appears to be the low-level stability. Furthermore, in a couple 

of cases, tornadogenesis occurred many minutes (as many as 10-20 min) after the 

occlusion of the low-level mesocyclone (e.g.. Figs. 5.10 and 5.11).

Three-dimensional cloud simulation studies using a Kessler microphysics param­

eterization (Kessler 1969) have found the "undercutting” of the mesocyclone by out­

flow to be detrimental to storm sustenance (and presumably tornadogenesis) (Wil- 

helmson and Klemp 1978: Weisman and Klemp 1982; Brooks et al. 1993, 1994a,b;

Fluid extension" is not invariant to rotation of coordinate axes.
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CASE 6
0205:12 UTC 20 MAY 1998 t -0 min)

P f

2 km

Figure 5.24: As in Fig. 5.2. but pressure fluctuation, p' (mb), is analyzed. Pressures 
reduced to the mean elevation of the mobile mesonet observations to the nearest 0.1 mb 
(decimal and leading "8” omitted) appear in the station models.
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C A S E  18
2345:12  UTC 2 JUNE 1995 (t+2 min)

P

Figure 5.25: As in Fig. 5.13. but p' is analyzed.

1 0 0



CASE 21
0 1 0 1 :0 0  UTC 9 J U N E

' .'laTK.-'r

-60 mt> turtle 
meaeu

-5Bw@- 2 km

Figure 5.26: As in Fig. 5.22, but p ' is analyzed.

1 0 1



CA S E  30
0 0 2 8 :1 3  UTC 3 JUNE 1999 (t-12 min)

' » , ' J r t t - % •• —' —  J m

- 0 .5

2 km

Figure 5.27: As in Fig. 5.11, but p' is analyzed.

1 0 2



Gilmore and Wicker 1998). However, in only one case did a mesocyclone appear to 

be undercut by outflow (and consequently, no surface mesocyclone was detected). 

This tornadogenesis failure mechanism may not be as common as suggested by previ­

ous simulation studies. However, it is possible that many storms tha t were undercut 

by RFD outflow were not sampled—updrafts that visually appeared to be undercut 

often were abandoned iluring field operations in favor of storms th a t did not appear 

visually to be undercut. new hypothesis will be posed in chapter 8 that attem pts 

to explain whv toniadotjenesis failure mav occur if the RFD air mass is too cold and 

stable (and yet the mesocyclone may not be undercut by outflow).

Finally, several previous studies have analyzed a couplet of vertical vorticity 

straddling the hook echo and RFD (reviewed in chapter I), although the feature has 

understandably escaped recognition in many of the past studies. The mobile mesonet 

detected a similar couplet of vertical vorticity at the surface within both tornadic 

and non-tornadic RFDs. when sampling allowed (e.g., Figs. 5.2. 5.15. and 5.16). N’o 

differences between the appearance of the couplet in the tornadic and non-tornadic 

cases was observed.

5.4 Summary

RFD characteristics for each case and mean RFD characteristics are summarized 

in Tables 5. L and 5.2. respectively. .A. 4 km radius from the circulation center was 

used for the minimum ti[,. 0[,. and C.APE. and for the maximum Zo and CIN values 

that appear in the tables: however, a 2 km radius was used for the maximum 0 .̂ 

and C.APE. and for the minimum Cq and CIN values tha t appear in the tables. The 

arbitrary choice of using a smaller radius for the aforementioned variables was made 

because I felt that warm regions, often in the wake of the updraft in regions where 

streamlines clearly diverge from the circulation and do not enter it, should not be 

considered in the results. In Figs. 5.28-5.34, the results are summarized graphically 

by way of scatter plots.

In Table 5.2 and in Figs. 5.28-5.34, the differences in the means of the groups 

were compared to determine if they were statistically significant. The common test
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tor sio;iiitii;uic<' is the f-test; however, a different approach was used instead, fol­

lowing Mielke et al. (1981). The same approach was used by Blanchard and Lopez 

(1985) and Riismussen and Blanchard (1998). and is well-summarized by Blanchard 

and Lopez (1985); “The (f-test) ...assum es that the data sample follows the nor­

mal distribution. Since most atmospheric parameters are not normally distributed, 

hut rather are highly skewed, this standard parametric test is inappropriate. A 

iionparanu'tric test called Multi-Response Permutation Procedures (M RPP) is well 

suited rii (atmospherici data because it makes no assumption about the distribu­

tion of the population (Mielke et al. 1976. 1981). MRPP examines and compares 

the different data groups to determine whether they are from the same of different 

populations and gives the result in the form of a P-value of statistical significance." 

MRPP can be used to indicate the similarity of any number of populations (2 in this 

case: tornadic and non-tornadic), and can be performed on one or several variables. 

The P-value is the probability that two sets of observations come from the same 

population (or 1 -  P  is the probability that two populations are different).
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T ab le  ) .[: Summary of RFD observations. Analysis times are in UTC, with the minutes before 
I- I)I or ,liter (>U| turnailuKenesis or tornadogenesis failure provided in parentheses. Values of 

and t)', are in K. values of Za are in kin. values of CAPE and CIN are in J kg"', values of 
the nuociinuin horizontal 0[. gradient (VhO[.) are in K km " '. and values of p' are in mb. The 
uneertainty (see appendix .\) appears beside each 0[., 6'̂ . z ,̂ CAPE, CIN, and p' value, along 
with the tpuuirant(s) where the measurement was obtained (e.g., I. II, III, or IV, as defined in 
chapter 4). The words "within 4 km" and "within 2 km” refer to the region within a 4 km and 
2 km radius w x t l i m  t h e  RFD. respectively, of the tornado or mesocyclone center. CAPE has only 
been integrated up to 5ÜÜ mb. as discussed in chapter 4. Values of the maximum V/,#'. only are 
considered if the baroclinie generation has a streamwise component (i.e., only if the sense of the 
horizontal baroclinie vorticity generated is such that tilting yields cyclonic vertical vorticity). E.g., 
if the oidy baroclinity detected for a case is oriented such that horizontal vorticity generation has 
an .mtist ream wise component, then the value entered in the table for the maximum is zero. 
In some cases, z  ̂ could not be determined because 0e values measured at the surface were all larger 
than those observed on the proximity sounding. (Continued on next page.)

'This value was obtained from a turtle measurement—the uncertainty (estimated) includes the 
effect of interpolating water vapor mixing ratios as well as estimates of the uncertainty owing to 
the larger time constant of the thermistor.
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N on-tornad ic T o rn a d ic P-va lue

M in im u m  d'. w i th in  4 km -7.5 (J.6) -3.2 (1 .9 ) 0.001

M a x im u m  O', w i th in  2  km -3.8 (1.4) -0.7 (1 .2 ) 0.001

M in im u m  Ü' witli in I km -12.2 (5.7) -7.Ü (5 .9) 0.089

.M.ixiinum O', w i th in  km -4.9 (4.4) -1 .7  (1 .6) 0.011

.Minimum :u w ith in  2  km 1.5 (1.0) 0.5  (0 .4) 0.057

.Maximum w ith in  1 km 2.4 (1.3) 1.3 (0 .4) 0.060

.Minimum t ' A F E  witli in 1 km 103 (110) 411 (293) 0.000

.M.ixirnum i ' . M ’ E  witliin J km 355 (206) 651 (283) 0.059

.Minimum <7.V  witti in 2  km 245 (308) 33 (58) 0.032

.Maxiinum ( 7 . V  w ith in  4 kin 564 (313) 205 (291) 0.017

.M.ixmium w ith in  It I t ) 2.5 (1.8) 2.0 (1.9) 0.677

M .ixm ium  p '  w ith in  Ilh’D 1.7 (1.1) 1.9 (2 .2 ) 0.857

Tiibli* ~}.2: Mean iliermodynainic variables (standard deviations in parentheses) in RFDs 
at the time of tornadogenesis or tornadogenesis failure. The words “within 4 km" and 
"within 2 km" refer to the region within a 4 kin and 2 km radius within the RFD. respec­
tively. of the tornado or mesocyclone center. Only analynes within 5 rnin of tornadogenesis 
or tornadogenesis failure, and analyses in which observations were available in at least .‘i of 
4 guadrants (as defined in section 4-1.3). are included in the calculation of the means. The 
P-valnes are the probabilities that the mean variables in the non-tornadic and tornadic 
cases are the same, and all P-values were computed using the Multi-Response Permutation 
Procedure technique decribed in Mielke et al. (1981). P-values that are smaller than 0.001 
appear as 0,001. CAPE has been integrated to only 500 mb. Units of Q[, and 0' are K, 
units o f  are km. units of CAPE and CIN are J kg"', units of V/,0(, are K km "', and 
units of // are mb.

The RFDs associated with tornadic supercells were approximately 3-4 K (3-5 K) 

warmer than the RFDs associated with non-tornadic supercells, in terms of 0'̂  (0'). 

on average (Table 5.2: also see Figs. 5.28 and 5.29). Moreover, parcels reaching 

the surface in non-tornadic RFDs had Og values similar to the 0̂  values observed 

on soundings at elevations approximately 1 km AGL higher than in tornadic RFDs 

(Table 5.2. Fig. 5.30).

Surface-based CAPE (below 500 mb) was approximately 300 J kg"' larger in the 

RFDs associated with tornadic supercells than in those associated with non-tornadic
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Figurt' 3.28: Scatter plot of maxinmni 0[, versus minimum values within the RFD. 
Black (gray) symbols refer to cases in which analyses were (not) obtained within 5 min 
of tornadogenesis or tornadogenesis failure, and observations were (not) obtained in at 
least 3 of 4 quadrants (see section 4.1.3). Units are K. The P-value displayed is the 
probability that the RFDs associated with non-tornadic and tornadic supercells contain 
the same characteristics. The P-value was computed (using the Mielke et al. technique 
for bivariate data) by only including the analyses obtained within 5 min of tornadogenesis 
or tornadogenesis failure that contained surface observations in at least 3 of 4 quadrants.
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supercells, ou average (Table 5.2; Fig. 5.31). CIN was approximately 150-200 J kg“  ̂

larger in the RFDs of non-tornadic supercells compared to tornadic supercells, on 

average (Table 5.2: Fig. 5.32).

No signiHcant differences were detected between the surface baroclinity (Vhd[,) 

within the hook echoes of non-tornadic and tornadic supercells (Table 5.2: Fig. 5.33). 

Furthermore, the pressure helds within RFDs associated with non-tornadic super­

cells were not signilicantly different from those associated with tornadic supercells 

(Table 5.2: Fig. 5.34). Perhaps the magnitude of p' is related largely to the strength 

of the downdrafts (i.e.. perhaps the p' largely owes to dynamic effects), which does 

not appear to be related to tornadogenesis based on the lack of observations of obvi­

ous differences between the RFD surface divergence in the non-tornadic and tornadic 

cases. ( L'sing a Bernoulli equation, it is easy to show that stronger downdrafts must 

contain larger p' in order to deflect streamlines at the surface toward the horizontal.)

W hile the above comparisons represent the average differences, mean ti[,, 

C.APE. and CIN values were computed by quadrant (refer to Fig. 4.2) for non- 

toruadic. "weakly tornadic" (defined arbitrarily as producing FO-Fl tornadoes for 

<5 niin). and "significantly tornadic" (those producing long-lived FO-Fl tornadoes 

or >F2 tornadoes) supercells (Fig. 5.35). The largest surface thermodynamic dif­

ferences between RFDs associated with tornadic and non-tornadic supercells were 

detected east of the circulation centers (quadrants I and I \ ’). In terms of 9[ and 0 '. 

RFDs associated with weakly tornadic supercells were more similar to those ivssoci- 

ated with non-tornadic supercells than those associated with significantly tornadic 

supercells. On the other hand, in terms of C .\P E  and CIN, in quadrants II and 

III. RFDs associated with weakly tornadic and significantly tornadic supercells were 

similarly different from non-tornadic RFDs.

Finally, the most significant observational findings also are highlighted by way of 

a composite illustration that generalizes the main characteristics of RFDs associated 

with non-tornadic and tornadic supercells (Fig. 5.36).
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O R  N O N - T O R N A D I C  S U P E R C E L L S

Inflow

□  O u tf low  w ith  sm a ll  0 ^  a n d  0 ,  da fic lta  (<2  K a n d  < 5  K, raapactivaly),  
s ig n i f i c a n t  C APE (>20 0  J kg' b a lo w  5 0 0  m b),  a n d  C IN<100 J  kg'.'

I O u tf low  w ith  larg e  0 ^  a n d  0^ daf ic lta  (>2 K a n d  > 5  K, raapactivaly),
I  sm a ll  or za ro  CAPE, a n d  large  CIN (1 0 0 -1 0 0 0  J kg') .

Figure 5.3G. Composite diagram illustrating the general characteristics of RFDs associ­
ated with supercells that produce “significant” (e.g., F2 or stronger, or FO-Fl persisting 
>5 min) tornadoes versus RFDs associated with non-tornadic supercells or those that pro­
duce weak, brief tornadoes. The thick, dashed contour is the outline of the hook echo, 
and thin, solid arrows represent idealized streamlines. In the bottom two depictions, the 
illustration on the left was representative of 11/12 tornadogenesis failiu'es, while the il­
lustration on the right depicts an evolution that was observed in only one non-tornadic 
case.
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5.5 Reconciliation of findings with past observations

A review uf past surface observations obtained within RFDs was presented in chap­

ters 1 and 2. Observations were made on several occasions from the 1950s through 

the 1970s of low 0̂  and 6/,̂ , air at the surface within RFDs (e.g., van Tassell 1955: 

Beebe 1959: Ward 1961: Browning and Ludlam 1962: Browning and Donaldson 

1963: Charba and Sasaki 1971: Lemon 1976a: Nelson 1977; Brandes 1977a: Barnes 

1978a.b). .A major finding of this disseration research, as iterated throughout this 

chapter, is that low or 0̂ ,̂ RFD air is associated with tornadogenesis failure. In 

this section I attem pt to reconcile this finding with past observations of low dc/Qu, 

R F D  air.

Many of the observations of T  and dg deficits in the literature were observed 

in non-tornadic. rather than tornadic supercells. Among these include Browning 

and Ludlam s (1962) study of the Wokingham. England supercell. Lemon’s (1976a) 

analysis of a supercell on 25 .lune 1969. Brandes' (1977a) analysis of a supercell on 

6 .lime 1974. and Nelson’s (1977) analysis of a supercell on 25 May 1974.

The eyewitness reports of "cold" downdrafts documented by van Tassell (1955) 

and Beebe (1959) near the Scottsbluff. Nebraska tornado may be the most difficult 

observations to reconcile. The observations were reportedly within 1 km of the 

tornado, to its south. However, we cannot know precisely how cold (in terms of T  and 

0gj6^g) the downdrafts were because no meteorological instrumentation was present. 

W ard’s (1961) observations of "cold ” air also were made without a thermometer, 

and the observations were a "couple miles” southwest of the tornado.

Other observations of low Og air in RFDs associated with tornadic storms were 

documented on 3 April 1964 by Charba and Sasaki (1971). in the Geary. Oklahoma 

supercell analyzed by Browning and Donaldson (1963), and in two tornadic supercells 

on 29 .April 1970 that Barnes ( 1978a.b) studied. In all of these examples, however, 

the surface data were of much lower horizontal resolution than those data available 

in this dissertation. For example, in Charba and Sasaki’s study, surface observing 

stations (in a mesonetwork) were spaced 20-30 km apart, and in Barnes’ studies, the 

observing stations were spaced 8-9 km apart. The regions of relatively small dg and 

Og deficits documented in the tornadic RFDs in this dissertation were characterized 

by a horizontal length scale of only a few km; a network of stations spaced 10 km
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apart would not sample the possibly critical near-tornado RFD air mass unless by 

luck. Therefore it is argued th a t the resolution of the observing systems available 

in past studies simply did not allow for the detection of relatively warm RFDs in 

tornadic supercells on a consistent basis.

It may he worth adding that Klemp et al. (1981) found low 9  ̂ air in their simula­

tion of the 20 May 1977 Del City tornadic supercell. While their simulation appeared 

to have many similarities with the observed Del City storm , no direct measurements 

of low 9̂  air iti the RFD within a few km of the tornado were made. Brandes (1981) 

did hypothesize, however, from his analysis of the Del City storm, that the RFD 

was thertnodynamically driven: this conclusion was based on the apparent erosion 

of midlevel echo, and tiot on direct observations of low 9  ̂ air at the surface.
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Chapter 6 

Anticipation of surface RFD characteristics from 

sounding data

Tilt* tiiuliiii's pre.st“iit(‘(l in the previous chapter, while significant, do not directly 

heneht operational meteorologists responsible for issuing tornado warnings, because 

direct surface measurements within RFDs are not available in real-time. Therefore, 

if the hndings are to have any operational value, a means must be found by which 

"unobservable-scale" RFD characteristics can be inferred from “observable-scale" 

environmental sounding da ta  that are collected routinely.

Soundings were obtained for each of the 30 cases and are available electronically 

from the author The most representative sounding was sought: however, the defi­

nition of storm "environment" is ambiguous. Darkow (1969). Darkow and McCann 

( 1977) and Kerr and Darkow (1996) used the following criteria for choosing tornado 

"proximity" soundings: (1) the tornado must have been between 15 min prior to and 

105 min after the sonde launch: (2) the tornado must have been within 50 statute 

miles of the launch site: (3) the sonde must have been launched in the air mass that 

produced the tornadic storm. Even with these relatively strict criteria, the findings 

of Brooks et al. (1994b) and Markowski et al. (1998c) argue th a t one still cannot 

be certain that the sonde sampled the actual storm environment due to enormous 

environmental variability. In the present study, of the 30 "best proximity” soundings 

obtained for the tornadic and non-tornadic cases (these were chosen to be as close 

in space and time as possible to tornadogenesis or tornadogenesis failure, and those
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with wind data were selected over those with missing wind data), only 12 met the 

criteria put forth by Darkow and his collaborators.’

For each case, numerous hodograph characteristics were computed. These in­

cluded storm-relative (s-r) winds at 2. 3, 4. 6, and 9 km AGL, storm-relative helicity 

(SRH) in the lowest 1. 2, and 3 kin AGL, vertical shear in the 0-6, 2-4, 3-6, and 

4 9 kill AGL. layers, and mean storm-relative wind speeds (Table 6.1). Furthermore, 

the lifting condensation level, level of free convection, and C.APE were computed 

for each sounding. From the surface data, dewpoinf depressions (Tij) also were 

reported in Table 6.1 (the values appearing in the table represented an average of 

the minimum and maximum Tjj values observed within a sector of arc width 90‘ . 

centered on the storm motion vector).

Few. if any. signiHcant differences stood out between soundings obtained near 

tornadic supercells and those near non-tornadic supercells (Fig. 6.1). f-values (ob­

tained using the .\1RPP technique described in section 5.4) computed to test the 

hypothesis that the tornadic and non-tornadic supercells came from identical envi­

ronments generally were greater than Ü.75 (i.e.. the probability that the environments 

were different generally was less than 25%) for univariate tests of SRH. 0-6 km shear. 

3 6 kin shear. 6 km s-r winds, and 4-6 km mean s-r winds (the small sample size, 

especially since only soundings meeting Darkow s criteria were considered, made it 

difhcult to establish statistically significant differences; only one sounding satisfying 

Darkow s criteria in a non-tornadic environment attained a height of 9 km, therefore 

no significance tests could be done on the 9 km s-r winds or 4-9 km shear). However, 

tiiere was some suggestion that storm-relative winds in the 3-4 km layer were (sta­

tistically) significantly ivtaker in the tornadic cases than in the non-tornadic cases 

(Fig. 6.1: P-value=0.ü2 for 3 and 4 km s-r wind).

'The criteria used by Darkow (1969) et al. were modified to allow “tornadogenesis failure” to 
replace "tornado" in the non-tornadic cases.
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ral)U “ 6.1 : Eiiviiutiinental charactiTistics as measured by the "best” proximity soundings available 
fur each u f  the 3U cases. The Darkow (19G9) criteria are described in the text. Heights of the lifting 
condensation level (LCL) and level of free convection (LFC) are given in km AGL. CAPE is given 
to the nearest 1UÜ J kg"' and values preceded by a ">” indicate that the sounding data were not 
available up to the equilibrium level, thus the total CAPE could not be computed. LCL and LFC 
heights and CAPE were computed by lifting a parcel with the mean thermodynamic properties 
u f  the lowest I DU mb. The surface dew point depression. T d d , , ^ ,  was computed by averaging the 
maximum mid minimum values measured within 45° of the storm m otion vector and within 150 
km uf the updraft, by observing sites that report routinely. The storm  motion represents the 
mean updraft motion (in degrees from true north and in m s" ')  in the 30-min period prior to 
luriiadugenesis (tornadic cases) or strongest low-level rotation (non-tornadic cases). Storm-relative 
helicitv (SRH) has units of nr s"’ . T he 0 -6  km, 2-4 km, 3 -6  km, and 4 -9  km shear vector 
magnitudes (m s " ‘ ) are denoted by |A v |o -6 . |A v |3 _g, and lAvj^-g, respectively. The
2. 3.  4.  6. and 9 km storm-relative winds (m s ~ ‘ ) are denoted as |v — cja, |v -  c |3 . |v -  0 )4 , 
V - C|g. and |v -  c|.j. respectively. T he mean 2-4, 4-6, and 6 -9  km storm-relative winds are 

denoted as jv -  c|.j_^. |v -  c|^_^. and [v -  c|g_g, respectively. M issing values are denoted with 
"M ' (Continued on next page.)

'This was launched in the RFD outflow, but the hodograph above I km is presumed to satisfy the 
proximity criteria.
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Many studies have sought relationships between hodograph characteristics and 

the behavior of supercells, but none have yet compared the s-r winds in the 3 4 km 

layer in tornadic and non-tornadic supercells. Darkow (1969), Maddox (1976). and 

Darkow and McCann (1977) looked at the s-r winds over a large depth in tornadic 

storms, but the wind profiles of non-tornadic storms were not explored. Kerr and 

Darkow ( 1996) found a relative minimum in the 3-4 km s-r flow in tornadic storm  en­

vironments. but no comparisons were made with non-tornadic storms either. Brooks 

et al. (1994a) studied the role of s-r winds above approximately 5 km in numerical 

simulations, but the importance of s-r winds below 5 km was not probed. Brooks
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Figure' Ü.1: Scatter plots of environmental conditions for the 30 RFD data sets using 
the best available proximity soundings." Surface dewpoint depressions were not
obtained from soundings, but rather from surface inflow observations (the largest and 
smallest Tjj values within an inflow sector 90° wide with radius 100 km, centered on the 
storm motion vector, were averaged). Soundings that satisfy Darkow’s proximity sounding 
criteria are shown using bold symbology. (Continued on next 2 pages.)
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(‘t ill. (1994b) looked at the relationship between tornadic and non-tornadic meso- 

i vclunes and the ratio of SRH to the minimum s-r wind speed in the 2-7 km layer, 

but the level of the minimum s-r flow varied from case to case. Their results sug­

gested that a tornadic mesocvclones occur in a regime in which s-r flow is neither too 

weak nor too strong. Davies and Johns (1993) investigated magnitudes of shear and 

helicity in supercell environments, but s-r winds were not included in their study. 

Thompson (1998) did compare tornadic and non-tornadic s-r wind environments: 

however, onlv the s-r winds at 5Ü0 and 250 mb were explored (tornadic supercells 

were associated with larger s-r speeds at those pressure levels than non-tornadic 

snpercells). Rasmussen and Straka (1998) and Rasmussen and Blanchard (1998) 

most recently have compared s-r winds at high levels (9 km) in environments asso­

ciated with supercells occurring in various portions of the supercell spectrum [e.g.. 

low-prei ipitation. classic, and high-precipitation supercells (Doswell and Burgess 

199.3); as well as in environments favoring non-tornadic supercells and non-supercell 

thunderstorms. These studies did not examine any possible relationships between 

snpercell behavior and lower level s-r winds.

In numerical simulations. Gilmore and Wicker (1998) found tha t low-level 0̂  

deficits increased as the altitude of middle to upper level dry air decreased and as 

the vertical shear increased. Weisman and Klemp (1982) also found that low-level 

outflow increased as shear decreased; their explanation was tha t the updraft en­

trains less and is therefore stronger in weak-shear environments—thus, the stronger 

updraft can suspend larger precipitation amounts tha t, after leaving the updraft, cre­

ate greater evaporative cooling and precipitation loading, and ultim ately a stronger 

downdraft and cold pool. Gilmore and Wicker found tha t the downdrafts in their 

study entrained tnore high 0̂  air in the boundary layer as the shear increased, thereby 

reducing the outflow strength. .A.lthough vertical wind shear cannot be present in 

storm environments without the additional presence of s-r (at least a t some level), 

Gilmore and Wicker did not explicitly study the effects of various s-r wind environ­

ments. Curiously. Shaefer and Livingston (1988) showed that tornado environments 

with drier midlevels contain stronger shear than tornado environments with moister 

midlevels. However. Schaefer and Livingston did not examine s-r flow either.

The finding herein of slightly weaker s-r winds in the 3-4 km layer should be 

viewed with the utmost caution, since there is no way of knowing the extent of the
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environiiuMital variability on each day. The representativeness of no sounding within 

the sample of .30 can be guaranteed. Furthermore, the difference of only 6.7 m s"^ 

(0.8 in s ‘ i between the average 3 km s-r winds (4 km s-r winds) in the tornadic 

and non-tornadic cases may be small (and therefore not mefeoro/o^icu//y significant). 

Relatively minor changes in the motion of an updraft could cause the s-r winds to 

be altered by several m s ' \  and small fluctuations in the environmental hodograph 

could alter 3 4 km s-r flow and shear by several m s“ * as well. Thompson and 

Edwards (2UU0) also recentlv found in a larger climatology th a t the strength of the 

midlevel storm-relative flow in tornadic and non-tornadic supercell environments 

differed by only a few m s ' '  on average. Based on this evidence, along with the 

sounding evidence presented herein, combined with the uncertainties in diagnosing 

storm motion (e.g.. motion depends on whether the mesocyclone. bounded weak echo 

region, or echo centroid is tracked), it probably is unlikely th a t hodograph tra its (at 

least those popular today) can reliably anticipate RFD thermodynamic properties 

and tornado threat. .\ more extensive climatological study may be warranted in the 

future, but such an endeavor is well beyond the scope of this dissertation.

statistically significant difference between surface [Tad.,^) values in the tor­

nadic and non-tornadic supercell environments also was found (P-value=0.03). with 

^dd,j, values being smaller in tornadic supercell environments in general (Fig. 6.1: 

the mean in tornadic environments was 5.7 K. and the mean Tdd,,,. in non- 

tornadic environments was 8.9 K). Rasmussen and Blanchard (1998) made a similar 

observation in their much larger sounding climatology. The effects of the ambient 

relative humidity profile on surface RFD characteristics will be investigated using 

iileali/ed numerical simulations in chapter 7.

Finally. RFD thermodynamic characteristics such as 6[, 0 ', CAPE, and CIN 

were shown in section 5.4 to be able to discriminate between tornadic and non- 

tornadic supercells. If the parameters Tdd.f^ and 3-4 km s-r flow also can discriminate 

between tornadic and non-tornadic supercell environments, then 0'. etc.. must be 

relatively highly correlated with Tdd,,, and the 3-4 km s-r flow. Although this may 

be an obvious result, a figure showing a t the surface within RFDs versus the inflow 

surface dewpoint depressions is included as an example (Fig. 6.2). [The example in 

Fig. 6.2 shows that 0[, and Tdd,,^ arguably are better related to each other than either 

variable is with tornadogenesis or tornadogenesis failure (cf. Figs. 5.28 and 6.1).
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This may not be surprising, for it simply indicates that there are  more factors 

involved in tornadogenesis (e.g.. surface roughness and turbulence) than just the 

i)\. characteristics uf the RFD and the measured in the inflow; however, while 

all observations of tornadic and non-tornadic supercell behavior cannot be accounted 

for by simply the surface thermodynamics of the RFD, the surface thermodynamic 

characteristics of the RFD do appear to be im portant in tornadogenesis, as revealed 

by Figs, Ô.-28 5.32.]
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Chapter 7

Idealized numerical simulations

7.1 Rationale and experiment design

III chapter 3 it was shown that the air parcels within the RFDs of tornadic supercells 

tend to be significantly more buoyant and potentially buoyant than those associated 

with iiun-tornadit supercells. However, at the end of the previous chapter, it was 

revealed that the only statistically significant differences between the environments 

of the tornadic and non-tornadic mesocvclones, in the 30 cases studied, were in 

the 3 4 km storm-relative flow and the low-level relative humidity. This finding 

is the motivation for an idealized numerical study investigating the effects of the 

ambient relative humidity profile on the low-level thermodynamic characteristics 

of a downdraft, and the ensuing vortex intensification at the surface. A study of 

the effects of various storm-relative wind profiles is not performed herein, in order 

to maintain simplicity and because it is believed closure of the RFD forcing and 

thermodynamic issues is beyond the scope of what presently can be done; it is 

believed that more observational data are needed in order to determine whether or 

not the most sophisticated cloud models have reasonable representations of the cloud 

water and precipitation type and spatial distribution, as well as realistic mixing and 

entrainment in supercell-storm flows.

The idealized simulations performed herein are axisymmetric and designed with 

some similarities to the simulations conducted by Das (1983) and Walko (1988).
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W'alko simulated a rotating, moist but rain-free updraft in its entirety, whereby the 

conditionally unstable base state was specified using a sounding obtained on a day 

oil which supercell thunderstorms were observed. The updraft rotation was imposed 

at the beginning uf the integration, and the base of the initial vortex extended to the 

ground. Therefore, stretching of vorticity alone was able to rapidly spawn intense 

surface rotation. Das’ (1983) simulations were designed to investigate vortex spin-up 

within the subcloud layer beneath an updraft. A body force was prescribed at the top 

of the domain, which was situated entirely within the implied (2 km deep) subcloud 

layer. The initial wind field was in solid body rotation that decreased exponentially 

to zero at the lower boundary. Precipitation was inserted at the top boundary, and 

the ensuing precipitation-driven downdraft was shown to be capable of transporting 

sulHcient angular momentum to the surface for the genesis of a tornado-like vortex.

In the axisymmetric experiments conducted for this dissertation, a rotating, 

moist updraft is simulated in its entirety, as in the study by Walko (1988). How­

ever. no rotation is initially present in the lowest 250 rn (rotation is a maximum 

at 2 .Ô km and decreases sinusoidally to zero at 250 m .A.GL); thus, tornadogenesis 

cannot proceed without the presence of a downdraft. Rain water is not permitted 

to form within the cloudy updraft (by way of a microphysical parameterization): 

instead, rain water is introduced at midlevels on the periphery of the updraft once 

an approximately steady state is achieved. This methodolog}' was used to obtain 

greater control over the experiment (the rain water field could be made to be iden­

tical in each simulation at the time of downdraft-genesis; it also will be shown that 

the angular momentum distributions within the updrafts just prior to downdraft 

initiation were identical from run to run). The negative buoyancy owing to the rain 

water initiates a downdraft which advects angular momentum downward, as in the 

Das experiments. The final concentration of vorticity at the surface depends upon 

the low-level stability [as shown by Leslie and Smith (1978)^], which ultimately is

‘Leslie aiui Smith (1978) showed that the low-level static stability can have a significant effect 
on vortex intensification at the surface: in their simple, dry experiments, the stability profile was 
sped fieri ll piion.  A swirling wind velocity was imposed on inflow entering the domain through 
the lateral boundary. In the experiments herein, the low-level stability evolves in time as evapora­
tion and entrainment within the downdraft alter the low-level thermodynamic characteristics. No 
swirling wind component is imposed at the inflow boundary. Instead, the downdraft is responsible 
for the low-level vortex generation.
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governed by the ambient environmental conditions. Fig. 7.1 illustrates the design of 

the experiments, along with the model boundary conditions, which will be discussed 
in the next section.

.\lthough hook echoes (which long have been associated with RFDs) do not 

completely encircle the parent updrafts in observed supercells, radar observations 

reveal that hook echoes are downward extensions of the rear side of an elevated 

reflectivity region (e.g.. Forbes 1981). Thus, the method of introducing a "cascade” 

of rain water in order to generate a downdraft in these numerical experiments does 

have s(une observational justihcation. In the simulations herein, the introduction of 

rain water is analagous to hook echo formation. The experiments are designed to 

address the question: under what conditions can a hook echo reach the ground such 

that relatively large buoyancy is observed at the surface?

7.2 Methods

7.2.1 M odel and domain description

The model uses an axisymmetric domain that is 12 km deep and extends outward 

bom the center trxis to a radius of 8 km. The prognostic equations for the wind 

velocity components (u.c.tr) are written in cylindrical coordinates (r.0 ,r) as follows:

I  = + +  (V,„
ot Or Oz r dr r dr r dz

^  (7 ,2 )
dt dr dz r r^ Or dz

-t-F{ +  Fd
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Fij!,uri‘ 7.1: Idealized axisymmetric simulations design. A moist, rotating updraft (rotation is 
imposed) free of rain water is generated along the axis (light gray shading denotes the cloud water 
held: hold, iliuslu’d contours are tangential wind isotachs). In order to sustain the updraft, a weak 
po.sitive updraft forcing. F p c .  is applied (see section 7.2.2) within the region enclosed by the 
larger of the two dash-dot contours. Once a steady state is achieved, rain water is introduced at 
tmdlevels on the periphery of the updraft within the dark gray region (rain water is imposed by 
way of a production term. Pr. the details appear in section 7.2.3). .As precipitation is imposed, a 
downward forcing, F p p .  also is applied within the region bounded by the thin dashed line (also see 
section 7.2.3). and the width of the updraft forcing is reduced to one half of its original width. The 
resulting precipitation- and dynamically-driven downdraft transports angular momentum toward 
the ground. The boundary conditions are indicated at their respective locations. All variables are 
defined as in section 7.2.1. .As defined by Klemp and Wilhelmson (1978b), c . is an assumed intrinsic 
phase speed of the dominant gravity wave modes moving out through the lateral boundary.
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where Cy is the specific heat at constant pressure, g is the constant gravitational 

acceleration, 6 .̂ is the virtual potential temperature, and ir — T J O  =  

where T  is the temperature. 9 is the potential temperature, Rj  is the specific gas 

constant for dry air, and po is the base state pressure at the ground, and 9^ = 

8 { l  +  U.Gli/,, -  (/, -  (jr) .  where q^. and qr  are the water vapor, cloud water, 

and rain water mixing ratios, respectively (the base state contains no cloud or rain 

water). The additional terms F f  and Fq hi the vertical momentum equation are 

atlditional forcing terms for updraft and downdraft, respectively. These forcings will 

be justified and described in the subsequent subsections,

Tlu‘ total T and 9,: are expanded about an unperturbed base state  f  and 9̂ , 

according to

T(r, c,t) = f:{:) + ir'{r. z . t)  

9^(r.z .t) = 9^.(z) + 9'^[r. z j ) .

(7.4)

(7.5)

where the base state is hvdrostatic.

OlT
dz Cp9,.

(7,G)

The (eddy) deviatoric stress dyadic components are

Orr = h'u

(7̂ 0 — R„i

( T f  *    / V  r l

= K
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- A„
du

Du; du 
dr dz

(7.7)

Wlll'lC
1 d{ur) dw

div =  T— + 1 “r dr dz
(7.8)

is tlif iixisyinmetric divergence and A',„ is the eddy viscosity for momentum.

The pressure ecjuation is obtained from taking the material derivative {d/dt  = 

d;d t  -  ud/dr  4 -  u'd/dz]  of r r  - { p f and using the compressible continuity 

(‘(Illation.
dp
dt

I d{ar] dw
7 ~ ô r * û 7

=  0,

where p is the air density, to eliminate dp/dt:

(7.9)

d~'
UT

- ~ { p ê , u r )  + ^ (p t i ^w )  
r dr dz

dr:' J ? '  Ran'd{ur)  ,dw cr dÔ
"37 “ "'37 “ T 7 7 ~  ‘  37 + ( ■ 10)

where (\ = \ycpRd~dv/c\. is the speed of sound. Following Klemp and Wilhelmson 

{1978b). all but the first term on the right hand side are neglected.

The prognostic equation for 6 is

æ
dt

de de \ d ( de \
-  "“37 “ "'37 757 r ' ‘''3rj

where K̂  ̂ is the eddy mixing coefficient for heat and H  is the rate of latent heating 

by condensation of water vapor. q„.
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The prognostic equation for is

wlu'te 5, i:s the sink of water vapor owing to condensation,

S, = (7.1.31
L,e

where Lr is the latent heat of vaporization, and Sg is the source of water vapor owing

to evaporation. The latent heating owing to freezing is not included. The evapora­

tion rate is determined using the same formulation used by Klemp and Wilhelmson 

(1978b). where
I (1 -  qv/qvs)C(pqrf -̂ ''  ̂ .
/)5.4 X IÜ'’ 4- 2.55 X '

where is the saturation mixing ratio, p = p{z) is the base state pressure in 

millibars, p is in g cm~ *. and C is the ventilation factor parameterized as

C = l .Q + l 2 A .9 { f jq r f - ^ .  (7.15)

[ he prognostic equations for cloud water and rain water (Marshall-Palmer drop- 

size distribution assumed) are. respectively.

Oq, dqc dqc
ut UT dz

^~rdr  ^  ^

O q r  d q r  1 d { U p q r T )  d ç r  , 1 d i p W t q r )

dt dr r dr d z  p dz
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wlu're Up and u.'t represent the horizontal and vertical separation of precipitation 

from the flow of air. Autoconversion and collection rates are missing from (7.16) 

and (7.17) because no rain is allowed to be produced by the model. Instead, rain 

water production. Pr =  Pr{r.: . t) ,  is imposed at a specified time and location in 

order to control the initiation of a downdraft. The form of Pr will be described 

later. Centrifuging of rain water occurs when Up > 0. and following Das (1983), Up 

IS parameterized as

n, -  -  — . (7.18)
r g

where, following Soong and Ogura (1973) and Klemp and Wilhelmson (1978b). the 

terminal fall speed is parameterized according to

n , = 3634(pyr)" ^  ) . (7.19)

where /; = /](:) is the base state density, is the base state density at the ground 

and p. and (p have units of cm s~‘. g cm"^. and g g “ ‘. respectively.

The eddy viscosity coefficient for momentum was prescribed as a function of the 

defurtnation field (Stnagorinsky 1963). In the axisyrnmetric model it is

Ou' Ou

(7.20)

where A -  (A; A c )‘ * and c is a nondimensional constant chosen to be 0.2 following 

Deardorff (1972). .Also following Deardorff. A'/, =  3A'm is specified.

The momentum equations are solved on a uniform C grid (Arakawa and Lamb 

1981) using a Klemp-Wilhelmson time splitting scheme utilizing 3rd-order Runge- 

Kutta time differencing for the large time step [a description of a  similar 2nd-order 

Runge-Kutta time differencing scheme appears in Wicker and Skamarock (1998)]. 

The horizontal and vertical grid resolution is A r  =  Az =32 m. A large (small)
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timestep of 0.4 (0.4/12.0) s is used. Fifth (third) order spatial differences are used for 

the horizontal (vertical) advection computations. All other spatial finite differences 

are second order. No explicit horizontal or vertical numerical filtering is used.

The upper boundary is rigid and a wave-radiation open boundary condition is 

employed on the large timestep at the lateral boundary (Klemp and Wilhelmson 

10781)). At the lower boundary, ir =  0. but the horizontal flow satisfies the semi-slip 

iiinditnjii
Ou d c \  1
... . :T- = -T T -  (u'œ' .r'œ').  (7.21]
Oz dz j  h,n

where the surface fluxes are given by

u ' l v '  = c'D V u  (7.22)

c'lr' =  C[) V u ^ + ^  e, (7.23)

where the drag coefficient is t o  = 0.Ü03. A schematic depicting the remaining 

conditions appears in Fig. 7.1.

Some of the experiments conducted by Howells et al. (1988) were reproduced in 

order to validate the model. A few examples are presented in appendix C.

7.2.2 Initial conditions

Four different environments initialized the base states: a high-CAPE/high-LCL envi­

ronment (HCHL). a high-CAPE/low-LCL environment (HCLL). a low-CAPE/high- 

LCL environment (LCHL). and a low-C.APE/low-LCL environment (LCLL). The 

high-C.\PE (luw-CAPE) environments contained approximately 1500 (500) J kg~‘ 

C .\PE. The high-LCL (low-LCL) environments had LCLs at 1600 (800) m.

The soundings (Fig. 7.2) were constructed using profiles similar to those used by 

Weisman and Klemp (1982). where

=  {  (-24)
Z  >  ZtT^(rexp [ ^ ( - - 2 e r ) ]  ,
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S oun d in g So * / v u f l , r T ,r m C.A.PE C IN LCL LFC

11CHL .iü:l.ü l . ' . l 337.9 338.0 1.9 1505 37 1600 1800

HC'LL 3UI.Ü 16.4 345.3 344.0 1.5 1503 18 800 1000

LCH L 303.0 13.4 355.6 353.0 3.1 544 37 1800 1800

LCLL 3 0 1 0 16.4 358.7 354.0 1.6 538 18 800 1000

Taille 7.1: Mudol souuJiug païaïaeters. Uuits uf Oo. Otr, and Ttr aie K. Units of aie g 
kg“ ‘. Units of CAPE and GIN are J kg“ ‘. Units of LCL and LFC are ni.

h { z )  =  <
t t u n 1 -  ( I  -  / i m m )  ( ^ )  . , ~ < - l r

(7.25)
(r-

wlieie /i is the enviruninental relative humidity, tia is the potential temperature at 

the surfaee. ^tr and 7',  ̂ are the potential temperature and absolute temperature at 

the tropopause. Ztr is the height of the tropopause, /i„„„ is the minimum upper- 

level relative humidity, (/„„ is the mixing ratio at the surface, and rn is a "shape 

paratneter." The initial </,. profile is assigned by applying the Clausius-Clapeyron 

equatioti to the 0 and h profiles. On all soundings, Ztr =  9500 m and =  0.25. 

The remaining parameters appear in Table 7.1.

The updrafts are initiated on the model axis by a thermal bubble with a horizon­

tal radius of 7.5 km and a vertical radius of 1.5 km. centered 1.5 km above the surface. 

The maximum amplitude of the initial 9 perturbation is 2 K for each sounding. Re­

gardless of the initial bubble amplitude and dimensions, considerable difficulty was 

encountered in sustaining an updraft beyond 10 min (dozens of different soundings 

also were tested to no avail). The difficulty possibly arises from unrealistically strong 

vertical motions in an axisymmetric model (Ogura 1963; Soong and Ogura 1973), 

which would lead to unrealistically strong compensating subsidence and dynamic en- 

trainment. W’alko (1988) reported a similar problem; he circumvented the problem
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HCHL ' HCLL

/ '  -  LCHL ' h  /  “  f  f  “ /  “ /*  " /■  1 /  LCLL

Figure 7.2: Skew T-log p diagrams showing the analytic soundings used to initialize the 
model base state in the eight experiments. The high-CAPE (low-CAPE) soundings contain 
approximately I5Ü0 (5Ü0) J kg~‘ CAPE: the high-LCL (low-LCL) soundings have an LCL 
at 16UÜ (SÜÜ) m.

139



using au initialization with "unrealistically deep” (3.5 km) moisture.* Clark (1973) 

also presents plots of cloud water fields that reveal skinny, nearly inactive cloudy 

updrafts less than 30 min into the simulations. Smith and Leslie (1978) simulated 

a moist, cloudy updraft for at least 20 min: however, the sounding was not typical 

of severe storm environments (C.A.PE was <150 J kg“ ‘). Soong (1974) was able 

to simulate a long-lived (>G0 min) moist updraft within his axisymmetric model; 

however, the cloud was <3 km tall, had a radius of <600 m. and maximum vertical 

motions were < 6  rn s~ ‘. Thus. C .\PE  presumably was miniscule and not typical of 

a severe storm environment.

In addition to the updraft maintenance difficulties arising from the model dimen­

sionality. it may be difficult to sustain an updraft in environments entirely absent of 

vertical wind shear. Dynamic vertical pressure gradients owing to interaction of the 

updraft with the mean shear (Rotunno and Klemp 1982) cannot arise. Owing to the 

.symmetry of an axisymmetric model, mean vertical wind shear cannot exist; there­

fore. the only dynamic pressure force that can promote the lifting of air parcels to 

their LFCs is that which is associated with the vertical gradient of vertical vorticity 

(which arises when a tangential wind field is imposed)^.

Because of the difhculty in sustaining an updraft, it was necessary to include an 

additional updraft forcing term in (7.4), F^. It can be argued that Fu is essentially 

a parameterization of the dynamic pressure forcing associated with vertical velocity 

gradients interacting with the mean shear [a "linear” forcing tha t is proportional to 

Vir dv /dc ; see Rotunno (1981) or Rotunno and Klemp (1982)]. The addition of F f  

to (7.4) perhaps is justihed by the fact that the simulations are designed to simulate 

a supercell updraft; by imposing a tangential wind profile (to be described below), we 

already are parameterizing the process of tilting and stretching of horizontal vorticity 

that leads to rnesocyclogenesis. In such environments, the horizontal vorticity is 

associated with a mean vertical wind shear; therefore, linear dynamic pressure forces 

also are inevitably present. Because such effects cannot be explicitly produced in

•Furthermore, condensation had to be turned off outside of the main updraft in order to prevent 
tlie formation of "spurious" convection owing to the deep moisture.

hydrostatic perturbation pressure gradient associated with the presence of a warm, buoyant 
air column also can force low-level ascent.
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an axisymmetric model, we argue that some attem pt should be made to artificially 

include them in order to add to the realism of the supercell updraft simulations. 

The additional updraft forcing has the form

' Fro cos(irQ)+l . a  < 1
z. t)  - <

0 . otherwise,

where /•', u is the amplitude of the updraft forcing and

(7.26)

a  =
r

rcr
+ ' t ’mux (7.27)

where r,-,- and :, r are the horizontal and vertical radii of the updraft forcing, and 

:i ,n„j- is tilt' height of the maximum updraft forcing. For all of the experiments. 

Fi = O.UJ m s - is used. The parameterized dynamic forcing is sufficient for 

maintenance of the updrafts, yet it is not so strung that it dominates the vertical 

motion forcing. In each experiment. r(> = 1Ü00  m (until rain water is inserted at 

9ÜU s. after which /(> =  aUO m). C{> =  3500. and Cfmux = 1000 m. The shape 

and magnitude of the forcing field is similar to the linear dynamic pressure forcing 

Held shown by Rotunno and Klemp (1982) in a cross-section through one of their 

simulateil supercells. (It is recognized that the dynamic pressure gradient forcing for 

a supercell updraft often is strongest on the updraft flanks, which leads to deviant 

updraft propagation. In the axisymmetric model, it is deemed most appropriate 

that the forcing be centered on the axis.)

Beginning at t =  300 s (in the wake of the initial thermal pulse), a vortex is "spun- 

up" over a lO-min period, by which time the updrafts acquire an approximately 

steady state. By t = 900 s (15 min), the tangential wind profile in each updraft is 

that of an elevated Rankine vortex, with rotation that decays to zero at a height of 
2.50 m:

1
I' =  g Co Rv { r )  Z«(z), (7.28)

141



w l u n t '

r < Tc
(7.29)

(  j  ' )  • ~ ' ^ m a x  - U r  <  ~  <  - " m . x  +  ~ U r  ( 7  3 Q )

0, Otherwise

where u =  a =U initiailv. C,, is the nuocitnum vertical vorticity (0.03 s “ M. r„ is the 

vortex core radius (1000 m). is the height of maximum rotation (2500 m).

and is the vertical radius of the vortex (2250 m). ,\o rotation is present below 

250 m: thus, surface rotation cannot develop without the formation of a downdraft. 

The chosen value of yields a maximum circulation of approximately 10  ̂ m* s ' ‘ 

(located at : = 2500 m for r > i\.).

The steady state updrafts have maximum vertical velocities of 54-59 m in the 

high-C'.APE environments and 25-30 m s " ‘ in the low-CAPE environments (Fig. 7.3). 

Regardle.ss of the C.\PE. the size and amplitude of the initial thermal bubble, and 

the shape and amplitude of Fc. the high-LCL soundings yield updrafts having radii 

of 1.5 1.8 km. and the low-LCL soundings yield updrafts having radii of 1.1-1.2 

km. The low-LCL soundings contain shallower moist layers than the high-LCL 

soundings. The deeper moist layers in the high-LCL environments appear to be 

capable of supporting wider updrafts than the low-LCL environments. While the 

updraft depths, shapes, and maximum vertical velocities differ in each case, the 

ptesi ribed steady state tangential wind profiles are identical at 900 s. At this time, 

a downdraft is initiated by imposing rain water and a forcing Fp in (7.4). .A.lso note 

that the vertical velocity fields in the lowest 1500 m are nearly identical in all of the 

updrafts at 900 s (Fig. 7.3).

7.2.3 D ow ndraft generation

■\t t = 900 s (15 min), an annular downdraft is generated at a radius of 1000 

m. It was found that realistic amounts of precipitation loading alone could not 

initiate a downdraft rapidly enough and sufficiently strong so tha t  the rain curtain
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HCHL 900 s

900 s

3 4 5 6 7 8

HCLL 900 s

LCLL 900 s

0 1 2 3 4 5  6 7 8

Figure 7.3: Steady-stute updrafts in the control simulations. Regions where cloud water 
mixing ratio exceeds 0.1 g kg"' is shaded gray. Vertical velocity contours (solid) are drawn 
at 5 m s " '  intervals starting at 5 in s~'. Tangential wind velocity contours (dashed) also 
are drawn at 5 m s" ' intervals starting at 5 m s " '.
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cmikl fall to the ground without being advected toward the updraft axis by the 

radial in How (and subsequently leading to updraft demise). Therefore, an additional 

forcing for the downdraft. was added to (7.4). In a real supercell, the rain 

curtain comprising the hook echo falls down the rear side of the updraft, where 

inflow (that could advect the precipitation toward the updraft axis) is typically 

weaker than on the forward side of the updraft, where inflow typically is strongest 

(i.e.. the inflow of real supercells is nut symmetric with respect to the updraft). In 

the axisymmetric model, radial inflow is symmetric about the axis and probably 

unrealistically strong in the region where the rain curtain descends. Without an 

additional downdraft forcing, the rain curtain (imposed on the updraft periphery) 

never reaches the ground, but instead is carried by the inflow toward the axis (where 

large vertical velocities exist) where the rain water then ascends through the updraft, 

eventually leading to demise of the updraft. This obviously is not a realistic behavior 

tor the pre( ipitation streamers that comprise the hook echo. Therefore, an additional 

dvnainic forcing was imposeil to allow the rain curtain to descend to the surface some 

distance awav from the axis.

.\s with F( . Fi) arguably can be included as a parameterized (downward) dy­

namic pressure forcing owing to interactions of mean shear with an updraft, which 

an axisymmetric model cannot produce. Vet the presence of downward-directed dy­

namic pressure gradient forces on the periphery of supercell updrafts is well-known 

(e.g.. Bonesteele and Lin 1978: Rotunno and Klemp 1985), particularly near the 

time of tornadogenesis. While the exact forcing mechanisms for the RFD remain 

unknown and are beyond the scope of the present work, observational and numerical 

modeling efforts suggest that both precipitation loading (within the hook echo) and 

downward-directed dynamic pressure gradients are present in the RFD. For these 

reasons, the downdraft initiated at t =  900 s is driven by both water loading and a 

parameterized forcing term in (7.4).

The contibution by Fq to the downward acceleration is approximately 2.5 times 

larger than the contribution by the imposed rain water. The concentration within 

the downdraft is approximately 4-10 g kg~‘ and the specified amplitude of Fq is 0.25 

111 s“* [while this acceleration is relatively large, it is not unrealistic when compared 

to the retrieved vertical pressure gradients in observed storms (e.g.. Wakimoto et
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al. 1998a)^]. Rain water is inserted into the updraft by way of the production term. 

Pr. in (7.17). where

Pr{r.: . t)  = { Pro Rp{r) Zp{z).  f > 900 s (7 .3 1 )
0 . otherwise

w here

1 -  ^  ^ P c  -  r p r  <  r  <  V p r  +  r p r

otherwise
(7.32)

0 . otherwise

where A>r and zpr are the horizontal and vertical radii of the rain water production 

/one (chosen to be 100 in and 250 in. respectively), and rpc and Zpc are the coordi­

nates representing!, where the rain water production zone is centered (chosen to be 

at r — 1000 III and c = 1850 in). In other words. Pr generates an annular curtain of 

rain water beginning at t = 900 s. and the rain curtain is 200 m wide, has a radius 

of 1000 111. and extends to 2100 in above the ground. The value of Pro is chosen to 

he 5x 10' ' g g ‘ s ' '. which leads to maximum Qr values within the rain curtain of 

approximately 8 10 g kg“ '.

The downdraft forcing Fd in (7.4) is

r  i\ ) ~Poo Ftoir) Zo[^).  f > 900 s Fo[r .z . t )  = { ((.34)
0 . otherwise

where Fuo is the amplitude of the downdraft forcing and

Ro[r) =  <
I -  ~  ^ D r  <  r <  rpc -t- r o r

0 . otherwise
(7.35)

‘Furthermore. Wakimoto et al. (1998a) found that the dynamic forcing for the occlusion down­
draft was considerably larger than the forcing owing to precipitation loading; thus, it is believed 
that the amplitude of the imposed downdraft forcing also is justifiable.
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Z d {:) =  <
cos ?  z -U  5(:p^. +  : P r )  

•J U . 5 ( Z p c + Z p r ) -  <  - P C  +  - P r  (7.36)
Ü. otherwise.

where rpr is the horizontal radius of the downdraft forcing, and rpr =  300 ni is used. 

In other words. Fp contributes to a downward acceleration from the surface to the 

top of the zone in which rain water is artificially produced, and in a region 1000 

in wide centered along the rain water production zone (Fig. 7.3). The forcing is a 

maximum at :  = (cp,. + cpr)/2 m and r =  rpc rn. The sensitivity of the downdraft 

location with respect to the cloud boundary will be explored at the conclusion of 

the next section.

The precipitation- and dynamically-driven downdraft advects angular momen­

tum toward the surface. During the forced descent, evaporation and entrainment 

occur. The effects of the initial CAPE and LCL height on the near-ground ther- 

inodvnamic characteristics of the downdraft, and ultimately, on the near-ground 

intensification of vorticitv. are discussed in the next section.

7.3 Results

Within only a few minutes after its initiation, the precipitation- and dynamically- 

driven downdraft, bearing high-angular momentum air parcels from aloft, reaches 

the surface. Upon reaching the ground, the high-angular momentum air parcels 

experience convergence beneath the updraft, and swirling velocities increase. The 

time of tornadogenesis arbitrarily is defined as the time when the vertical vorticity 

at the lowest grid level (16 m) exceeds 0.75 s~‘. The time of tornado dissipation 

arintrarily is defined as the time when the vertical vorticity falls below 0.75 s ”  ̂ for 

at least 30 s.
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7.3.1 E x p e r im e n ts  H C H L  a n d  H C L L

In Experiment HCHL. by t =  964 s. negative vertical velocities extended to cloud 

base on the periphery of the updraft, and the rain curtain entended about halfway to 

the ground (Fig. 7.4). By t =  1028 s. the downdraft exceeded 10 m and angular 

momentum-rich air nearly had reached the surface. Tornadogenesis occurred at t =  

1076 s. By t = 1092 s there was some indication that the vortex was beginning to 

weaken (Fig. 7.8). and by this time. 0[, deficits exceeding 3 K were within 500 m of 

tile Vortex at tiie surface. .-\t f = 1116 s. the tornado dissipated, and a large region 

of substantial deficit was located at the surface. C l.\ values at the surface also 

were larger at the time of dissipation than at the time of tornadogenesis (Table 7.3). 

Over the next few minutes, a circulation persisted at the surface, but the circulation 

was fairly broad and relatively weak (Fig. 7.4). Upward vertical velocities below 

cloud base also weakened during this time.

Tlie evolution of Experiment HCLL was similar to Experiment HCHL through 

t = 1080 s. although the maximum downdraft in Experiment HCHL was approx­

imately 5 m s ' stronger, owing to larger negative buoyancy in the downdraft in 

Experiment HCHL (Fig. 7.5). Tornadogenesis occurred at < =  1080 s. At  this time, 

upward vertical velocities were approximately 5 m s" '  larger than in Experiment 

HCHL. probably because the low-level static stability was smaller than in Experi­

ment HCHL (the largest 0̂ . deficits at the ground within a 1 km radius of the vortex 

were approximately 2 K).  .\ nearly steady tornado, stronger than in Experiment 

HCHL. persisted for over 3 min. and demise (at t =  1292 s) was not associated with 

the development of large 0̂ . deficits at the surface, as was the case in Experiment 

HCHL. Instead, by the time of demise, the midlevel updraft had nearly dissipated, 

with the weakening apparently being related to the intense low-level vorticity (the 

updraft persisted considerably longer without an imposed downdraft and ensuing 

tornadogenesis). Only small 0̂ . deficits (<3 K) were present at the ground at the 

time of dissipation.

Midlevel, environmental low-é/g air was entrained by the downdraft in Experi­

ment HCLL owing to the proximity of the downdraft to the lateral boundary of 

the cloud (because the updraft was narrower and the downdraft was initiated in 

the same location in each case with respect to the angular momentum distribution).
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This \ow-0^ air was not ingested by the updraft until late in the simulation, and 

0̂  Huctuations at the ground in both high-CAPE experiments were small {6  ̂ is not 

perfectly conserved during the evaporation process). Moreover, significant CAPE 

values were present in the downdrafts at the ground in both simulations (Table 7.3). 

This result agrees with the measurements of surface-based C.APE within the RFDs 

associated with observed tornadic supercells (chapter 5).

7.3.2 E xp er im en ts  LCHL and LCLL

Descent of the rain curtain and high-angular momentum air between t =  900 s and 

t -  1030 s proceeded in the low-C.APE simulations in a manner similar to the high- 

C .\PE runs. The qualitative differences between Experiments LCHL and LCLL 

were similar to the differences between Experiments HCHL and HCLL (Figs. 7.6 

and 7.7: Tables 7.2 and 7.3). In Experiment LCLL. the maximum downdraft was 

approximately .3 m s~‘ weaker than in Experiment LCHL. The downdraft in Ex­

periment LCHL was associated with 0[, values approximately 2 K colder on average, 

compared to Experiment LCLL. .lust prior to tornadogenesis (at t =  1072 s in Exper­

iment LCHL and t = 1080 s in Experiment LCLL). the updraft in Experiment LCLL 

was approximately ô tn s “ ‘ stronger than in Experiment LCHL. The maximum in­

tensity of the vortex in Experiment LCLL was not significantly different from that in 

Experiment HCLL. but the strength of the vortex in Experiment LCHL was weaker 

than in Experiment HCHL. Similar to the high-CAPE cases, tornado longevity was 

greater in the low-LCL environment (LCLL).

Tornado demise occurred at t = 1104 s in Experiment LCHL. and at t =  1180 s 

in Experiment LCLL. In both low-C.\PE experiments, the surface parcels supplying 

the vortices contained larger amounts of CIN at the time of tornado demise compared 

to the time of tornadogenesis. although CIN values in Experiment LCLL were not 

particularly large (22-38 J kg"^) near the circulation. It is not known why the 

vortex in Experiment LCLL did not maintain its intensity longer. Surface parcels 

in both experiments were associated with significant CAPE. In Experiment LCLL, 

as in Experiment HCLL. midlevel, environmental low-0g air was entrained by the 

downdraft, although low 6̂  values never reached the ground.
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964 s
EXPERIM ENT HCHL

1028 s 1092 s
| f in nrT n i n n yn y T ^ M M |p i m i m < ^ <Mi i t i m \ ) »Mi L

M>m »?TTfn n i i i i i i i | ;rrwin«

F igu re 7.4: Meridional cross sections of radial, tangential, and vertical velocity, and virtual 
potential temperature fluctuation for Experiment HCHL at various times (refer to Table 7.2 for 
the times of the tornado as defined in section 7.3). (Continued on next page.)
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The light gray region indicates where > 0.1 g kg"', and the dark gray region indicates where 
qr > 2 g kg"'. The abscissa range is 0 < r <  2 km and the ordinate range is 0 <  2  <  2 km.
Radial velocity is contoured at 2 m s " '  intervals, tangential and vertical velocity are contoured at 
5 m s " '  intervals, and virtual potential temperature is contoured at 0.5 K intervals. Negative 
contours are dashed. 150
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Figure 7.5: As in Fig. 7.4. but for Experiment HCLL. (Continued on next page.)
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Figure 7.5 (continued).
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Figure 7.6; As in Fig. 7.4, but for Experiment LCHL.
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Figure 7.7: As in Fig. 7.4, but for Experiment LCLL.
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Figure 7.8: Time scries of minimum 6[, (solid, K) and maximum (  (dashed, s~*) at the 
lowest model grid level (16 m) within the region r  < 1000 m.
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Ib riia iio  tim es (s) T ornado  d u ra t io n  (s) Cmar Tmux U.'max P'm.n

H C III. 1Ü7*; 1 l u ; 40 -45 1 73.2 3.89 2.8 X lO-* 35.6 -37.6

Ill LL lU SU -liU J 21J •48.S 86.0 5.28 2 .6 x  10-* 42.8 -52.8

l.C H L IU7-J IIU-I 32 -13.8 61.9 4 05 2.5 X 10-* 29.3 14 5

i .r i .1 . 1U80 1 ISO 100 -48,4 85.3 4.69 2.6 X 10-* 42.9 -43.5

Table 7.2: Suininary ui‘ idealized simulation results. The tornado lifetime is as defined 
ill section 7.3. The largest radial inflow speed (in s"*) is the largest tangential
wind speed (m s '* )  is the largest vertical vorticity (s'*) is Cmax. the largest surface
ciiculatioii (n r  s '*) at the time of e,„uj. is Tmax- the largest vertical velocity (rn s '*) is 

and the largest pressure deficit (mb) is Values of Umm. e^ux, Cmux- and f^ux
arc at t h e  lowest model level (1Ü in). Values of ic„,ux and p'„„„ are below 2 km (and are 
a s . s o c i a t e i i  with the vortices).

K \  |) l 't  Hill lit <

A t t u r t i a d u K v t ie s i s

•*: A A H E  C A P h 's o u C I N K

A t

<

t u r n a d u  d e m i s e

C A P E  C A P E s ü ü C I N

IK  ML d 2 - d  U U U -0 U A Ü  157Ü 6 6 1 -6 U 1 J 6 - 8 7 5 U - i 6 Ü 0 - 0 . 8 1 4 9 8 - 1 6 5 2 6 6 7  7 1 9 8 5 - 1 3 9

I K 'L I . J I -0 d  I 0  -5 U d i  i b u a 7 6 7 -H IÜ 11 W 6 Ü 3 1 3  0  4 1 0 6 3 - 1 5 7 7 5 9 9 - 8 0 0 2 4  34

L l ’U L a a - u  u 0  Ü 0  3 5 2 S - U U î7-'èi 4 . 6 - 1 . 7 0  0 - 0  0 5 3 4 - 6 2 4 4 3 9 - 4 9 7 101 1 33

[ . I 'L L * Ü I -0  5 5 J l  5 66 4 7 3 - 5 K Î \2-ii -3  0— 0  5 0 . 1 - 0 . 9 5 2 8 - 6 1 1 4 7 1 - 5 2 9 2 2 - 3 8

Table 7.3: Surface thermodynamic data at the times of tornadogenesis and demise. The 
C.APE below 500 mb (CAPE^uu) also is included to facilitate comparison with the CAPE 
v.ilues computed in chapter 5. The ranges of 6[, (K). 0' (K), CAPE (J kg'*), CAPEsoo 
(.1 kg *). and CIN (J kg'*) values span the minimum and maximum values at the lowest 
grid level (16 m) within the region r  < 1000 rn. CAPE and CIN values were computed 
as ill chapter 5. whereby surface thermodynamic data were inserted into the base state 
sounding.
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7.4 Discussion

Tlu‘ results of the previous section (Tables 7.2 and 7.3) underscore the role that 

eiivirounieiital low-level relative humidity may play in influencing the low-level ther- 

iiiodyiiainic characteristics of RFDs, as well as the role of those characteristics on 

the ensuing intensihcation of vorticity at the ground. The numerical simulation 

tiiulings that vortices are more intense and persistent as the buoyancy (x  6'̂ ,) of 

the downdraft increases, and as the CIN of the downdraft decreases—augments the 

oljservational Hndings summarized in chapter 5. Furthermore, the simulations also 

agree with the observation that high boundary layer relative humidity values (i.e.. 

low LC L height and small surface dewpoint depression) are associated with relatively 

warmer RFDs and more signiHcant tornadogenesis than environments of relatively 

low boundary layer relative humidity.

It may be worth noting that the surface 0[, differences between the experiments 

might not be what one woukl consider to be "large.'’ The values at the surface 

differed by only I 2 K at the time of tornadogenesis among the four experiments 

(Table 7.3). \ e t  this seemingly small difference was associated with tornadoes of 

considerably varying longevities and intensities (Table 7.2). Furthermore, the surface 

(),. deficits in the high-LCL runs, especially at the time of tornadogenesis, were not 

as large as commonly observed by the mobile rnesonet (deficits of 4-8 K often were 

recorded in "cold" RFDs). probably owing, at least in part, to the moist midlevel 

environment in the model and to the experiment design. It is speculated, based 

on the trends of the simulations herein, that the presence of larger (perhaps more 

realistic) 0̂ . deficits in the model downdrafts in the high-LCL cases would have led 

to even weaker vortices, or perhaps no tornadogenesis at all.

In all four experiments. CIN values were roughly similar. Moreover, the low-LCL 

cases also had lower LFCs. Lowering of the LCL typically cannot occur without 

also lowering of the LFC unless CIN is increased substantially (if CIN becomes 

too large, then a surface-based storm cannot develop at all). Thus, it is possible 

that the argument for a low LFC being propitious for tornadogenesis may not differ 

fundamentally from the argument for a low LCL favoring tornadogenesis.
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To niost simply explore why tornadogenesis was more intense and longer-lived in 

the low-LCL cases, it may be beneficial to consider the Boussinesq, inviscid vorticity 

equation.

dui
=  — V  • Vw -I- w • Vv + V X J3é;, (7.37)

when' w = + v = (ué^-h cé^ +  a -é j. and V = (^ ê r - t - ; ^ ê ^ 4 - ^ ê j .
and assuming =  U by symmetry. The vorticity components are

dv
(. = (7.38)

Ou dw
" = o i ' â ;

(7.39)

Ov c
(7.40)

'). we' obtain

Oi
Ot “Or

0^  ̂Ou . Ou
a :

(7.41)

di]
Ot -

dll . dv , Ov OB
dr

urj c( 
r r

(7.42)

0Ç
Ot "Or

dC dw dw
(7.43)

In (7.-11). the terms on the right hand side are horizontal advection, vertical advec­

tion. stretching, and tilting of vertical vorticity into the radial direction, respectively. 

In (7.42). the terms on the right hand side are horizontal advection, vertical advec­

tion. reorientation of horizontal vorticity from the radial direction into the azimuthal 

direction, tilting of vertical vorticity into the azimuthal direction, baroclinie gener­

ation. and two curvature terms, respectively. In (7.43), the terms on the right hand
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suie are huri/untal aclveciiüii. vertical advection, tilting of azim uthal vorticity into 

the vertical, and stretching, respectively.

.Notice that in the axisynimetric model tha t baroclinie generation of vorticity only 

affects the azimuthal vorticity. //. Furthermore, azimuthal vorticity cannot be tilted 

to produce vertical vorticity: thus, baroclinie vorticity generation cannot contribute 

to vertical vorticity (this result is not necessarily true in three dimensions). Calcu­

lation of the forcing terms in (7.43) indicates that the most significant differences 

betwi'en the high-LC’I. and low-I.CL case< owed to stretching differences (Figs. 7.9 

and 7.10). .\s the static stability increases (owing to larger Q[. deficits within the 

KFD). vertical motions are inhibited: thus, radial convergence is weaker and the 

local tangential wind velocity is lessened for a given angular momentum. Leslie and 

Smith ( 1978) reached a similar conclusion in their dry vortex simulations. In all four 

experiments herein, the angular momentum reaching the surface was similar (or even 

slightly larger in Experiment HCHL compared to the other runs), yet larger local 

swirling velocities were produced in the low-LCL cases, which were associated with 

warmer dowiulrafts and a greater amount of stretching than the high-LCL cases 

(Fig. 7.11. Table 7.2).

These simple simulations were used to (1) obtain some physical interpretation of 

the observations and (2) suggest possible fruitful routes for further exploration. In 

the future, it may be beneficial ahso to perform trajectory analyses and a pressure 

decomposition (e.g.. Weisman and Klemp 1984): however, such analyses have not 
been conducted herein.

7.5 Extension to three dimensions

.An axisynimetric model was used owing to its simplicity and the high spatial reso­

lution achievable with a manageable number of grid points. But real supercells are 

not axisynimetric. In real supercells, the RFD typically forms on the upshear flank 

of the updraft. Thus, downward transport of angular momentum occurs only on 

the upshear Hank. Furthermore, baroclinically-generated horizontal vorticity within 

the hook echo, if present, may be converted to vertical vorticity by tilting. As the 

RFD descends in a spiraling manner (photographs of clear slots reveal tha t RFDs
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EXPERIMENT HCHL 
1092 s 1140 s

vVC

#

Figure 7.9: As in Fig. 7.4. but the advection, tilting, and stretching terms in (7.43) are 
plotted. The abscissa range is 0 < r  < 500 m and the ordinate range is 0 < z < 500 m. 
The contour interval is 2.5x10“  ̂ s“  ̂ in each plot, and negative contours are dashed.
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Figure 7.10: As in Fig. 7.9, but for Experiment HCLL.
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EXPERIMENT HCHL 
1092 s 1140 s

,
EXPERIMENT HCLL 

1092 s 1140 s

Fi>>,urt‘ 7.11; Circulation contoured at 10"* s ' intervals. The abscissa range is 0 < r  < 
001) in and t he ordinate range is 0 < 2 < 500 m.
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wrap cyclüiiically around the parent updraft, to the extent tha t the cloud erosion 

is associated with descending air), it may eventually nearly encircle the updraft. 

Bv this stage, it is possible that the axisymmetric model of the updraft-downdraft 

svsteiu may not be terribly unrealistic.

In three-dimensional supercell environments, significant mean storm-relative flow 

typically is present: in an axisymmetric model, mean storm-relative flow is precluded 

by the model symmetry. Therefore, the role of entrainment of midlevel environmen­

tal ail probably is not adequately represented by an axisymmetric model. In real 

supen ells, the entrainment of potentially cold midlevel air may assume larger impor­

tance than in the idealized simulations performed within this chapter. On the other 

hand, the surface thermodynamic properties (e.g.. d[., C.A.PE. CIN) in the sim­

ulations in which the strongest, longest-lived vortices developed were similar to the 

surface thermodynamic characteristics obstTved in the RFDs associated with prolific 

tornado-producing supercells. Thus, perhaps entrainment of midlevel environmental 

air is not significant in the RFDs associated with the most severe tornadic supercells.

In non-tornadic supercells. 0̂ , deficits >5 K commonly were observed at the 

surface in close proximity to low-level mesocyclones. Such deficits could not be 

generated in the idealized simulations. It is not known whether tornadoes would 

have formed in the simulations if such values would have been generated, nor 

is it known why 6[. values as small as observed in non-tornadic supercell RFDs 

(chapter 5) could not be produced in the model. Furthermore, low 6  ̂ values did not 

reach the surface in any of the experiments. In the high-C.A,PE runs, this probably 

was because the downdraft was positioned away from the lateral cloud boundary, 

therefore environmental air was not entrained. In the low-CAPE runs, low 8̂  air 

was entrained from the environment, but it did not reach the surface during the time 

that the simulations were carried out. In contrast, observations reported in chapter 5 

and by numerous past studies have documented the presence of downdraft parcels at 

the surface in which at least some depletion of 6e had occurred during the descent. 

Perhaps the lack of mean storm-relative flow in the axisymmetric model limited the 

entrainment of potentially cold into the downdraft. Or perhaps the answer lies in the 

soundings used, which were considerably moister at midlevels than the soundings 

typically observed on the Great Plains on days in which the chapter 5 observations 

were collected.
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Ill chapter 8 . the idealized results of this chapter are extrapolated to supplement 

a three-dimensional conceptual model of tornadogenesis.

7.6 Sensitivity studies

Additional simulations were conducted to explore the sensitivity of the results to the 

location and width of the downdraft. Increasing the width of the rain curtain (rpr) 

did not signiKcantly affect the maximum vortex intensities, but vortex longevity was 

shortened, owing to the development of a larger cold pool tha t adversely affected the 

vortex after less time had elapsed. Increasing the radius of the rain annulus (rpc) and 

a.s.KH iaieil downdraft also did not significantly affect vortex intensity or longevity, 

although tornadogenesis did not proceed as quickly as in the former cases because 

more time was needed for the high-angular momentum air to spread beneath the 

updraft axis. Because of the closer proximity of the downdraft to the lateral cloud 

boundary in this test, a greater amount of environmental air was entrained by the 

downdraft: however, this low 0̂  air never reached the surface during the lifetime 

of the updraft. .\s alluded to at the conclusion of section 7.5. this aspect of the 

simulations appears to lack realism when compared to observations of at least some 

low 6̂  air reaching the surface in both tornadic and non-tornadic supercell RFDs.

Experiments also were conducted in which the depth of the downdraft {zpr and 

:p,.) was increased. In these runs, more intense and longer-lived vortices were pro­

duced because the air parcels reaching the surface contained larger angular mo­

mentum than the former taises (the angular momentum of the steady-state rotating 

updrafts increased with height below 2500 m).

Oidy a relatively small part of the parameter space was explored by these ide­

alized simulations. In the future it will be beneficial to investigate how the results 

depentl on the strength and profile of the elevated vortex and on the updraft char­

acteristics (which may be governed by the imposed vortex and on the CAPE and 

CAPE distribution). Repetition of the experiments using soundings that are drier 

in the middle troposphere (like those commonly observed in supercell environments) 

also should be attem pted. Moreover, the microphysics were treated very simply 

in the simulations (M arshall-Palmer distribution implied). Additional experiments
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should be conducted to explore the effects of various drop-size distributions and rain 

water concentrations.

Other known sensitivities undoubtedly exist, such as the sensitivity to the tur­

bulence parameterization and spatial resolution (e.g., Straka and Rasmussen 1998). 

-A. full exploration of these effects is beyond the scope of this dissertation, and may 

be studied more thoroughly later on. Therefore, the results presented in this section 

[jfobablv should be viewed in a qualitative sense.
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Chapter 8

Implications for tornado genesis and maintenance

8.1 RFD forcing mechanisms

Altlujiigli till* prt'st'iHi' of RFDs in both nun-tornadic and tornadic supercells is well- 

dociinicntcd. till' forcing for tlie FtFD is not yet agreed upon. Some have argued that 

the RFD is therniodynainically driven by evaporative cooling as dry. environmen­

tal air impinges on the updraft aloft (e.g.. Browning and Ludlam 1962; Browning 

and Donaldson 19G3: .Nelson 1977: Barnes 1978a.b; Klemp et al. 1981), while others 

have ((uestioned whether dynamic vertical pressure gradients play a role in the ini­

tiation of the RFD (e.g.. Bonesteele and Lin 1978; Lemon and Doswell 1979). The 

identihcation of a smaller-scale "occlusion downdraft" in simulations conducted by 

Klemp and Rotunno (1983). which was apparently dynamically driven by low-level 

pressure deficits, raised further questions. Throughout this dissertation, the RFD 

has been referred to as the contiguous downdraft region that surrounds the low-level 

rncsocyclone or tornado. Visual observations of RFDs suggest tha t the downdraft 

is a single entity (e.g.. only one "clear slot ' is visible). Therefore, discrimination 

between what Klemp and Rotunno (1983) called an "occlusion downdraft” and the 

major downdraft first identified by Browning and Ludlam (1962) on the rear flank of 

a supercell (later called an "RFD") has not been attem pted, although it is probable 

tliat different forcings dominate the vertical momentum equation a t different times 

and different locations during the evolution of the downdraft.
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Chapter 5 presented surface observations of small 0, deficits within RFDs associ­

ated with many tornadic supercells. These observations imply tha t the entrainment 

of midlevel, potentially cold (low 6^) air, and subsequent evaporation of updraft 

hydronieteors. is not a viable mechanism for driving such RFDs. The only means 

l)v which a downdraft may reach the surface with Be values within a few K of the 

infiuw values (after a significant downward excursion) in environments character­

ized by low midlevel B̂  values is if air parcels within the updraft (which contains 

B, values  similar ro rlie low- leve l  inflow) are forced to descend owing to precipita­

tion drag or downward-directed non-hydrostatic pressure gradients. Below cloud 

base, evaporation of precipitation within the RFD (hook echo) may occur, and this 

pr ocess  essentially conserves B̂  but reduces B̂ ,. Surface B̂. deficits within RFDs as­

sociated with tornadic supercells also were generally small (<3 K). implying that 

large amounts of evaporative cooling generally did not occur in the subcloud layer 

within the hook echoes associated with tornadic supercells.

W ithin the RFDs associated with non-tornadic supercells, the finding of generally 

large (> 8  K) surface B̂  deficits suggests that entrainm ent of tnidlevel environmental 

air (characterized by low B̂  typically) plays a significant role in driving non-tornadic 

RFDs. in cotitrast to RFDs associated with significantly tornadic supercells. It can­

not be known whether mainly updraft uir initially undergoes forced descent (owing to 

precipitatioti drag or dynamic pressure gradients in a manner similar to that which 

was hypothesized to occur in tornadic supercells) during which mixing dilutes the 

B, of the descending parcels, or whether the descent in non-tornadic RFDs is initi­

ated by the impitigemetit of tnidlevel environmental uir, which subsequently becomes 

negatively buoyant owing to tiie evaporatioti and melting of condensate.

8.2 Effects of low-level stability

Three-ditnensional numerical simulations of supercells have not been able to pro­

duce warm RFDs. probably owing to inadequate representations of microphysical 

processes and possibly owing to insufficient spatial resolution. Many simulations 

are performed without the inclusion of ice. The inclusion of ice typically allows for 

hydrometeors to be distributed over larger areas; thus, cold pools near the updraft
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tend lu be weaker. On the other hand, the idealized simulation results of the pre­

vious chapter indicate that relatively warm downdrafts may be more favorable for 

tornadogenesis than downdrafts tha t arrive at the surface relatively cold.

The observational and idealized simulation results presented herein suggest—as 

implied by Ludlam s (1963) prediction (chapter 3) and also implied by the findings 

of Leslie and Smith (1978) that even a shallow stable layer could prevent an intense 

vortex from extending to the ground—that the thermodynamic properties of the 

downdraft air parcels, which have been shown to be the ones that en ter the tornado 

(Grandes 1978: Klemp and Rotunno 1983: Davies-Jones and Brooks 1993: Wicker 

and Wilhelmson 1995). play a role in the final concentration of vorticity (or lack 

thereof) at the surface. .As the static stability increases, radial convergence is weak­

ened ius the vertical motion becomes inhibited. Thus, a given angular momentum is 

associated with smaller local tangential wind speeds and a wider vortex core.

The precipitation concentration and distribution within the hook echo must, to 

a considerable degree, control the amount of evaporation and resulting thermody­

namic characteristics of the RFD. Perhaps not inconsequentially. VV’akimoto and 

Cai (21)00) observed that the " ...o n ly  difference between the G arden City storm 

and Hays storm (during \  ÜRTEX) was the more extensive precipitation echoes 

behind the rear-flank gust front for the Hays storm .” It is speculated tha t RFD 

snrfact' thermodynamic characteristics someday may be inferred using information 

about the drop size distribution within hook echoes available from dual-polarization 

radars [e.g.. relatively numerous, small drops may imply colder hooks and RFDs 

because of increased evaporation potential (Hookings 1964: Kamburova and Ludlam 

I9GG)].

8.3 A new hypothesis

\'isual and dual-Doppler radar observations of RFDs (e.g., Moller et al. 1974; Ras­

mussen et al. 1982: Dowell and Bluestein 1997), theoretical considerations (e.g.. 

Davies-.Jones 1982a: Davies-Jones and Brooks 1993), and numerical sim ulations (e.g.. 

Wicker and Wilhelmson 1995) have led to the general agreement th a t reorientation 

of vortex lines by the RFD is a fundamental step in tornadogenesis. A conceptual
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inudel in which downward tilting of vortex lines by the RFD is assumed to play a 

primary role in tornadogenesis (e.g.. Davies-Jones and Brooks 1993: Rasmussen and 

Straka 1997) is presented in Fig. 8.1. The conceptual model illustrates the role of 

the thermodynamic characteristics of the RFD in tornadogenesis failure as well as 

t ornadogenesis "success."

In panels 1 3 of Fig. 8.1. a helical updraft (with vortex lines spiraling upward 

and to the right as viewed by an observer on the ground) is quickly transformed into 

an updraft-downdraft couplet as the RFD intensifies. Based on the observations and 

idealized simulation results, it is hypothesized that if the RFD air is characterized 

by large 0̂ . and 6̂  deficits (and consequently large CIN and little or no CAPE at 

the surface), then the incipient tornado, which is located in the vertical velocity 

gradient but in a region where vertical velocity is upward (e.g.. Lemon and Doswell 

1979). fails to intensify. Tornadogenesis failure results from insufficient stretching 

owing to the presence of large CIN. If the RFD reaches the ground with only a 

small y, and 0̂  deficit (and consequently small CIN and substantial C.A.PE). then 

explosive stretching can occur and tornadogenesis "succeeds." The preceding model 

probably is overly simplistic [more complex real storm  behaviors are documented by 

W’akimoto et al. (I998a.b) and Rasmussen and Straka (2001)]. but it is believed that 

the most important processes are represented (some sort of downward displacement 

and tilting of vortex lines followed by stretching of vertical vorticity).

.\ question remaining to be addressed is what governs the amount of C.A.PE and 

CIN at the surface within the RFD. The CAPE at the ground within an RFD may 

l)e written as

C A P  E n fo  = C A P E ^ w  — ^ . (8.1)

where CAPEm- o is the C.APE of the surface parcels within the RFD, C.A.PE£,vv is 

the C.A.PE measured in the large-scale storm environment (a function of the 9e of 

the inflow environment), and 'I' represents a sink of C A P E ^fo  arising from dilution 

of by entrainment along a trajectory. Note th a t while evaporation reduces the 

til. of a parcel, ti,. is nearly conserved for an evaporation process: thus. CAPEftfo is
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/ / / / / /  /

Figure 8.1: Conceptual model of tornadogenesis in which reorientation of vortex lines by 
the RFD assumes primary importance (e.g., Davies-Jones and Brooks 1993; Rasmussen 
and Straka 1997). with modification to illustrate the hypothesized role of RFD thermody­
namic characteristics in both tornadogenesis success and failure. A few vortex lines have 
been drawn in black (arrows indicate direction of local vorticity vector). A plan view is 
included at the bottom right of each panel. The vorticity vectors in the horizontal planes 
of the plan views are those located at approximately 1 km AGL. The “-h” and signs 
on the plan views indicate where tilting has produced positive and negative vertical vor­
ticity. respectively. The “x’’ on the plan view indicates the vantage point from which the 
supercell is viewed. (Continued on next page.)
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T O R N A D O G E N E S I S  F A I L U R E

vertical velocities a re  
inhibited by CIN. less 
stretching occurs, and 
intense vorticity cannot 
develop a t ground

T O R N A D O G E N E S I S  S U C C E S S

W A R M
h ig h  h ig h  . ■ m a ll C M . 

• u tm ta n H a l C A P E )

high-buoyancy. high-CAPE. 
low-CiN air a sc e n d s  readily, 
intense stretching allows 
tornadic circulation to 
develop a t ground

7 / / / / / / /
A R M 1

Figure 8.1 (continued).
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nul a ltr It'll signiHcantly by evaporation.^ [This approach tacitly assumes that RFDs 

cuinprise at least some updraft air (with CA PE>0) that is forced to descend as 

in the idealized numerical simulations. Observations of at least some surface-based 

C.APE in most of the RFDs analyzed (29/30) support this assumption. While the 

presence of surface-based C.APE in the RFD assures us that at least a portion of the 

mixture of air parcels that comprises the RFD has updraft origins, the absence of 

surface-based C.APE in the RFD does not preclude the presence of air parcels with 

updraft origins in the RFD.I

Similarly, the C I.\ at the ground within an RFD may be written as

C I N f i f o  = C I . \ e ,\'\- — -t- T. (8.2)

where CI'Sufd is the CI.N of the surface parcels within the RFD. C IN e.w  is the 

CI.\ measured in the large-scale storm environment (mainly a function of the 

of the inflow environment, and .V and T  represent sink and source terms, respec­

tively. C I.\. unlike C.APE. is affected by 6  ̂ changes below the LFC even when 0̂  

is nearly conserved. Therefore, it seems plausible tha t a dry adiabatic descent and 

warming of RFD parcels could serve as an RFDc/.v sink (.\). Furthermore, CI S ^ fd 

sources (T) arise from processes that reduce the and 0̂  of downdraft parcels: thus, 

both entrainment (lowers 0  ̂ and possibly dt,) and subcloud-layer evaporation (lowers 

0,] contribute to T. (Note that C.APEftfo largely is unaffected by subcloud-layer 

evaporation, yet C I S ufo is increased by subcloud-layer evaporation.)

Let us also assume that there exists a critical (denoted by a subscript c) C A PEr^d 

and L'lSiiFU- whereby if

C A P E e f d  >  C A P E e f Dc

anil

C IN  RFD < C I N r fDc^

'Evaporation slightly increases tie (entropy), which may give rise to small CAPE increases. 
However, this effect has been neglected: therefore, no C .APEflfo source term appears in (8.1).
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tlu‘11 toriuidugeiiesis can occur. Therefore, tornadogenesis becomes more likely as 

C.APE/, VI increases. C I.\/rvi increases, decreases, .V increases, and T  decreases. 

If such thresholds such as C-APErfd,. and CINrfo^. exist, then the thresholds likely 

would depend on individual storm characteristics, such as the dynamic vertical pres­

sure gradient and Interaction with the terrain, making such thresholds difficult to 
quantify.

Figs. 8.2 and 8.3 are an attem pt to illustrate as concisely as possible how and 

0,.. respectivelv. are niudihed within descending RFD parcels, and how these modi- 

tii atioii^i uhiniately affect values of CXPEhfd and CIN/;/./). Table 8.1 summarizes 
the effects of 4*. .\. and T.

In Fig. 8.2. if environmmtal air is forced to descend to the ground from point 

".A " (owing to the generation of negative buoyancy within the parcel), it may mix 

with updraft air en route, but the parcel reaches the surface with a large 9  ̂ deficit. If 

an updraft parcel is forced to descend from point "B ' (owing to a downward-directed 

iKiii-hvdrustatic pressure gradient or precipitation loading) and the descending parcel 

entrains a t onsiderable amount of environmental air (low 0,), then 'I' is large and 

the parcel reaches the ground with a large 9^ deficit. The value of CA PE^fD  is 

small, and tornadogenesis is unlikely. On the other hand, if an updraft parcel is 

forced to descend from point "B" and the descending parcel does not entrain a 

signihcant amount of environmental air en route, then 'P is small and the parcel 

arrives at the ground with only a small 9̂  deficit. The value of C A PE ^fo  is large 
and tornadogenesis can occur.

In Fig. 8.3. if tnvironmental A\r is forced to descend to the ground from point “.A" 

(owing to the generation of negative buoyancy within the parcel), its density excess 

may amplify en route owing to continued evaporation and melting of condensate, 

and the parcel reaches the surface with a large 9̂ . deficit. If an updraft parcel is 

forced to descend from point "B" (owing to a downward-directed non-hydrostatic 

pressure gradient or precipitation loading), the parcel does not acquire a significant 

9̂ . deficit uidess it entrains subsaturated environmental air (allowing evaporation and 

melting of condensate to occur) or until it emerges from the saturated environment 

at cloud base (beneath which evaporation and melting of hydrometeors cause cooling 

within the parcel). If the subcloud relative humidity is large, T  is > 0  but relatively 

small, and C IN r^d  also is relatively small. If the subcloud relative humidity is
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\ 'a r ia b le D fscrip tiü ii .Arises from

I'.A P K H fo  sink 9 ,  red u c tio n  ow ing to  e n tra in m e n t o f low 9, m idlevel en v iro n m en ta l 
air

A CI.N'h /.-d  sink net 9,. increase ow ing to  p se u d o a d ia b a tic  ascen t follow ed by d ry  ad i­
a b a tic  descen t o f R F D  parcels th a t  have ex h au s ted  th e ir  cond en sa te  
v ia  e v a p o ra tio n /m e ltin g

T D source 9,. red u c tio n  ow ing to  e n tra in m e n t o f  su b s a tu ra te d  m idlevel env iron­
m en ta l a ir  an d  subsequen t e v a p o ra tio n /m e lt in g  o f c o n d e n sa te  a n d /o r  
e v a p o ra tio n /m e ltin g  of co n d e n sa te  below  cloud  b ase  (increases as 
b o u n d ary  layer re la tive  h u m id ity  decreases)

rabli' 8.1: Description of 4', A, and T.

small and/or the parcel has acquired a substantial Qy deficit from entrainment of 

potentially cold midlevel air. then T is large and C I S ufü also is large. If a parcel 

forced to descend from position "B" exhausts its condensate during the descent 

(owing to the irreversible nature of earlier ascent), then the parcel may reach the 

Min fate with a fJ,. e.xcess. .\ is > 0 . and C I S ufd is reduced. For small values of 

 ̂ /I- tornadogenesis is likely.

Because it has been shown observationally and numerically tha t tornadogenesis 

is more favored as C A P E ^fo  { CI ' Sr f d ) increases (decreases), the above framework 

implies that within large-scale environments containing large CAPE^.vv and small 

C'lX,, values, a "sufficient" amount of C A P E rfd  (>C A PER FoJ and a "sur­

mountable" amount of C I S r f d  (<ClSfiFDc) may be achieved despite substantial 

C A P E r f p  sinks and C IN ^fd  sources. The words "sufficient” and "surmountable” 

deliberately are chosen to be ambiguous since the values of CAPErfDc  and CINafDc- 

if they indeed exist, are not known. For example, if large-scale CAPE is exception­

ally large (e.g.. CAPEf.vv > 4ÜÜ0 J kg~^), then C A PE ^fd  still may be substantial 

despite relatively large surface de deficits in the RFD. This may have been the case 

on 8 .June 1995 in the RFD of the tornadic supercell near the Allison, Texas— 

surface parcels iissociated with 6e deficits >15 K still were associated with positive 

CAPE/fFLi- Moreover, in large-scale environments containing small CAPEf^-v' or 

large C IN f vv • only relatively small amounts of entrainment or evaporation could
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I* iguri' 8.2: Sdu*iiiacic illustrating what controls surface 0̂  values in the RFD. The base 
state I  environmental) profile is drawn as a solid black line (nearly constant at low 
levels and typically decreases with height to midlevels). The 0̂  within the updraft (ffei-o) 
is nearly constant (and equal to the low-level 0̂  value); this profile is indicated with a line 
of alternating dashes and dots. Dashed lines with arrows indicate possible parcel paths 
during descent (see text for discussion). The positions marked “A” and are possible 
parcel origins (also see text for discussion).
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Figuft' 8.3: Schematic illustrating what controls surface 0„ values in the RFD. The base 
state (environmental) profile (ffv) is drawn as a solid black line (nearly constant at low 
levels and increases with height above the boundary layer). The 0  ̂ within the updraft 
(6̂ ,., Ü ) exceeds above the level of free convection; this profile is indicated with a line 
of alternating dashes and dots. Dashed lines with arrows indicate possible parcel paths 
during descent (see text for discussion). The positions marked “A’’ and "B” are possible 
parcel origins (also see text for discussion).
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load tu C A PEhfü iiiiik and CI’S hfd source terms and T) large enough to result 

in zero CAPE«/.-d or very large CINa/td values.

In other words, if C.A.PEe.w' (CIN^.w ) is large (small), ^  (T) can become 

signihcant while preserving a '‘sufficient” ( “surmountable” ) amount of CAPE/g^o 

(C l.\« /.ü )(it is hypothesized that when 'P > CAPE^.vv. tornadogenesis cannot oc­

cur). On the other hand, when C A P E e . v v  (C IN f.w ) is small (large), then the 

amount of dilution (due to entrainment) and Ot, reduction (due to evaporation) 

within descending RFD parcels is more critical than when CAPE/rvv (CINpvt ) is 

large (small), beiaiise only a small reduction of 0̂  and (associated with a decrease 

f CAPEui- i) and an increase of CIN’/e/ro) within RFD parcels during their descent 

would render them unable to readily feed the incipient tornado, owing to values of 

(JAPEnyo < CAPEufu, or C I S hfd > C IN ^fo.. Is this the reason why forecasters 

tend to favor days on which environmental C.APE is large, and not because of the 

more direct relationship between C.APE and maximum updraft vertical velocity?

In tornadic supercell cases in which strong to violent tornadoes were spawned 

(eg.. 2 .lime 19ÜÔ at Friona. Texas: 8 June 1995 at Kellerville. Texas: 3 May 

1999). C.APE,;/. and C I.\/,fo  values often were observed to be nearly equal to the 

C A P E i.:\\ and CI.\'t.vi values: thus, the terms 'P and T — .\. were approximately 

zero. .At the other extreme, in non-tornadic supercell cases, in which RFD( .4PE 

(RFDcv.v) values were relatively small (large), the terms ^  and T -  generally 

ranged from IÜÜ 5ÜÜ J kg“ ‘ and 150-800 J kg"F respectively.

8.4 Additional implications for

operational meteorology

.A plethora of studies have documented an association between tornadogenesis in 

supercells and preexisting mesoscale boundaries (e.g., Purdom  1976; .Maddox et 

al. 1980. Weaver and .Nelson 1982: Weaver and Purdom 1995; Markowski et al. 1998b; 

.Atkins et al. 1999: Rasmussen et al. 2000). It is fair to ask how the results of this 

dissertation fit into the context of such earlier studies.
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Markowski et ai. (1998). Atkins et al. (1999), and Rasmussen et al. (2000) argued 

that the horizontal vorticity generated by preexisting boundaries was an im portant 

source of localized vorticity augmentation. W ithout such augmentation, supercells 

were more likely to be non-tornadic. In small-scale corridors where horizontal vortic­

ity was enhanced iry a preexisting boundary, tilting could produce significant vertical 

vorticity at a lower altitude than in regions where horizontal vorticity was not en­

hanced. In the simulations of the previous chapter, if the initial tangential wind 

field at low-levels had been increased, the imposed downdraft would have naturally 

transported larger amounts of angular momentum to the surface, resulting in the 

genesis of a more intense vortex.

But another possible favorable role of boundaries in tornadogenesis also may be 

inferred from the results of this dissertation. Low-level convergence commonly is 

associated with boundaries; thus, we might anticipate that boundary layer moisture 

would be locally deeper and have larger concentrations along boundaries. With the 

presence of enhanced moisture, it would be expected that cloud bases would lower. 

.\nd the findings herein indicate that relatively warm and moist RFDs would be 

more likely to reach the surface in such environments, even if the environments are 

relat ive lv  hiuall in horizontal scale. Thus, the importance of preexisting boundaries 

in tornadogenesis may be twofold: (1 ) to augment low-level horizontal vorticity and 

provide a stronger rnesocyclone at low levels: and (2 ) to provide a region where 

boundary layer moisture depth and concentration are locally enhanced, and updraft 

bases are locally lowered (which may then favor RFDs that are suitable for tornado­

genesis).

Lastly, it may be worth commenting on a recommendation for “storm spotters.’’ 

whose real-time, ground truthing, visual observations often are the only difference 

between the issuance of a tornado warning or no warning. Storm spotters often are 

positioned southeast of the updraft, which typically provides the best view (least 

obstructed by precipitation) of the updraft base. From this vantage, it is possible to 

observe cool, westerly outflow winds tha t could give the impression tha t the updraft 

has been undercut by stable air. While this certainly may be the case in many 

instances, it may be difficult to be confident of the thermodynamic “quality” of 

the air supplying the updraft nearer to the low-level mesocyclone center. In other 

words, on many occasions, cool, westerly outflow could be experienced 2-5 km east
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or southeast of a rotating updraft base, yet a region of relatively warm, moist, and 

potentially unstable air could be present directly beneath the updraft base, followed 

shortly by significant tornadogenesis (Fig. 5.36). The 2 June 1995, 8 June 1995, 25 

.May 1997. 31 May 1999. and 2 June 1999 cases are just a few examples of storms that 

may have appeared to have been undercut by stable air from an observer situated 

a few km to the east or southeast: yet all were associated with tornadogenesis, with 

a few of the tornadoes being long-lived and violent. It is recommended that visual 

monitoring of the updraft base (for signs of increasing rotation) be maintained, even 

if apparently cool, westerly outflow air is detected east of the updraft. Furthermore, 

it may be possible for spotters to someday infer the buoyancy characteristics of RFD 

air based on the visual appearance of cloud fragments at the interface between the 

clear slot and updraft.-

'T his idea was put forth by Mr. .A.1 Moller at the Twentieth Conference on Severe Local Storms 
sponsored by the .\merican Meteorological Society.
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Chapter 9

Summary and conclusions

H it' tilijt’ctivt's of this dissertation were twofold: (1) document the surface therm ody­

namic fields in the proximity of tornadic and non-tornadic low-level mesocyclones; 

(2) determine if differences exist at the surface in the hook echoes and RFDs of 

tornailic and non-tornadic supercells. Given the prior emphasis on the RFD in the 

tornadogenesis process and the apparent consensus tha t RFD air parcels enter the 

tornado, the study naturally was interested in the buoyancy and buoyancy gradients 

within hook echoes and RFDs -is there something thermodynamically special about 

RFDs associated with tortiadoes compared to other thunderstorm downdrafts and 

RFDs associated with non-tornadic supercells?

Evidence was presented in support of the following conclusions:

1. RFDs associated with non-tornadic supercells are driven largely by evaporation

and entrainment of potentially cold midlevel air.

2. Evaporative cooling and entrainment of midlevel potentially cold air play a 

smaller role in the forcing of RFDs associated with tornadic supercells com­

pared to non-tornadic supercells.

3. Tornadogenesis is more likely as the surface buoyancy, potential buoyancy 

(C.A.PE). and equivalent potential tem perature in the RFD increase, and as 

the CIN associated with RFD parcels a t the surface decreases.

4. Tornado longevity and intensity increase as CAPE increases and CIN decreases

in the surface RFD parcels.
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ü. The presence of a surface rnesocyclone is not a sufficient condition for tornado­

genesis.

G. Baroclinity at the surface within the hook echo is not a necessary condition for 

torruulogenesis.

The final five conclusions are more tentative:

7. Downward-directed non-hydrostatic pressure gradients and /or precipitation drag

play a substantial role in the formation of RFDs associated with supercells that 

produce significant tornadoes.

8 . The presence of surface-based convective available potential energy (CAPE) in

the RFD is a necessary condition for tornadogenesis.

9. Most non-tornailic supercells contain mesocyclones at the surface.

lU. The present upper-air network and even special sounding networks used dur­

ing field experiments cannot resolve meteorologically significant differences in 

environmental hodographs. at least in terms of popular derived storm-relative 

How or vertical shear parameters, that are associated with RFDs th a t reach 

the surface either relatively warm or cold. If systematic hodograph differences 

do exist between tornadic and non-tornadic supercell environments, these dif­

ferences probably cannot be detected reliably in most cases.

II. The ambient relative humidity profile, at least at low levels, plays a role in 

determining how cold an RFD will be upon reaching the surface; environments 

characterized by high boundary layer relative humidity (and low cloud base) 

are more conducive to RFDs associated with relatively high buoyancy than 

environments characterized by low boundary layer relative humidity (and high 

cloud base).

It should be emphasized that while relatively warm, moist, and potentially buoy­

ant RFD air parcels appear to be necessary for the genesis of significant tornadoes, 

this condition is not sufficient for tornadogenesis. Additional factors are almost
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certainly im portant (e.g.. surface roughness, the effects of which cannot be stud­

ied observationally a t the present time and can only be crudely parameterized in 

numerical simulations).

It is worth reiterating some of the limitations of this research. The time evolution 

of features is difficult to document. In most instances, all tha t can be obtained are 

snapshots of the hook echo and RFD region at various times from case to case 

I in some cases, the RFD is sampled near tornadogenesis; at other times, during 

the mature phase of a tornado: and at other times, during tornado demise). One 

case by itself probably offers little, but the ensemble of snapsliots from different 

times relative to tornadogenesis from a variety of cases hopefully has led to new 

understanding. Furthermore, steady-state assumptions (as long as a  few minutes) 

must unavoidably be made during the data  analysis. .Another limitation is that 

thermodynamic Helds and their gradients cannot be ascertained above the surface 

by direct means. Moreover, we should be cautious when drawing conclusions based 

on analyses made near the time of tornadogenesis or failure—the time histories of 

air parcels are im portant, possibly as long as 30 rnin prior to tornadogenesis. It is 

not possible to compute trajectories at the surface using direct observations over 30 

mill intervals owing to observation density.

In the future we may have a means of obtaining direct observations from above 

the ground (e.g.. rockets, unmanned aircraft). Furthermore, the existence of dif­

ferences between the RFDs of tornadic and non-tornadic supercells. in terms of 

their surface buoyancy characteristics, suggest that microphysical aspects of tor­

nadic and non-tornadic supercells also are likely to be different: thus, observations 

of microphysics-related variables in supercells probably are well worth exploring. 

Perhaps we may determine whether there is a unique character to the concentration 

and species of hydrometeors within the hook echo tha t is associated with a unique 

type of RFD capable of supporting tornado formation. Possibly the most critical 

question remaining unanswered is this—how does the RFD form?
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Appendix A

Error analysis

The errurs uf tem perature {T). pressure (p). and relative humidity (h) measurements 

appeared in Table 4.3. In this appendix, the errors associated with the derived vari­

ables of reduced pressure, virtual and equivalent potential tem perature fluctuations, 

dew puint temperature, parcel origin height, convective available potential energy 

iC'.APE). and convective inhibition (CIN) are estimated.

A .l Reduced pressure errors

Level 2 Digital Elevation Model (DEM) accuracy. 6:'. is within one-half contour 

interval on a 7.5-minute quadrangle map (U.S. Department of the Interior, 1992). 

This corresponds to 2.5 ft (Ü.78 m) on the "High Plains” of the United States (west 

of ^lU U  W longitude) and to 5 ft (1.6 m) on the “Low Plains” (east of ~IOI° VV 

longitude). Comparisons at random locations with elevation values obtained directly 

from U.S. Geological Survey 7.5-minute topographic maps revealed slightly better 

accuracy.

Global Positioning System (GPS) uncertainty in the horizontal positions of mo­

bile mesonet observations is approximately 100 m. Tests were performed at 100 

random locations on the High Plains and at 100 random locations on the Low Plains 

to ascertain the elevation uncertainty owing to the uncertainty in position, 6z". On 

the High Plains, the RMS elevation error {Sz") was 1.1 m (obtained by using the
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largest elevation differences at all points within 100 m of the 100 randomly chosen 

reference positions). On the Low Plains, the RMS elevation error was 3.8 ni.

The total elevation uncertaintv. J :. can be estimated as

Sz = +  (A .l)

On the High Plains.

Sz % ^(0 .78  m)'  ̂ +  (1.1 m)- % 1.3 m. (A.2)

and on the Low Plains,

Ü: % v/(1.6 m)'" + (3.8 m)^ % 4.1 rn. (A.3)

Pressure was reduced to the average height of the vehicle observations using the 

integrated hydrostatic equation of the form.

p = p„b, exp ( :  -  :)y  
R u t

(A.4)

where : is the average elevation of the mobile mesonet observations within the 

analysis domain, p is the pressure reduced to c, Poba is the pressure observed by 

the mobile mesonet vehicle, :  is the elevation at which the mobile mesonet pressure 

Pu6, was recorded. R j  is the gas constant for dry air, and t  is approximated as the 

average virtual tem perature (liquid water effects neglected) recorded by the mobile 

mesonet within the analysis domain.

The uncertainty of a reduced pressure measurement {Sp) owing to elevation errors 

{Sz) and instrument errors {Spoba)- assuming that the elevation and instrument errors 

are independent and random, is

following Taylor (1982), where the uncertainty of I  (Sz) has been assumed to be 

zero, and the effect on reduced p values owing to errors in T„ is not considered 

because it is small. The last term on the right side of (A.5) has been added in a
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purely ad hoc manner to account for the subjective analysis uncertainty in regions 

where observations are sparse. This term is arbitrarily modeled as

6v  =  |Vp| • 0.5 km, (A.6 )

where the fact or 0.3 km is multiplied to the magnitude of the pressure gradient in 

the region of interest with the justification being that is then equal to roughly 

one-half of a contour interval where the interval is chosen so that the average contour 

spacing is approximately 1 km. For example, if a weak pressure gradient exists [|Vp| 

= 1 mb (5 krn)~‘j. then the uncertainty owing to the subjective contour analysis 

would be estimated to be 0.1 mb.

Because

dp
dpobs

= exp ( :  -  
R d f , Poba

(A.7)

and

dp pg
dz RaT,'

(A.8 )

.A.5) can be written as

6p =  \ [6pobsV +
P9

R d f ,
(A.9)

.\.s.iumitig p ^050 mb and T ,  %300 K. substituting Sp^^  ̂ =0.6 mb (Table 4.3). and 

neglecting <)c. the uncertainty of a pressure measurement owing to elevation errors 

(owing to both DEM and GPS position errors) and instrum ent errors is estimated 

to be approximately

Sp % 0.62 mb on High Plains {Sz =  1.3 m) (A.IO)

Sp % 0.75 mb on Low Plains (Jz =  4.1 m).

Furthermore, because p' =  p — p, it can be shown that

(A .ll)
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àp =  \ /  {6p)'  ̂ + {àp)'^. (A. 12)

wheri» 6p' and àp are the uncertainties of the fiuctuation and base state pressure, re­

spectively. In other words, additional uncertainty (and perhaps the largest amount) 

is introduced by niisspecification of the base state  pressure when pressure fluctua­

tions are analyzed.

It is difficult to quantify the error associated with the estimation of the base state, 

since no theoretically justifiable means exists for defining the base state in a network 

of spatially and temporally discrete observations. The method for estimating the 

base state is described in section 4.4. If .V observations are available within a 40Ü 

kin radius to estim ate the base state (where p =  tc,), then the

uncertainty of the base state. 6p. can be crudely represented by the sensitivity of 

p to the choice of k that appears in te,. Thus. I arbitrarily define the base state 

pressure uncertainty to be

dp = max (Ip,,, -  p«J. \p̂ ., -  p«J). (A.13)

where àp is taken to be the larger of the differences between the weighted average 

of observations using ki (=  (J.5ko) and and the weighted average of observations 

using and k-, (=  I.ôKo).

A.2 Virtual potential temperature fluctuation errors

Errors in pressure, temperature, and relative humidity observations are accompa­

nied by errors in computed values of virtual potential tem perature fluctuations. The 

inaccuracies of these measurements are approximately 0.6 mb, 0.3-0.5 K ( “fast” ver­

sus "slow" tem perature), and <5%, respectively (Table 4.3). Furthermore, errors 

in the parameterization of </; in terms of the radar reflectivity factor as well as mis- 

specifii ation of the base state also adversely affect computations of virtual potential 

temperature fluctuations. In this section, the error associated with buoyancy calcu­

lations also is included in the investigation.
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The total buoyancy, B. neglecting ice, can be expressed as

B  =  =  g +  0.61g[ -  , (A.14)

wlii'ie {0[. ) O' is the (virtual) potential tem perature fiuctuation, (9^) Ô is the base state 

(virtual) potential temperature, (/[, is the water vapor mixing ratio fluctuation, and 

qi is the liquid water mixing ratio. If the uncertainties of and 9̂ , are independent 

and random, then the uncertainty of the buoyancv calculation, d'B, is

following Taylor (1982), where 69'̂  and are the uncertainties of 9'̂ , and 9^. and 

«)(.' has been added in an ad hoc manner similar to the previous section to account 

for the subjective analysis uncertainty [d't’ may be modeled using a form similar 

to ( ,\ .6 )], The ()(.• term will be excluded in the analysis hereafter; it should be 

remembered that in regions where observations are sparse, such tha t subjective 

analysis of the meteorological fields is required, this term is estim ated and included 

in the uncertainty analyses that appear in the main body of this document.

We can simplify (.A.15) as

It is desirable to express 69'̂ . in terms of 6T. 6p. and 6h. By definition.

9[. =

— T (1 + 0,61ç„) ( ^  ) ~ (A.IT)

where 9̂ . = 9̂ ,̂ +  9' ,̂ Ty is the virtual tem perature, po= 1 0 0 0  mb, and k =  Rd/cp, 

where Cp is the specific heat of dry air at constant pressure. The effect of liquid
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water loading errors have been neglected here. The errors of the parameterization 

(or any rnicrophvsical parameterization) cannot be quantified easily.

From (.\.17). we can express the uncertainty of 9[ (assuming T , p, and 

errors are independent and random) as

60'.. =

V (A.19)

But

< /r  =

G.112/IC 17.G7T \  
+  243.5 /

(A.20)

where is the saturation mixing ratio and has been approximated using the formula 

presented in Bolton (1980). - (=0.G22) is the ratio of the gas constants of dry air 

and water vapor, and T  is in "C. From (A.20) the following is obtained:

(A.21)

V
G.112= /  17.67T ,
 exp I   r-m r I Sh

P T  + 243.5
+

G.112£/i /  17.G7T \  , '

17.G7-̂  •6.112£h 
. p{T  +  243.3)2
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(A.22)

L'siiig (A.19) and (A.22). tlie total buoyancy uncertainty, 6B, can be evaluated. 

Fur typical conditions, if we iissurne 6^=300 K, 0t=3O4 K. ^i.=303 K. p=950 mb. 

r=296 K. /j=U.45 (corresponds to (/„ % Ü.Ü15), 6T  =0.3 K or 0.5 K [“fast" tem­

perature (UT=0.3 K) is used for calculations of variables tha t do not depend on 

moisture and "slow" tem perature (t)T=0.5 K) is used for calculations that depend 

on moisturcj, 3p=0.G mb [only instrument uncertainty affects Jp because station p, 

not reduced p. is used to compute q (in the preceding section, this uncertainty was 

referred to as Jpo/,^)]. and ()7t=0.03, yields

[, % \/(0.34K)'^ +  (K ,)- . (A.23)

and

ùD % ^ ( 0.011 rns--’)-’ + (0.033 ms*'^ K "‘ 6g,)A (A.24)

where ùti,. IS modeled in a manner identical to 6p.

A.3 Errors associated with other derived quantities

If we use Bolton's (1980) formula for vapor pressure, then the following expression 

for the dew point tem perature (°C) may be obtained:

’■■■iSBiSî
where p is in mb and rp, is in g g " '.  If p and errors are independent and random, 

then the uncertainty associated with the calculation of the dew point temperature 
rnav be estimated as
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STj
Op

dp
d r . .
dqv

àqv

\ p J \ q v
Td +  243.5

17.67 -  In (g% p)

Ü.75 K. (A.26)

will'll /j=95U mb. T,i—20^C. i/,.=0.Ü15. ()</t.=7x 10“ .̂ and i)p=Ü.6 mb (based on the 

result of the unredueed pressure error analysis) are used.

Ei|uivalent potential temperature (0^) was computed by first computing the pres­

sure of the lifting condensation level (using the 9 and of a surface parcel and 

iteratively solving for the pressure at which qi, a ttains the saturation mixing ratio) 

and then iteratively computing T  on the moist adiabat from the lifting condensation 

level up to 2UU tub.

.-Assessing the effects of T. p. and q  ̂ error propagation into calculations of 9'̂  

analytically is difficult owing to the iterative techniques used. The uncertainty of 0' 

can be expressed as

69: (A.27)

where 69  ̂ was itivestigated numerically by perturbing T.  p. and h by their respective 

errors given in Table 4.3. For T =300 K. p=925 mb. and /i=0.6. 69^ % 2.5 K. 

The component of the uncertainty owing to uncertainty of the base state, 69^. was 

modeled in the same way that 6p and 69^ were modeled.

The uncertainty of the height from which a surface parcel of air has descended 

(assuming that 9̂  has been approximately conserved) depends on the potential in­

stability. i.e.. as \d9e/dz\ increases, the origin of the air parcel tha t has reached the 

surface becomes more certain. The uncertainty of the height from which a  surface 

parcel has descended. 5zo (where the 'o" subscript denotes origin), can be written 

as
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de,
dz

se,, (A.28)

wlR'ie 00,/Oz is e\aluated at z^. Using ôd, % 2.5, dCo ranges from ~500 m for large 

(5 K km ‘) magnitudes oï dO,/dz to km for small (2 K km " ') magnitudes of

00, jd z .

Lastly, the propagation of T. and p errors into CAPE and CIN calculations 

also depends on the vagaries of the sounding. This error was evaluated numerically 

on a case-by-case basis by perturbing surface parcels by the S T . ST^. and Sp values 

obtained previously.
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Appendix B

Buoyancy formulation

\ u tua l pcjteiitial tem perature fluctuations were analyzed in chapter 5 because the 

units (K) [jrubablv are mure intuitive than the units that appear in analyses of 

density fluctuations (kg m “ *) or buoyancy itself (m s"^). Furthermore, the analyses 

presented in many past retrieval studies (e.g.. Braudes 1984a. Hane and Ray 1985) 

also cousiilered perturbations of virtual potential temperature. In this appendix, it 

is shown that virtual potential tem perature fluctuations are directly proportional to 

the density fluctuations tha t give rise to the familiar ’‘buoyancy force."

In the etjuation of motion written in terms of the deviations of pressure (p') and

density (//) from a hydrostatically balanced reference state [dpjOz =  —pp). whose 

properties varv oidy with height [i.e.. p =  p (:) . p =  p(c)].

d \  I
—— -- — % Vp +  fik  + F. (B .l)
at fj

where v = (u. c. u') is the velocity vector, pressure p =  p +  p', density p = p + p', 

V = ;^ i + + j^k. F is turbulent diffusion, and B  is buoyancy, defined as

B  =  —PT: (B.2)
P

Liquid and ice particles in the air quickly achieve their term inal fall speeds:

therefore, the frictional drag of the air on the particles can be regarded as being

balanced by the downward gravitational force acting on the particles (Houze 1993). 

Thus, the drag of the particles on the unit mass of air is —gqi — gqu where % and
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y, are the mixing ratios of liquid water and ice, respectively (mass of liquid water 

and ice per unit mass of air). Instead of adding these additional accelerations to the 

right hand side of (B .l). it probably is easier to incorporate these effects by redefining

p ;us

f) = + qi + q,), (B.3)

where p is the density of the air (including water vapor effects). In other words, 

the hydrometeor weighting automatically becomes a negative contribution to the 

buijyaiK v. Substitution of (B.3) into the equation of state.

p = pRdT^., (B.-l)

when' Rj  is the gas lonstani of dry air and T̂ . % T (1 -t- O.Glq^) here, yields

{p  +  p ' ) R j { T  I. +  r ' )  =  (p +  f / ) ( l  +  qi +  y,). (B.Ô)

and

pRuTv + pRdT[. + p'RdT^ =  p +  +  p^, +  p' (B,6 )

is obtained by neglecting the terms p'RdT^, p'qi. and p'y, because it is assumed that

products of fluctuations are small in size, .Assuming p =  pRdT^ and rearranging

terms, we obtain

P '  p '
^  -  q i -  qi, (B,()

P T ,  p

and, using (B.2). buoyancy can be written as

B = g ^  -  qi -  qi^ ■ (B.8 )

The base state atmosphere is assumed to contain no hydrometeors: therefore the 

mixing ratios </; and q, are the total hydrometeor content of the air, and the variables 

do not contain primes.
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Alternatively, buoyancy can be written in terms of a virtual potential tempera­

ture. Oi. (the potential temperature that a sample of dry air would have if its density 

was the same as moist air. without condensate in this case, at the same pressure),

= T A - (13.9)

where is a (constant) reference pressure and k = /îj/Cp. where Cp is the specific 

heat of air at constant pressure. Thus.

p + p
(B.IO)

assuming = T^\pa/p)^- Therefore

p +  p 
Po

/\A

Po

/ p + p
/\K

Po
(13.11)

and

A
T.. P o Po

P^p'Y f i y \ ^ ^ K f p  + p‘
e,. Po - )P o )

[p + p-r , ô[.{p + p'r— i -r =-

/ \  K

(13.12)

and assuming ^1 -t-

(B.13)

if 0[.Kp'jü^.p. iussumed to be small, is neglected. Therefore, buoyancy can be written
as
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B =  g
e' p'
^  +  (/c -  1) — - (B.14)

A virtual potontiai tem perature also can be defined to include the effects of hy­

drometeors on density [i.e.. tii, can now be redefined to be the potential temperature 

of a sample of dry air that has the same density as a sample of moist, cloudy air at 

the same yiressure: see appendix in StuI' (1988)]. i.e..

0,. = é/(l -I- 0.61g„ -  9/ -  9,), [B.15)

where 0 - T(pu/p)'^- I sing the above expression, we can rewrite the buoyancy as

B = g I  “ ‘’I 1B.16)

Often the momentum equation defined by (B .l) is written more conveniently as

(BAT)— — -Cpf/uVrr' +  9 ^ k  -t- F,

where -  = rf -t- rr' = [p/p^)^. In this form of the momentum equation, the pressure 

perturbation term [(k -  \)p'/p\ disappears from the buoyancy force (it is contained 

in -Cp^i.Vx'. or more precisely, in -Cp0„ ^ ) :

(B.18)

assuming rr = (p/pu)'". Then

-  Ott'

d z ' Po dz
(B.19)

But if we assume that 0̂ . =  Tu(p/po) dp /d z  =  —pg, and p =  pRaTu. then

212



- a f  = (B.20,

= ÿpf l ,r„( i  + 0  (f + p')-‘ -  ( î + 1'^ + % -il-

iiiici. assuming ^1 + % i -r then

- ‘. | r - , * ( ' * î ) ' - f = ( ' - 1 ) 0 - ' ; ) ! - >  « « >

aiiil after rearranging terms and neglecting products of perturbation variables, we 

obtain

az p fj uz

thus, the pressure Huctuation term in (B.16) does not appear in the buoyancy term 

of I B. 17). because it is contained in the pressure gradient force when Vp' is written 

in terms of V t '. Therefore buoyancy can be written simply as

^  +0.61t/(, -  ( / / -  9,^ . (B.23)

where

tiy =  ^(1 +  O.Gl^t’ — 9i — 9t) (B.24)

and it has been assumed that

0 ,  = 5 ( 1 +0 .61q„).  (B.25)
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Suniniarizing. if the momentum equations are written in terms of rr'. then 6[ 

[= 6 (̂1 + 0.61(/v. -  qi -  q,) -  „̂1 is directly proportional to B  (=  g ^ ) .  If the mo­

mentum equations are written in terms of p', then B  is defined slightly differently

} and 6[, is very nearly directly proportional to B, with the

exception that a small (k -  1)|- contribution is not included.
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Appendix C

Axisymmetric model validation

Tlu‘ axisviiinu‘tric inodel was tested by imposing a stationary body force identical 

to that used bv Howells et al. (1988). It has the form

F{r.z) = (j {AO/OJ R{r) Z(z).

R( r )  =
1 -  ( r /r i) -  0 < r < ri 

0 otherwise

Z { z )  =

Ü 0  <  :  <

2(C -  C l )  C l < C  <  s! 

I otherwise

where AO is a constant excess temperature perturbation of 5 K and Oa is the ambient 
potential tem perature defined as
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OaC) =  < ~
300 + 2(- — C)) c > C‘2

when* I'l - 1.5 kin. C[ =  1.0 kin. and z> =  1.5 kin. The forcing is zero below 1 km. 

increases linearly with height to 1.5 kin. and is constant above 1.5 km. The body 

fuice decreases c}uadratically to zero in the radial direction a t 1.5 kin. .A. cylindrical 

domain with a 2 kin radius and 3 km depth was used for the series of validation 

experiments, as used by Howells et al. A swirling wind velocity is applied to air 

entering the domain through the lateral boundary, and a vortex is generated by 

stretching associated with the imposed updraft.

.A uniform grid with a horizontal and vertical grid spacing of 50 m was used. 

Several experiments were conducted with various (constant) eddy viscosities and 

imposed swirling wind components. .All results agreed reasonably well with those 

obtained by Howells et al.

In the example presented in Fig. C .l. A'„, =  20 rn^ s " ‘. a tangential wind speed 

of 4 in s" ' has been applied to inflow parcels, and the lower boundary is free-slip. 

The vortex has a steady-state maximum tangential velocity >30 m s ” ‘ beneath 

the region of forcing. An adverse axial pressure gradient is associated with axial 

dowiiMow of approximately 2 m s~‘ in the core. An maximum updraft exceeding 

18 III s “ ‘ is achieved just outside of the region of largest tangential wind speed. 

[Compare Fig. C .l with Fig. 5 (p. 808) in the Howells et al. manuscript.]
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Fi^urt' CM: Stoacly-stiite ((=25 niiu) méridional cross-sections of radiai, tangential, and 
vertical velocity components when a body force is imposed as by Howells et al. (1988). In 
the above example, the lower boundary is free-slip. /f ,„= 2 0  m^ s " ‘. and a swirling wind 
component of 4 m s^' has been specified on the inflow lateral boundary [cf. Fig. 5 in 
Howells et al. (1988)].
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