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Abstract

Sinee its first docnmentation in 1953, the “hook echo™ has been perhaps the best-
recognized 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 vears. the RFD has been hypothesized to play an important role in the
final concentration of vorticity at the surface that gives rise to tornadoes.

Despite the long-surmised importance of the hook echo and RFD in tornadoge-
nesis. only i pancity of direct observations have been obtained at the surface within
hook echoes and RFDs. In this dissertation, in situ surface observations within hook
echoes and RFDs are analvzed. These “mobile mesonet™ data have unprecedented
horizontal spatial resolution. and were obtained from the Verifications of the Origins
of Rotation in Tornadoes Experiment (VORTEX) and additional field experiments
conducted sinee the conclusion of VORTENX. 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 unfavorable) for tornadogenesis.

Evidence will be presented that evaporative cooling and entrainment of midlevel
potentiallv 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
buoyancey. and equivalent 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. [t also will be shown that environments characterized by high

boundary laver relative humidity (and low cloud base) are more conducive to RFDs
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associated with relatively high buoyvancy than environments characterized by low

boundary layer relative humidity (and high cloud base).



Chapter 1

Observations of hook echoes and rear-flank

downdrafts

1.1 Early observations

1.1.1 Hook echoes

Perhaps the best-recognized 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. 1.1) in an [linois tornado outbreak on 9 April 1953—
called the “hook echo™ by van Tassell (1953). This reflectivity appendage usually is
oriented roughly perpendicular to storm motion. Hook echoes have been found to
be associated with the small-scale circulation common in supercell thunderstorms
called the “tornado cyelone™ by Brooks (1949)]. Furthermore. these low-level re-
Hecetivity features are typically downward extensions of the rear side of an elevated
reflectivity region (Forbes 1981) called the “echo overhang” (Browning 1964: Mar-
witz 1972a: Lemon 1982). with the region beneath the echo overhang termed a “weak
echo region”™ (Chisholm 1973: Lemon 1977) or vault (Browning and Donaldson 1963:
Browning 1964. 1963a).

In Stout and Hulf's report. the evidence was inconclusive as to whether the hook
echu preceded tornadogenesis. or vice versa. In van Tassell’s (1955) documentation
of a huok 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 a faint anticyelonic protrusion from the tip of the hook. extending outward in a
direction opposite that of the cyvclonic 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 reported tornado touchdown). Sadowski might have been the first to speculate
that if hook 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 mav be possible to issue rornado 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 “ase” (annular section of the cvlinder of the vortex). but the authors did not
otfer an explanation of the exact cause for the appearance of the asc. Stout and Huff
11953) 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 tornado vortex. Forbes (1981) also observed similar reflectivity features during the
tornado outbreak of 3-4 April 1974

The tornado studied by Garrett and Rockney (1962) apparently touched down
hefore the hook echo became prominent. unless a narrow hook echo went undetected
by the WSR-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 0.5 mi (800 m) 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.”



Figure 1.1: Radar images from the first documentation of a hook echo. The hook echo
was associated with a tornadic supercell on 9 April 1953. [From Stout and Huff (1953).]
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Figure 1.2: Development of the hook echo associated with the Champaign, [llinois tornado
on 9 April 1953 from 1724-1738 CST. as analyzed by Fujita. [From Fujita (1958a).]

Fulks (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
cvelonic and anticvelonic 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 (1963) 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 (1973) presented models of the variety of forms that the hook echo may take
i(Fig. 1.3).!

'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
any 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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Figure 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 mid-
1960s. Freund (1966) found that 6 of 13 tornadic storms near the National Severe
Storms Laboratory (NSSL) in 1964 were associated with hook echoes. Furthermore,
Sadowski (1969) 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 1953-1966 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 (1973) 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 (1973) also found that, on average, hook echoes appeared 25 min prior
tu 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

[$)]
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Figure 1.4: Fujita once hypothesized that the Magnus force led to the formation of hook
echoes. (From Fujita (1963).)

were detected after the reported® tornado touchdowns. [Sadowski (1969) found an
average time of 15 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,
ete. 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. Finallv. Forbes (1981) noted that “the hook represents a band of precipitation
accumpanied by downdraft and outflow. surrounding a WER (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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Figure 1.5: Fujita introduced five variations on the shapes of hook echoes. [From Fujita
(1973).]

along the upshear side of the updraft (and occasionally a small echo mass several
ki to the right of the right-rear edge of the main echo) may appear.

Fujita and Wakimoto (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 anticyelonic tornado on the side of the hook echo
opposite that of the cvclonic tornado (Fig. 1.6). This anticyclonic vorticity region has
been observed often (Brandes 1977b, 1981, 1984a; Ray 1976: Ray et al. 1975, 1981:
Hevmstield 1978: Klemp et al. 1981), but its ubiquity largely has been ignored. with
the exception of Fujita and his collaborators. Fujita (1981) proclaimed “Misoscale
modelers should be attracted by such a pair of cyclonic and anticyclonic tornadoes
which were evidenced in the Grand Island storm on 8 June 1980 and in the central
lowa storm on 13 June 1977.7 However, it was unclear why such attention should

be given to the vortex couplet. and the couplet’s origin was not well understood.
p P g
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9:08 p.m. CDT (0208 GMT)

Figure 1.6: Radar image and analysis from Grand [sland, Nebraska at 0208 UTC 4 June
1980 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 documentation of a rear-flank downdraft (RFD). although not recognized as
such. was probably by van Tassell (1953). In that case study and in another by Beebe
(1959) 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 that the downdrafts felt “cold.”

Browning and Ludlam (1962) and Browning and Donaldson (1963) also were
atnony the first to mention the presence of a downdraft in the vicimty of the strongest
low-level rotation (behind the wall cloud). Both papers suggested that this down-
dratt mayv 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-
percells™ (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 (6,,) air
in the wakes of the Wokingham, England and Geary, Oklahoma supercells, which
apparently had midlevel origins. [Ward (1961) observed “cooler northwest winds a
couple miles southwest of the (Geary) tornado.”)

[n 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 warm downdraft was observed about 12-13 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. (19732). 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 (w) and temperature
(T) 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. scientific storm intercept programs conducted in the 1980s and 1990s. Tepper
and Eggert (1936) analvzed traces of thermodynamic data within 25 km of tornadoes
in more than 50 cases. 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 (1958h) inferred the presence of a surface high pressure annulus encircling
the Fargo. North Dakota. tornado cyvelone (20 June 1957) from pressure traces in
the vicinity of the tornadoes (Fig. 1.7). Although speculated. Fujita was unable to
verifyv 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) was one of the first to mention the possible importance of down-
drafts. especially those associated with hook echoes. in tornadogenesis. in terms of
his “Recyeling Hypothesis:™ (1) downdraft air is recirculated into the (developing)
tornado: (2) this process results in an appreciable convergence on the back side of
the (develuping) tornado: (3) the downward transport of the angular momentum by
precipitation and the recyeling 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 yvears would lead others [e.g., Burgess et
al. (1977). Barnes (1978a). Lemon and Doswell (1979), Brandes (1981)] to make the

same general speculation.
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1.2 Doppler radar studies

The installation 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
1970s 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:
Hevinstield 1978). the Oklahoma City storm (20 April 1974; Ray et al. 19753). 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
(20 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
(19 June 1980: Vasiloff et al. 1986).

1.2.1 Early single and multiple Doppler radar observations

Velocity 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. 1973 Ray 1976: Brandes 1977a: Burgess et al. 1977: Lemon 1977;
Barnes 1973a.b). Burgess et al. (1977) believed that the RFD, hook echo. and tor-
nadogenesis were intimately connected: “The formation and evolution of the RFD
ts judged crtremely unportant to tornado formation...the severe tornado [the Okla-
homa City tornado of 8 June 1974] appears related to the increased vorticity source
provided by presumed 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-
vsis of the 24 May 1973 Union City, Oklahoma tornadic supercell. They analyzed
a persistent difluent flow region in the 7-10 km layer northwest (upshear) of the
mesocvelone 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 that evolved into a supercell on 25 May 1974—these radar observations were
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helieved to have been a manifestation of RFD formation that apparently occurred
at the start of the transition from multicell to supercell. The lowest 8, values were
observed at the surface beneath the RFD (~6 K lower than than the “ambient”
8, 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
because of the echo erosion aloft: he also cited strong storm-relative winds (16 m s}
at T 9 ko Vs Dat 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 7.5 km) based on his study of the 29-30 April 1970 Oklahoma tornadic
thunderstorms.  He surmised that the storm-relative midlevel flow (20-25 m s7!)
approaching the cvelonically rotating updraft was decelerated and deflected on the
upwind south) side while the relative upwind stagnation point shifted to the left of
the intercepting wind vector: ie.. 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
“We emphasize that the high horizontal momentum and prormity to the updraft
make the RFD a potentially important interactant with the gust front and updraft's
surfuce roots ... We 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 spectfie certical shear profile to place it on the rear flank of ¢ storm where it at-
tains an nfluential position.” Barnes interpreted the large reflectivity gradient on
the midlevel 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 fnote 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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the RED 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
through evaporative cooling and precipitation drag; (2) the initially rotating updraft
15 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 mesocvelone circulation occurs simultaneously (within the limits of tempo-
ral resolution) with the descent of the RFD.” The authors cited the observation
of 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 thev found at 4 km. and because of the Barnes (1978a,b)
and Nelson (1977) evidence. Lemon and Doswell also hypothesized that the RFD
initiallv is dvnamically 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 was apparently a rotating updraft, whereas the transformed
mesocvelone had a divided structure, with strong cyvclonically curved updrafts to the
east in the “warm inflow sector” and strong cyclonically curved downdrafts to the
west in the “cold outflow sector.” And while the tornado was apparently found in
a strong vertical velocity gradient, Lemon and Doswell noted that it was probably
located on the updraft side of that gradient.

One last significant 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. 1973: 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 storm 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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Figure 1.8: Conceptual model of a tornadic supercell at the surface based on observations
and radar studies. [From Lemon and Doswell (1979).]

as Browning (1964) had conceptualized. RFD air at the surface appeared (from tra-
jectory analvses 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 (Vyp) 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 mesocyvclone. probably owing to strong low-level vertical vortic-

ity (¢). While the orientation of V,p agreed relatively well with linear theory, the
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strength of Vp did not agree as well (|V,p| depends on |8v/0z| |Vw|cos 8. where
v is the horizontal wind velocity and 6 is the angle between dv/dz and Vw)—the
authors stated that possibly the orientation and magnitude of the shear vector were
not known exactly jowing to proximity issues for the “composite” sounding (e.g..
Brooks et al. 1994b) —Vp is quite sensitive to |0v/90z] |Vuw|—also. Vu probably
had significant errors]. Agreement of the locations of vorticity maxima with respect
to Jdv/Jdz alsu 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. An inflow low was retrieved (p' as
low as -3 mb) cast of the mesocvelone. Pressure excesses of 2-3 mb were retrieved
in the precipitation core.

Hane and Ray (1983) 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 buoyvancy maximum
at 1 hm. but the authors used considerable smoothing on the buovancy field to
climinate noise Brandes (1984a) showed low-level buoyancy fields that contained
considerable noise  the details in the low-level buoyancy fields retrieved by Hane
and Rayv (1983) and Brandes (1984a) probably are suspect]. The buovancy and
vorticity fields displayed in the figure would allow for the possibility of an off-vortex-
axis ocvlusion downdraft that could be driven by low-level rotation, because the
maximum vertical vorticity was not co-located with the maximum buoyancy (it
should also be reminded that vertical pressure gradients associated with vertical
vorticity gradients give rise to vertical accelerations. not vertical velocity itself). It
also might be noteworthy that the tornado was situated in the buovancy gradient
between updraft and downdraft, and that the RFD contained significant negative
buovancy in Hane and Ray's analysis (temperature deficit as low as -4.5 K).

Rav et al. (1981) showed evidence of a vorticity couplet straddling the hook
echo (and downdraft maximum) of the Del City storm; the anticyclonic vorticity
wis 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 counterclockwise (i.e.. spiraled) around the updraft as it descended. The
anitlvses by Klemp et al. also depicted anticvclonic vorticity at the surface on the
opposite side of the RFD as the cvelonic vorticity: an anticyclonic reflectivity flare
also was discernible. Maximum positive and negative vorticity (in their analysis and
w their simulation results) were nearly equal in magnitude above approximately
2 k. But near the time of tornadogenesis, low-level (<2 km) maximum positive
vorticity became twice as large as the negative vorticity.

Johnson et al. (1987) used observations of the 20 May 1977 tornadic storms to
eviduate theories on the initiation of midlevel and low-level rotation and to verify
thermodynamic retrievals. Johnson et al. found that the thermodynamic retrieval
results by Brandes (1984a) and Hane and Ray (1983) were in good agreement with
independent measurements where available: however. “noticeable differences in the
requon of 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 Brandes’ work
Probably 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 attributed 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 that precipitation advection was respon-
sible for hook formation). Moreover. Brandes hypothesized that the hook echo re-
Hected downdraft intensification. and the hook shape was produced by “interaction
between outflow and inflow.”

In addition to his studyv of the hook echo, Brandes (1977a) found low 6, 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-C'y were found in the central part of the reflectivity core (suggesting some
mixing in the heavy rain areas with air originating at low levels). The rainfall

maxima matched the hook echo locations. in contrast to Browning (1964), who
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found the heaviest rainfall beneath left-hand parts of severe right-moving storms
(i.c.. in the main core).?

Brandes (1977h. 1978) analvzed the Oklahoma City and Harrah tornadic super-
cells of 8 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
mesocvelones were oceluded during 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 evelonie vorticity maximum in the Del Citv-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 flare on the hook echo. As 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 §,.. and when chilled by evaporation. becomes negatively buovant ...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 entrainment 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 inow accelerated to 35 m s~! just prior to tornadogenesis.
Brandes mentioned that the RFD appeared prior 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 1.3-2.0 km. Brandes (1981) also stated “...the sudden appearance of

*The RFD may have been too cold/strong in this non-tornadic case—winds gusted to 42 m s~}
in the cold RFD.
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strong rear downdrafts in storms persisting for hours may also relate to the intensity
and distribution of updrafts and vorticity.”

Blocking of midlevel environmental low was most noticeable near the elevated
vortex (5.4 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 not build down to the surface prior to tornadogenesis. in contrast
to radar observations of the Union City tornado (Lemon et al. 1978). Brandes
suggested that stretching/conservation of angular momentum was most important
for tornadogenesis. in contrast to the Lemon and Doswell (1979) model in which
vorticity tilting by the RED assumed a larger role. Brandes proposed that the RFD
was tmportant. 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 buovancy fields in the Del City (20
May 1977) and Harrah (8 June 1974) tornadic storms (Fig. 1.11). [Hane and Ray
(19831 also performed a thermodynamic retrieval on the Del City storm. but used
a slightly ditferent approach.] He found that upward-directed perturbation pres-
sure gradient forces near the mesocyvelone were reduced and could be reversed as
the low-level vorticity amplifies; Brandes attributed the sudden formation of “con-
centrated rear downdrafts™ to vertical. non-hydrostatic pressure gradient reversal.
Furthermore. qualitative examination of the retrieved buoyvancy distributions sug-
gested that horizontal vorticity generation by buovancy gradients in the inflow was
not essential for mesocyelone intensification or tornadogenesis. [Johnson et al. (1987)
also found weak forward-Hank baroclinity in the Del City storm (AT < 2 K over
15 km): the authors acknowledged that the baroclinity was too weak for it to be
iportant. .

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 temperature to be relatively cool (T < 0),

but an upward-directed non-hydrostatic vertical pressure gradient existed (Del City
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storm). At 3.3 km. 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 temperatures were retrieved in the RFD—radar reflectivity was a
minimum here. possibly implving that evaporation was occurring. In the Harrah
storm. Brandes (1984a) also retrieved negative buoyancy in the RFD above the
surface: no mention was made of the buovancy immediately behind the gust front
(in the Del City storm. Brandes stated that warm air was found near the surface
behind the RFD gust front).

Brandes (1984a) attributed sudden “occlusion downdraft” formation to the ver-
tical pressure gradient owing to the explosive growth of low-level vorticity as Klemp
and Rotunno (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 axisvinmetric: this matter 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
turnado had been detected and roughly coincided with tornado touchdown. Brandes
(1984b) concluded 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 important for mesocyclone sustenance or
intensification. although they figured prominently in the declining stages, when they
pervaded the mesocvelone and vertical vorticity was reduced rapidly by divergence.
He also stated that ... no compelling observational evidence was uncovered that
related mesocvelone intensification 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 storm. Brandes et al. (1988) probably presented
the most comprehensive analvses. discussion. and insight into the pressure distribu-

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

1.2.3 Obstacle appearance

Many have suggested that supercells act like obstacles in the flow (e.g., Newton and
Newton 1959 Fujita 1965: Fujita and Grandoso 1968: Alberty 1969; Fankhauser
1971 Charba 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 be expected if the updraft was behaving as an obstacle [except at storm
top (Davies-Jones 1983)]. Nonetheless. some studies have shown that updrafts can
display behavior that appears similar to how a solid obstacle might be expected to
hehave.

Lemon (1976h) found evidence (five cases) of anticyelonic vortices being shed
from severe right-moving storms. None of the eddies documented were cyclonic.
Lemon offered two hvpotheses: (1) von Karman vortices* (do not require a rotating
obstacle)  the evelonic vortices were suppressed by enhanced subsidence on the right
Hanks that did not allow the vortices to persist and be advected downstreamn 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 oppusite sign of the rotating cylinder. The second hypothesis

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

Von Karman vortices have been shown in fluid dynamics laboratory experiments to develop
when How moves past a cylindrical solid object in intermediate Reynolds number (80-200) regimes
(e.g.. Kundu 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 first 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 Citv storm that flow around the storm
at upper levels (7-10 km) resembled obstacle flow with strong outflow from the
updratt being diverted downstream (Fig. 1.12). They noted, however. that this
environmental air How differed significantly fromn two-dimensional flow around an
obstacle because flow approaching the storm just to the left of the “stagnation
point” descended into downdraft regions while air immediately to the right entered
the updraft and ascended to high levels. Below the 7-10 kin laver (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 of 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 hyvpothesized that tornadogenesis occurs when

the overshooting top collapses (Fujita 1973).

1.3 Visual and surface observations of RFDs

Visual and surface observations of supercells increased during the 1970s largely be-
cause of organized storm intercept programs at NSSL (Golden and Morgan 1972;

Davies-Jones 1986: Bluestein and Golden 1993). Many of these observations have
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1.12: Horizontal cross sections of the Del City storm at 1833 CST 20 May 1977 at
and 10 km AGL. Updraft velocities (solid lines) and downdraft velocities (dashes

-1

increments. Shaded regions designate areas of negative

vertical velocity (w < =1 m s™!). Wind vectors are scaled such that one grid interval

represents 20 m s,

1

Klemp et al. (1981).]

The heavy solid line corresponds to the 30 dBZ contour. [From
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clear 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 that the tornado occurred in a strong vertical velocity gradient.
Moreover. a clear slot was seen to wrap itself at 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 first 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 total 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 Dimmitt, TX tornadic su-
percell also indicated an association between the hook echo and clear slot, based on
photugrammetrically determined cloud positions (Rasmussen and Straka 2001).]

Although a relatively small number of supercells were analvzed with Doppler
radar. direct surface observations within supercells were even less common. Barnes
(1978a.b) found that 6, decreased by 2-3 K directly behind the RFD gust front
in a tornadic storm on 29 April 1970; farther northwest. 8, decreased by >5 K.
Nelson (1977) also showed evidence of low 8, at the surface in the divergent area
behind the main updraft in his 25 May 1974 case. Furthermore, Lemon (1976) and
Charba and Sasaki (1971) observed 6, 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 nu evidence was presented proving that this was actually cold—observations by
Brandes (1984a) and Johnson et al. (1987) suggested that at least parts of the Del
City rear-Hank outflow were warm. although 68, values may not have been as large
as in the inflow. Brown and Knupp (1980) documented nearly constant 6, 3 km
cast of the Jordan. lowa F3 and F3 tornado pair. and those observations probably
were in the RFD air mass. based on the pressure trace. which measured a pressure
excess of a few mb.

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 temperature 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 with equivalent potential temperature (6,) values approximately 4 K
lower than the ambient conditions: however, the temperature increased 1.5 K and
the dewpoint temperature decreased 2.5 K—if 6, was nearly conserved, then air
had subsided from approximately 1 km. Although the RFD was not sampled well
by the tower. the data that were available suggested an apparent mesolow beneath
the RED. Alsu 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. Other 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 insufficient condensate is present in the descending parcels

to maintain negative buovancy.

1.4 Recent findings

[n contrast to the major observational, theoretical, and numerical simulation ad-
vancements of the previous decades. the last ten yvears have brought relatively few
new revelations. The Verification of the Origins of Rotation in Tornadoes Experi-
ment (VORTEN: 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 vet 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.
(19771,

Additional 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).



Wakimoto et al. (1998a) concluded that the occlusion downdraft was largely
driven by the reversal of the vertical gradient of dvnamic pressure, owing to in-
creasing vorticity at low levels. They found that 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
precipitation 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 dvnamically driven by the strong low-level rotation™ (it is the author’s opinion
that 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. 5f).

Other recent supercell studies by Blanchard and Straka (1998). Trapp (1999). and
Wakimoto and Cai (2000) 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. [t is the author’s belief that the thermodynamic
ditferences between these tornadic and non-tornadic supercells at the surface within
their REDs 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 cvelonic 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 evelonie 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 Numerical modeling efforts

At around the same time that the technological 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 first simulation was carried out by Schlesinger (1975), but a vortex pair at
midlevels was the only 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 1978a.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 flow
at 7 10 km. Parcels at 7 km that 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 Lemon 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
kmj. 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.
Furthermore. the RFD air at the surface had 6, values as much as 8 K lower than
the surfiuce inflow 6, value. Lastly, the positive and negative vorticity maxima above
2 km were nearly equal in magnitude in the simulation bv Klemp et al. But near
the time of tornadogenesis. low-level positive vorticity became twice as large as the
negative vorticity.

Klemp and Rotunno (1983) investigated the transition of a supercell into its tor-
nadic phase through use of a high resolution (250 m grid spacing) model initiated
within the interior of the domain of the Del City supercell simulation performed by
Klemp et al. (1981). With the enhanced resolution. Klemp and Rotunno found that
the low-level evelonie vorticity increased dramatically 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 tu propuse 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 analyvses of tornadic storms.

Klemp and Rotunno (1983) defined the RFD as that “which supports the storm
outflow behind the convergence line on the right flank.” They stated that since non-
turnadic storms often were observed to persist for long periods of time with a well-
defined gust front, these storm-scale downdrafts (RFDs) were not uniquely linked
tu 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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alr down from above  the downdraft formed first at low levels and then extended
upwitrd as the How adjusted to the non-hvdrostatic vertical pressure gradient force.
Rotunno (1986) also hvpothesized that the occlusion downdraft was initiated by the
explosive growth of vertical vorticity at low levels.

The finding of Klemp and Rotunno that the occlusion downdraft is driven by
low-level rotation sometimes has been implied as being in conflict (e.g., Klemp 1987)
with their predecessors™ early hyvpotheses that the RFD is driven from aloft ther-
modvnamically or dvunamicallv and s responsible for increasing low-level rotation
(e, Fujita 1973 Burgess et al. 1977. Barnes 1978a: Lemon and Doswell 1979).
However. it is my opinion that the issue is one of semantics: I do not believe that
a conflict exists at all. The occlusion downdraft and RED are two distinct entities.
as defined by Klemp and Rotunno; thus, the formation mechanisms and roles of the
ocelusion downdraft and RFD should not be anticipated to be necessarily identical.
Observations of RED formation preceding the increase of low-level vorticity are plen-
titul cen.. Lemon and Doswell 1979 Brandes 1984a.b: Rasmussen and Straka 2001).
Onee a downdraft forms. the vertical distribution of angular momentum invariably
must be atfected. and feedbacks on the downdraft by the new angular momentum
distriburion 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 asserted that once low-level rotation began to intensify,
that dyvnamic effects could not feed back on the downdraft. Therefore, [ feel that
the veclusion downdraft may be viewed as a rapid. small-scale intensification 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):
[ stipulate that this evolution is not at odds with early proposals that the RFD is
initiated at middle to upper levels and is responsible for initiating rotation near the
ground (and I also speculate that the clear slot may be a visual manifestation of an
intensifving RED or “occlusion downdraft”).

[t should also be noted that although the occlusion downdraft in the Klemp and
Rotunno (1983) simulation was found to be driven by low-level vorticity amplifica-
tion. the occlusion downdraft did not descend along the aris of low-level rotation.

No explanation was offered (one might expect that the vertical pressure gradient
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assuciated with the vertical gradient of vertical vorticity would lead to a maximum
acceleration along the rotation axis). Two reasons might account for the asymmetry:
(1) the vertical pressure gradient associated with the vertical gradient of vertical vor-
ticity (J¢/dz) does not contribute to vertical velocity directly, but rather to vertical
accelerations (dw/dt)—thus. dw/dt might be a minimum in the vorticity maximum
center. but if this occurs within the updraft (where w > 0), then a downdraft
(i < () may first appear on the periphery of the updraft (away from the center of
rotation). where « is less positive: (2) other terms in the vertical momentum equa-
tion. when combined with the vertical pressure gradient force (dpp/0:—a dynamic
perturbation pressure gradient) owing to d¢/dz. may force the strongest downward
acceleration away from the axis of largest (—e.g.. buovancy or pressure gradients
owing to buovancy (dpy/dz —a hydrostatic perturbation pressure gradient) may fa-
vor ascent in the updraft center. so that the net effect of buoyancy, dps/0z. and
Jdpf,/0z may vield 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.'

Rotunno and Klemp (1983) used simulations to investigate the origins of low-level
rotation in supercells (being different from that responsible for midlevel rotation),
and they were among the first {in addition to Davies-Jones (1984)] to use the prop-
ertv 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 important. the findings probably were not relevant to the subject of RFDs

and hook echoes.

HIf o mesoceyclone 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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Figure 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 t = 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 m 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
changes (Jw/dt). The regions where the buoyancy forcing (-c,60m,/9z + B, where m,
is the perturbation pressure owing to buoyancy. B is buoyancy, and all other terms have
their conventional meanings) and advection of vertical velocity (—v-Vw) are positive, and
where the dynamic vertical pressure gradient (—c,,éan,,,. /0z. where my, 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. 35



Most three-dimensional numerical simulations of supercells have produced cold,
negatively buovant 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 establish contact with the ground when low-level stable air was present. even if
very shallow. Remarkably. Ludlam (1963) many vears earlier had argued that “at
least a proportion of the air that ascends i the tornado must be derived from the
cold outflow: of this contains the potentially cold air from middle levels its uscent
mught be erpected soon to unpede if not destroy the tornado ... it may be particu-
larly unportant for the intensification and persistence of ¢ tornado that some of the
downdraft awr may be derwed 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 Theoretical studies

Although tilting of horizontal vorticity to produce a rotating updraft was first hy-
pothesized by Barnes (1968. 1970) and demonstrated numerically by Schlesinger
(19753). Klemp and Wilhelmson (1978a.b), and Wilhelmson 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; Wilhelmson 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 Huid 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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Rotunno and Klemp (1982) showed that linear theory predicts high and low
pressure perturbations to be aligned with the environmental shear vector across the
updratt. as vpposed 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
dvoamically force an RFD (e.g.. Alberty 1969: Lemon 1976b: Barnes 1978a: Klemp
and Wilhelmson 1978a: Brown 1992): (1) significant entrainment of momentum oc-
curs within the updraft “cvlinder.” making it quite porous: (2) storm-relative flow
impinging on the cvlinder 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. An important implication of their finding was that the
prediction of the non-hydrostatic vertical pressure gradient is independent of any a
priore estimate of storm motion.

While most of the theoretical studies pertaining to supercell storms investigated
the development of midlevel rotation (e.g.. Rotunno 1981: Rotunno and Klemp
19820 Lilly 1982, 1986a.b: Davies-Jones 1984). Rotunno and Klemp (1983) explored
the source of low-level (1 3 km AGL) rotation in supercells and found the source
(baroclinic horizontal vorticity generation in the forward-flank buovancy 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
cenvironment in which vortex lines are initially quasi-horizontal. a downdraft would
be necessary.

Davies-Jones (1982a.,b) concluded that in a sheared environment with negligi-
ble backyround 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)]. It & Beltrami model is crudely assumed to represent the flow in a supercell
(Davies-Jounes and Brooks 1993), then vortex lines are coincident with streamlines
and parcels owing into the updraft at very low levels do not have significant verti-

cal vorticity until they have ascended a few kilometers. Otherwise, abrupt upward
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turning of streamlines. strong pressure gradients, and large vertical velocities would
be required next to the ground.

Davies-Jones (1982a.b) neglected baroclinic vorticity and suggested that the
downdraft had the following roles in near-ground mesocyvclogenesis: (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-
callv that the ow responsible for tilting and concentrating vortex lines also tilts and
packs isentropie surfaces. thus explaining observations of strong entropy gradients

across mesocvelones near the ground.

2.2 Recent studies

In this section a short summary is presented of numerical and theoretical studies
conducted in the last ten vears.

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 anticyelonic to evelonice in the lowest 50-125 m of their descent):

1. Strong storm-relative inflow restrains the outflow beneath the updraft (Brooks
et al. 1993)

2. As air subsides in the downdraft, vortex lines turn downward due to the
barotropic “frozen Huid 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 baroclinic effect acts to increase horizontal vorticity further but does not

control the sign of the vertical vorticity
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5. Thus. air with cvelonie vertical vorticity appears close to the ground; as this
air passes from the downdraft into the updraft. its cvclonic spin is substantially

amplified by vertical stretching

Wicker and Wilhelmson (19935) used a two-way interactive grid to study tor-
nadogenesis. During a 40-min period. two tornadoes grew and decayed within the
mesocyvelone. Maximum ground-relative surface winds exceeded 60 m s~ during the
tornadoes. which lasted approximately 10 min. Tornadogenesis was initiated when
the mesocvelone rotation increased above cloud base: the increased rotation gen-
erated lower pressure in the mesocvelone, increasing the upward-directed dynamic
vertical pressure 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 laver increased rapidly and
stretched vorticity sufficiently to form a tornado. No hypothesis was put forth of
what caused 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
upwitrd-directed. not downward-directed just prior to tornadogenesis. when others
found it to be downward-directed at the time of occlusion downdraft initiation).
As the updraft weakened. the low-level flow advected the veclusion downdraft com-
pletely 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.

Wicker and Wilhelmson's Fig. 9 showed a spiraling, asymmetric RFD associated
with tornadogenesis. Their figure also indicated anticyclonic vertical vorticity on the
opposite side of the RFD as the cyclonic vertical vorticity. Furthermore, the RFD
contained low 6, values (6. was as low as —15 K; 6, was approximately —5 to -8 K
in the hook echo).

In contrast to Davies-Jones and Brooks (1993), Trapp and Fiedler (1995), and
Adlerman et al. (1999). Wicker and Wilhelmson claimed that “cyclonic vorticity
found in the mesocvelone near the ground appears to be generated primarily from

inflow air. which originates east of the forward flank downdraft and very close to the
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ground.” Wicker and Wilhelmson also found that parcels that entered the mesocy-
clone 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: Adlerman
et al. 1Y99).

Trapp and Fiedler (1993) used an idealized thunderstorm representation (a “pseu-
dostorm™) that emulated the storm-relative flow, into an updraft. of the horizontal
streamwise vorticity that is baroclinically generated in cold air outflow. They con-
cluded that the veclusion-like downdraft was an effect 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
wits sensitive to the strength of the storm-relative midlevel winds. When storm-
relative midlevel How was too weak. outflow undercut the updrafts and associated
mesocyvelones. When storm-relative midlevel low was too strong, the cold pool was
not oriented suitably for vorticity generation in the baroclinic 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 does 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, dv/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 that

the ubstacle analogy predicts the direction of the horizontal pressure gradient force
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correctly only near the equilibrium level, where the flow resembles a source in a
uniform stream.

Shapiro and Markowski (1999) investigated the formation of downdrafts in simple
two-laver (three-layer) vortices using an analytic (numerical) model. Applicability
of the idealized model to real atmospheric vortices. in which buovancy, buoyancy
gradients. precipitation. and asvmmetries probably are important. is questionable.
Their results demonstrated how the “vortex-valve” effect (Lemon et al. 1975: Davies-
Jones 1986) can transport vorticity from the top of a homogeneous. axisvmmetric.
rotating Huid to low levels via an annular downdraft and secondary circulation, when
the top laver of fluid rotates with an angular velocity larger than that of the bottom

laver of Huid.
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Chapter 3

Motivation for investigating RFD surface

thermodynamics

The assoctation between hook echoes and RFDs and tornadoes is well-established:
however. direct observations within hook echoes and RFDs have been scarce [a
few observations were mentioned by van Tassell (1953). Beebe (1959). Garrett and
Rockney (1962) 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 1983), but small-scale
detalls cannot be resolved. and buovancy fields often are noisy.

Fig. 3.1 presents a sample of some of the hook echoes in which mobile mesonet
data have been collected. No obvious characteristics capable of discriminating 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 that 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 felds 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

Brandes (1984a) and Hane and Ray (1983) were among the first to use the pioneering
methods propused by Gal-Chen (1978) and Hane et al. (1981) to retrieve thermo-
dynamic (buovancy and pressure) fields in supercells from multiple-Doppler-radar-
svithesized three-dimensional wind tields. However. the computation of buoyancy
requires assumptions about lateral and surface boundary conditions and the forcing
for buoyvancy involves one more derivative than the forcing for pressure; thus, buoy-
ancy tields retrieved in past studies may contain significant uncertainties and almost
invariably contain greater noise than retrieved pressure fields.

The spatial resolution of retrieval results is limited by the resolution of the dual-
Doppler radar data. Usually horizontal resolution is limited to 1-3 km. Furthermore.
ground clutter contaminates Doppler velocities: therefore, thermodynamic variables
typically cannot be reliably retrieved at altitudes less than about 500 m above ground
level (AGL).

[n some cases. a height of 500 m AGL may be within the cloud. By definition. a
tornado is a phenomenon rooted in the surface layer. Although radars can provide
three-dimensional observations of entire storms (something that an observing system
of vehicle-borne instruments cannot do). they cannot sample the most critical surface
laver. Consequently. [ contend that direct measurement of surface conditions may
be some of the most important observations for a researcher attempting to address
questions pertaining to tornadogenesis. In this dissertation, surface data obtained
from an armada of instrumented automobiles (a “mobile mesonet” ) will be analyzed.
The svstem is deseribed 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
250 m (especially if grid nesting is employed). However, important 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 1996) as well as those that will be presented in chapter 3, will reveal that the
RFDs associated with many strong tornadoes are relatively warm. both in terms of
temperature and equivalent 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 Doswell (1985): “The RFD's role
remawns confusiny with respect o tornadogenesis. Truly confirming evidence about
the varwus aspects of the numerical simulations awaits better observations, despite

the compelling semdarities between stmulations and real storms.”

3.2 Differences between tornadic and non-tornadic

supercells

This aspect of the research addresses whether there is something thermodynamically
“spectal” about RFDs associated with tornadoes compared to other thunderstorm
downdrafts and RFDs associated with non-tornadic supercells.

Many studies have found that the air parcels that enter the tornado pass through
the RFD. For example. observations by Brandes (1978: Fig. 3.2). Lemon and Doswell
(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 that 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 that baroclinic
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
(LYT8).]
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Figure 3.3: Vertical velocity and trajectories at 100 min (tornado-like vortex present in
sitnulated 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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Figure 3.1 Schematic diagram showing how cyclonic vorticity may be generated from
tlting of baroclinic horizontal vorticity in a downdraft. In the case of streamwise vorticity
with How to the right of the horizontal buoyancy gradient and a southerly shear component.
a cumbination of tilting and baroclinic 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 buovancy 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. And it is worth reiterating Ludlam’s
(1963) 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 be particularly important for the intensification and
persistence of u tornado that some of the downdraft air be derived from potentially
warne awr ... 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.”

Recent 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 2000:
Fig. 3.3). Would surface observations collected in the RFDs of the storms analyzed

by Blanchard and Straka. Wakimoto et al.. and Trapp reveal significant differences”

'Virtual 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 3.5: Comparison of a non-tornadic and tornadic supercell [adapted from Trapp
(1999)]. 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 analvzed on 24 days from 1994-1999, which included

the sampling of 30 hook echoes!

in tornadic and non-tornadic supercells [Tables -.1
and £.2: hook echoes associated with more than one tornado (or at least in the radar
datia. only asingle hook echo evolution was observed to be associated with multiple
tormadoes) were counted as single cases]. Tornadoes were associated with the hook
echoes and REDs in 18 cases. and of the 12 non-tornadic cases. mesocyclones were
observed at the surface in all but 1 case [8 June 1998 —a mesocyclone was detected by
the WSR-88D at an elevation of 300 m above radar level (ARL)]. The tornadic cases
included tornadoes of all intensities. ranging from FO0-F3. The 1994 and 1995 cases
were from VORTEN operations days: on these days. radar data from the NOAA-
P3 lower fuselage and tail radars, and occasionally mobile Doppler radar were used
in the analvses. For the cases during 1997-1999. WSR-88D data were used in the
analvses.

Throughout this dissertation. [ 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 at 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 attempt to discriminate between what Klemp and Rotunno (1983) called an

“occlusion 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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Table 1.1: Cases of mobile mesonet observations obtained within the hook echoes and
RFDs of nou-tornadic supercells. All times are UTC. The date given for each case is with
respect to local, not UTC time.
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Table 4.2: Cases of mobile mesonet observations obtained within the hook echoes and
RFDs of tornadic supercells. All times are UTC. For TVS types, *ND" (*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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Figure 1.1 A photograph of a mobile mesonet unit similar to the ones used to collect
surface data from 1994- 1999,

4.1 Mobile mesonet data

The mobile mesonet is a system of vehicle-borne weather sensors that was developed
for VORTENX and also was deployed in field research from 1997-1999 (Straka et al.
1996: Fig. 4.1). The observing system samples storms with high spatial (100--1000

m) and temporal (10-60 s) resolutions.

4.1.1 Instrument specifications and quality control procedures

The mobile mesonet records time and position [both using a Global Positioning Sys-
tem (GPS) receiver]. “fast” temperature (measured by a short-response thermistor).
"slow” temperature (measured with a slower response time, comparable to the re-
spunse time of the relative humidity sensor, and sheltered in the same manner as
the relative humidity sensor. so that derived quantities that are functions of tem-

perature and moisture can be accurately computed, e.g., dewpoint temperature),



relative humidity. pressure. and wind velocity. Data were recorded at 2-s intervals
during the vears of this study. Additional specifications are provided in Table 4.3.

Numerous quality control tests were performed on the data prior to analysis:

Radio Frequency interference Field operations required fairly frequent use of
a 40 W VHF transceiver, as well as other communication equipment. Use of
these transmitters caused large errors in several meteorological quantities. The
source for these errors was believed to be radio frequency (RF) interference—
when large RF energyv was present. the flux-gate compass produced large volt-
ages that overwhelmed the datalogger and corrupted the data. Data 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.

Position Occasionally vehicle positions became frozen for short intervals. causing
erroneous latitude, longitude. and wind velocity. These data were not included

in the analvses.

Vehicle heading \'ehicle heading (used to determine wind velocity) was measured
by a Hux-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.

Wind velocity \ehicle accelerations (determined using the GPS heading and speed
data) can lead to significant errors in the pressure and wind data. If the vehicle

l

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-
tions 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” temperature, >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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Messurement Sensor type Sensor range Estimated total Resolution Respanse

inaccuracy time
Pressure Silicon capacitive 600-1100 mb < 0.6 mb 04Ul mb <ls
lemperature  Fast) Resistance -30-+50°C < £0.3°C 0.o1°cC 0.6 s
Temperature : Slow) Resistance -30-+50°C < $0.5°C 0.01°C ~15 3
Relative hunudity Capacitance U~ 100% < 5% 0.03% 153
Wind speed Propeller vane 0-60 m s~} < 2-4% 003 mas? <ls
Wnd directiun Propeller vane 0-355° < +3-6° 0.05° <ls
Veticie heading @ stationary s Flux-gate compass sung-1-+1), < $2° < 1° 500 ms

Cusi-l-wl

Nehinle neadiug - moving : GRS 0-360° < %x2° < 1° <t
et ajieed GUpPs unliniited <lwms™? <lms™! <lis
veticle docation Gps U- £90° N/S < 100 m 10 m <l

U- £180° E/W

Table 4.3: Characteristics of the mobile mesonet [from Straka et al. (1996)].

speed. I biases were very large (5 times the above magnitudes), it was assumed
that instrument performance was unacceptable and the data were excluded from

the analvsis entirely.

4.1.2 Time-to-space 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 that the feature being
analvzed did not change its character significantly over the time interval during
which measurements were made [the "Taylor hypothesis:” Taylor (1938)], then if the
velocity v = (u. v) of the feature was known. then the distance the feature traveled
in time At was vt in the r direction and vAt in the y direction. Therefore, a

measurement made at time £¢ was valid at the following position in space:

' =+ ult (4.1)

Y =y vt (4.2)



where r and y are the coordinates of the location from which measurements were
made at a reference time. t,.g.

For most analyses. the maximum allowed |At] (|Atnez|) was 2-3 min: ie. a
steadyv-state assumption was made for approximately the time it takes the WSR-
83D 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 |At,.| (sometimes <1 min) were used.

All analvses presented in chapter 3 were obtained within 3 min of tornadogenesis
or the time of strongest rotation on WSR-88D at the lowest (0.5°) elevation angle
(defined 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
field: in such cases. the analysis time for which observation density was greatest is

shown nstead.

4.1.3 Density of mobile mesonet observations

The area sampled within REDs and hook echoes varied from case to case. owing to
lugistical limitations inherent in storm intercept field research (e.g.. road networks
often do not allow observations to be collected in important regions of the thunder-
stormy). [ have attempted to quantify the quality of the RFD sampling in each case
by dividing the mesocyclone region (defined as having a radius of 4 km) into four
quadrants. [-IV. with the line separating quadrants [ and IV from quadrants II and
[II 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 1 kin of a mobile mesonet observation was estimated to the nearest 10%.

The fractions for each case are presented in Table 4.4.



Figure -1.2: Schematic illustrating the arbitrarily defined quadrants I, II. III. and IV. In
this depiction. 70% of the area of quadrant III is within 1 km of a mobile mesonet obser-
vation (denoted by black dots). Similarly. the densities of mobile mesonet observations for
cach analysis are summarized in Table 4.4.
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Case Date Location Quadrant |  Quadrant Il  Quadrant {1l  Quadrant IV

1 529 94 Loving, TX 0 20 10 20
2 129 95 Sherman, TX 90 70 70 80
i 712 95 Hays. KS 50 0 30 10
4 3:22,95  shamrock. TX 60 10 80 60
5 6,8;95  Elmwood, OK 10 50 70 70
ti 5.19/98  Sidney, NE 90 50 50 70
T 5.20/98  Yuma, CO 50 40 60 v}
3 9.24:98  Medicne Lodge, KS 50 20 50 70
Y 68 98 Oklahoma City, OK 10 0 60 70
10 6 Y Y8 Seymour. TX 100 40 50 100
1 526 99 Carlsbad, NM 90 10 80 100
12 526 99 Mentone, TX 90 30 80 80
13 5/6,94  Kaw Lake. OK 100 50 70 30
14 5:25/94  Northfield, TX 0 0 50 0
15 1,17/95  Temple, OK 90 30 60 90
16 5 16:95  Jetmore, KS 0 0 30 50
17 5 16,95 Hanston, KS 100 50 50 0
) 6 295 Friona, T'X 100 90 10 40
iy u o2 uh Dimmitt, TX 40 90 40 60
20 6 8 95 \Wheeler, TX 160 80 40 30
2 6N Yh Albson. I'N 50 70 30 80
22 525 97 South Haven., KS V) v} 20 70
23 67 98 Farwell, TX 90 10 70 100
24 5:3.99  Apache, OK 100 20 30 60
25 5:3,99 Minco. OK 100 70 20 100
26 320099 Jericho. TN 10 30 10 70
a7 7 25,99  Roswell, NM V] 50 80 0
28 5.31-99  Sitka, KS 10 70 50 0
249 65,1499  Coleman, OK 90 30 20 40
U 62499 Nazareth. TN 90 60 70 80

Table 4.4: Sampling densities by quadrant (Fig. 4.2) for each of the 30 hook echo cases
at the unalysis times appearing in chapter 5 (chosen to be as near as possible to the time
of tornadogenesis or tornadogenesis 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

For the cases analvzed 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. (1983).

During VORTENX. the antenna rotation rate of the lower fuselage radar was 2 rpm
(Daugherty et al. 1996): lower fuselage radar data were often desirable for analysis
with the mobile mesonet data because of the high temporal resolution of these radar
data. Continuous altitude plan position indicators (CAPPIs) could be constructed
from the tail radar data (reflectivity, velocity. and spectrum width). but only at
roughly 7 min intervals.

The NOAA-P3 position (obtained from GPS) was saved only at the beginning
of each scan. If the aircraft was moving at. e.g. 120 m s™!, the aircraft would have
traveled 3600 m 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. WSR-88D images were overlaid atop the LF reflectivity and mobile mesonet
data. and the LF reflectivity data were shifted so that the reflectivity cores sampled
by the two radars were in phase.® Another effect owing to the updating of the
NOAA-P3 position once per scan is that 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 10-20° of azimuth (range ~15-30 km typically). In the time it takes
the LE radar to scan 10-20° (<2 s). the aircraft position only changes by 100-200 m
(fess than the 250 m gate spacing): thus. echo distortion in the regions of the hook
echues owing to position errors would not have been severe.

At 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).

“Reflectivity core positions were compared because they appeared similar in the data collected
by both radars: however, the hook echo regions can appear significantly different when viewed by
WSR-38D versus the LF radar at close range.
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Cases analyzed from 1997-1999 generally incorporated WSR-88D archive level II
data. For two cases (7 June 1998 and 9 June 1998), level III data were used. Level
[I 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 [II data only includes some of the graphic products archived by
a radar site on a given day (tvpically includes base reflectivity and velocity at the

lowest two elevation angles).

4.3 Thermodynamic variables analyzed

Analvses of virtual and equivalent potential temperature. RFD parcel origins (by
examining sounding data and using entropy as a tracer). potential buovancy in the
RFD as measured by convective available potential energy (CAPE) and convective
inhibition (CIN). and pressure were performed, using the data gathered by the mo-
bile mesonet. For the analvses 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.. pf = p — 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 4.4, The potential errors of all variables (including derived variables) are

analvzed in appendix A.

4.3.1 Virtual potential temperature

The virtual potential temperature. 8, . is defined here as

6, =0(L +0.61lq, — q). (4.3)

where 6 is the potential temperature, g, is the water vapor mixing ratio, and ¢ 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 the buovancy 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).

algkg™") = 1005R%), (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 6, as a 0.3 K potential temperature fluctuation.
The ice mixing ratio has been neglected in the buovancy computations. although
some ice probably is accounted for in the parameterization of ¢ in terms of the
radar retlectivity factor.

Radar reflectivity factors (ABZ) were objectively analyzed using a one-pass Barnes

(1964) scheme. with a weight function, w,

2 2
Wy = exp <—£ﬁ - %—k-) . (4.5)
x y

where K =~ =~ is the “smoothing parameter” and r,,. and y,, are the distances
of the Ath datum from the ith grid point in the r and y directions. respectively. For
the NOAA-P3 data. a value of 0.04 km* was chosen for x. which vielded a response of
0.3 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. x was chosen such that the response function
was similar: however. the exact value varied from case to case because of widely
varving ranges from the radars and thus. widely varving minimum resolvable scales.

The objectively analyzed radar reflectivity data were linearly interpolated to the

mobile mesonet observation locations. where ¢; and 6, subsequently were computed.
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4.3.2 Equivalent potential temperature

The equivalent potential temperature. 6., was analyzed in each case by first com-
puting the pressure of the lifting condensation level (LCL) (using the 8 and ¢, of a
surface parcel and iteratively solving for the pressure at which ¢, = ¢,,. the satura-
tion mixing ratioj. and then iterativelv computing the temperature, T. on the moist

adiabat from the LCL up to 200 mb. where

dT 1 1+ L.qs/RyT
dp ~ pc, |+ Liqy,/c,R,T?

(4.6)

where L, is the latent heat of vaporization (a weak function of T). Ry is the gas
constant for dry air. R, is the gas constant for water vapor. p is air density, and ¢,
is the specific heat of dry air at constant pressure (e.g.. Bohren and Albrecht 1998,
p. 291)."

Often wet-bulb potential temperature (8,,) 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

L, -
0. =06, + —qus: (’l‘)
Cp
therefore.
=L,
om0+ S (4.8)

where = (=0.622) is the ratio of the gas constants of dry air and water vapor, and
e, =e(T"). ForT"'~2-3K. ¢, ~3-6 mband ¢ -6, ~5-10 K.

It may be worth stating that ¢, is defined for reversible adiabatic processes and is conserved
for these processes. Therefore, the moist adiabatic lapse rate also should include the heat capacity
of liquid water. since 8, depends on ¢. However, since entropy is a function of T, p. and q, 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 (4.6). Therefore, the 6, computed here is really the “pseudo-equivalent potential temperature,”
t.p (Bolton 1980). which assumes that liquid water falls out of the parcel, thus its heat-carrying
capacity is neglected. Although 6., 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 entropy (#.) 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 of 6, is available from a nearby sounding. The height of parcel origins
(z,) assuming 6, conservation (no entrainment) was analyzed for each case. How-
ever. z, values should be viewed with caution. because lateral entrainment clearly
must oceur in order to satisfy mass continuity if vertical accelerations exist. Fur-
thermore, if parcels reach the surface with the same 6, as the inflow (and updratft),
perhaps via forced descent. then the height from which they have descended cannot
be determined. because the updraft has, to a good approximation (at least away
from its lateral boundaries). no vertical 8, gradient. It perhaps is most appropriate
to denote z, as simply the height on an inflow sounding where 6, values are equal
to those observed at the surface within the downdraft, rather than as a measure of

parcel origin.

4.3.4 CAPE and CIN

CAPE and CIN were computed for parcels within the RFD by inserting the measured
surface virtnal temperature (7,). dewpoint temperature (Ty). and p into the inflow
sounding nearest to the observed storm in space and time. [ am uncertain of the
appropriateness of using RFD air parcels in “proximity soundings” to assess CAPE
and CIN. It can be argued that CAPE and CIN. by definition, refer to the integrated
buovaney that is computed relative to the base state; i.e., surface parcels in the
REFD should be inserted into inflow soundings rather than soundings obtained within
the RFD when computing CAPE and CIN, assuming that the inflow sounding is
representative of the base state (and an RFD sounding does not sample the base
state atmosphere).?

While &, is a measure of the actual buoyancy, CAPE is a measure of potential

buovancy (positive buovancy 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
can yvield motions such as those observed in thunderstorm updrafts. In this work, the usage of the
term “base state” is consistent with long-standing convention.



level of free convection). I am not sure whether buovancy itself or potential buovancy
is most relevant (or whether either is relevant) in tornadogenesis; for this reason, |
have analvzed both ¢, and CAPE. CIN was analyzed to assess whether the amount
of work done by an updraft to lift a parcel to its level of free convection is possibly
an important condition leading to tornadogenesis success or failure.

CAPE and CIN values do not depend on the specification (or misspecification)
of & base state using an arbitrary method. such as that described in the next sec-
tion. which was used to compute ¢, Instead. a single inflow sounding determines
the profile of 8(z). 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 CAPE and CIN calculations sometimes may be questionable. (Perhaps
it would have been desirable to use a number of inflow soundings to construct a
“compuosite” sounding. although this approach would have been just as arbitrary as
any other.) [t is believed that results obtained using the different approaches (6!,
versus CAPE/CIN). if similar. would be more robust than if an analysis of ouly €,
or CAPE/CIN was performed.

Both CAPE and CIN were computed as follows (undiluted ascent from the surface

wits assimed):

500
CAPE = —Rd/ (6, - 6) dInp (4.9)
PLFC
PLFC _
CIN = —Rd/ (0 —6,) dinp. (4.10)
Psfe

where pg e is the pressure of the level of free convection. p,y. is the surface pressure,
8, is the potential temperature of the lifted parcel, 8 is the potential temperature
of the environment. and CAPE was only computed below 500 mb, because many
of the special soundings launched on operations days were terminated 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 Pressure

Pressure was reduced to the average height of the vehicle observations using the

integrated hyvdrostatic equation of the form.

(4.11)

(Zobs — 3y
R,T, )

P = Pobs €XP [
where 2 is the average elevation of the mobile mesonet observations within the
analysis domain. pis the pressure reduced to 2. pg, is the pressure observed by the
mobile mesonet vehicle, z,, is the elevation at which the mobile mesonet pressure
Pobs Was recorded. and T, is approximated as the average virtual temperature (liquid
water effects neglected) recorded by the mobile mesonet within the analyvsis domain.

Elevation data were obtained from U.S. Geological Survey Level 2 Digital Ele-
viition Model (DEM) data. Each 7.3-minute unit of DEM coverage has a horizontal
resolution of 30 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 [corresponds to 2.5-5.0 ft (0.78 1.6 m) accuracy]. Mobile mesonet elevations
were obtained from a nearest-neighbor analysis of the DEM data. An analvsis of the
errors of reduced pressure values. owing to DEM errors. GPS position errors, and

instrument errors. is presented in appendix A.

4.4 Specification of the base state

Computations of fluctuations of meteorological variables (e.g.. 8, p') depend on how
the base state {e.g.. 8,. p) is defined. It is difficult to define exactly what constitutes
the “environment™ 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 uncontaminated surface

airwayvs and Oklahoma Mesonet (Brock et al. 1995) observations within a 400 km
radius of the updraft, where
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f=1L (4.12)

where w, i1s the Barnes weight function.

w, = exp (—5) . (4.13)
Ko

where ris the distance of the (th uncontaminated observation from the updraft and

K, 1s chosen in a manner following Koch et al. (1983) where

9 2
Ny =3 (“‘") . (4.14)

-

o

where An is the average spacing between standard observations {O(100) km]. [The
weighted means of convectively uncontaminated observations using x; = 0.5x, and
ny = Lo~ also were computed to examine the sensitivity of the base state to the
choice of v (see appendix A).] For cases in which observation density varied consider-
ably across the “influence 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-
tivns.

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 8,. 8., 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)]. 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, | discovered that
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this specification 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 400 km radius versus a 200 ki radius to estimate the base state vielded 6,
differences of 3-3 K on some occasions). The technique used for this work, on the
other hand. vielded only small differences (generally <0.5 K) among reference values
as the value of the smoothing parameter x was varied.

While not rigorously justifiable. precedents do exist for defining 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 svnoptic stations.
Although it is unconventional to specify a reference state that is not constant in
space or time (because linearization of the primitive equations loses its advantages),
the choice 1s 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. altimeter settings usually are reported. Because the altimeter 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 altimeter setting values if the height of the observing

station above mean sea level is known. [ntegration of the hyvdrostatic equation vields

(st - r:s n -
pb"" = pﬂ“ exp {R‘ZF ln (TDLT L ' )] . (‘l.la)
S

where py,, is station pressure at the observing site, py, is the altimeter setting,
[ =6.5 K km~! is the lapse rate of the standard atmosphere, z,, is the height above
sea level of the observing site, and Ty, = 288 K is the mean temperature 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 emploving the same methods ultimately allowed for the estimation of g, the

mean pressure at the mean height of the mobile mesonet observations.

69



4.5 Limitations

Limitations are 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 armada requires that
thev 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 cases. 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 mature 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-to-space conversion was performed over ~3 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. Other past studies
have been foreed to assume even longer periods of steadiness [e.g.. 8-16 min
in Johnson et al. (1987)]. Furthermore. dual-Doppler radar analyses also are
not immune from the necessity to assume steadiness for “short” periods of
time (5 -10 min: e.g., Brandes 1977a.b,1984a.b: Ray 1976: Ray et al. 1981:
Wakimoto et al. 1998a.b). There is some confidence that the choice of | Atz
of 2 3 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 |Atn..| was
made inappropriately large. one might expect that a time-to-space conversion

analysis would vield noisy fields.

3. Thermodynamic fields and their gradients cannot be ascertained above the
surface by direct means. At 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. [t 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
important. including any baroclinity encountered possibly as much as 30 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

density.
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Chapter 5

Surface observations in hook echoes and RFDs

[n this chapter. ouly a small. representative subset of the total assembly of surface
analyses is included where appropriate. The complete collection of over 200 (color)
RED surface analvses. 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. 5.1 and 3.2 show analyses of 6, in two representative non-
tornadic supercell cases (29 April 1995 and 19 May 1998). Values of 8, 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 6, deficits (typically >10
K). with midlevel 8. values commonly being detected at 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-6, surface parcels detected by the mobile mesonet have
midlevel origins. or if the parcels comprise updraft air that has descended and been
diluted by midlevel environmental air during the downward excursion. Surface 6,
values sampled within non-tornadic RFDs. on average. were similar to the 6, values

measured at heights (AGL) of 1.5-2.4 km on proximity soundings (e.g.. Fig. 5.5).
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CASE 2 |
0028:32 UTC 30 APRIL 1995 (t-0 min)

Figure 3.1 Subjective analysis of virtual potential temperature fluctuation, &, (K), at 0028:32 UTC 30 April
199%5. Dashed contours are used in regions where the analysis is less certain owing to low observation density. The
"5 nun” andicates that the analysis reference time is 5 min before tornadogenesis failure (the time of strongest
low-level rutatiun on WSR-88D). Mobile mesonet station models include (reading counterclockwise, beginning with
the three-digit numeral at the top left) temperature, T, in °C to the nearest 0.1°C with the decimal omitted, dew
pumnt temperature, Ty, in °C to the nearest 0.1°C with the decimal omitted, virtual potential temperature, 8, in
h to the nearest 0.1 K with the decimal umitted, and equivalent potential temperature, 8., in K to the nearest 1
K. \Wind barbs depict storm-relative winds and are in knots (1 full barb = 10 kt; 1 flag = 50 kt). Mobile mesonet
ubservations have been averaged over 12-s intervals, and |[Atma:| = 3 min was used in the time-to-space conversion.
Observations obtained more than 1 min before or after the analysis reference time are “flagged” with a vertical
bar through the center of the station model. Storm-scale fronts are depicted using conventional frontal symbology
(dashed boundaries are drawn where uncertainty exists). The letter “M™ indicates the position of mesocyclone center
at the lowest radar elevation angle. Radar reflectivity data were obtained from the NOAA-P3 LF radar.



CASE 6
0205:12 UTC 20 MAY 1998

/

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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CASE 2
0028:32 UTC 30 APRIL 1995 (t-0 min)
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Figure 5.3: Asin Fig. 5.1, but 6, is analyzed.
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CASE 6
0205:12 UTC 20 MAY 1998

0. ”

Figure 5.4: As in Fig. 5.2, but 6/, is analyzed.
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CASE 2
0028:32 UTC 30 APRIL 1995 (t-0 min)
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Figure 5.5: As in Fig. 5.1, but 2z, (m AGL) is analyzed.
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Many RFDs associated with the non-tornadic supercells contained surface-based
CAPE despite significant surface 8, and 6, deficits; however, in most cases, CIN was
large within 4 km of the circulations (200-300 J kg~! in 4/12 cases, >500 J kg™! in
53712 cases). In 3/12 cases. at least some surface parcels within 4 km of the circulation
in the RFD did not contain any CAPE. and in 1/12 cases. no surface parcels within
2 km of the mesocyelone contained CAPE. In Figs. 5.6 and 5.7 analyses of surface-
hased CAPE (below 500 mb) and CIN are presented for the 29 April 1995 case. It is
tmportant to reiterate that CAPE and CIN values were obtained bv inserting RFD
surface measurements into werm inflow soundings. whose representativeness often
is questionable.

Finallv. it is worth noting that in a couple of non-tornadic supercell cases. smaller
surface 8, deficits of 3-5 K were observed in the RFDs, along with more substantial
surface-based CAPE (e.g.. Figs. 5.8 and 35.9).

5.2 RFDs associated with tornadic supercells

I'he REDs associated with “weakly tornadic” supercells (e.g., those that produced
FO F1 tornadoes that persisted 5 min or less) often had surface thermodynamic
characteristics that were similar to the RFDs associated with non-tornadic super-
cells. The surface 8, and 6, deficits in these RFDs generally were approximately 4-7
K and 10 12 K. respectively, within a few km of the vorticity centers (e.g.. Figs. 5.10
and 5.11). These surface parcels were associated with generally >100 J kg=' CAPE
(below 500 mb) and <150 J 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
>3 min). surface 8, and 6, deficits were relatively small (typically <2 K and <4
K. respectively. within 2 km of the tornadoes)(e.g., Figs. 5.12, 5.13, 5.14, 5.15,
3.16. 53.17. and 3.18). In a few cases (e.g.. Cases 18, 19, 20, 24, 25—note that all of
these contained a strong tornado), the temperatures and 8, values observed in the
RED were warmer than the inflow values. In such cases. the warm downdrafts were
not sunply midlevel air that had descended dry adiabatically after all hydrometeors

hud evaporated or sublimated from the parcels (i.e., the “heatburst mechanism”).
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CASE 2
0028:32 UTC 3¢

PRIL 1995 (t-0 min)

Figure 5.6: As in 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 3Q/APRIL 1995 (t-0 min)
» o - CIN
8 s

Figure 5.7: As in Fig. 5.6, but CIN is analyzed.
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CASE 5
(t-O min)

0,

26 J5a
11¢
204
Z‘JCM'J

S o

2 km

Figure 5.8: As in Fig. 5.1. for 2014:43 UTC 8 June 1995. Radar reflectivity data are from
the DOW radar.
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CASE 5
2014:43 UTC 8 JUNE 1995 (t-0 min)

1’5 N
\D~

CAPE

m ?:8 f23 400

Figure 5.9: As in Fig. 5.8, but CAPE is analyzed.
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CASE 13 _
2349:30 UTC 6 MAY 1994 (t-22 min)

Figure 3.10: As in Fig. 5.1. for 2349:30 UTC 6 May 1994. Radar reflectivity data are
from the KINX WSR-88D radar. The *“t-22 min” indicates that the analysis time is 22
min prior to tornadogenesis.
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CASE 30
0028:13 UTC 3 JUNE 1999

9, I T P 3 i
v o cEE :

Figure 5.11: As in Fig. 5.10, for 0028:13 UTC 3 June 1999. Radar reflectivity data are
from the KLBB WSR-88D radar.
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Instead. these warm downdrafts had small (often <3 K) 6, 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 6, values measured at the surface within RFDs associated with tornadic
supercells generally were similar to values observed at lower altitudes (often <1 km
AGL) on nearby soundings. compared to the non-tornadic cases (and as mentioned
above. sometimes RED 6, values were similar to inflow 6, values)(e.g.. Fig. 5.19).
Furthermore. all of the RFDs associated with tornadic storms contained surface-
based CAPE. with some RFDs containing extreme values of CAPE [e.g.. >700 J
kg ~' below 500 mb on 8 June 1995 and 3 May 1999 (Figs. 5.20 and 5.21)]. Values
of CAPE 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
cegs. Figs. 5.20 and 5.21).

Although small 8, and 6, deficits were detected in most of the RFDs associated
with strong tornadoes. in one well-sampled case. a relatively large 6, and 6, deficit
fup to 7 K and 18 K. respectively) was observed within a hook echo associated with
a strong (F4). long-lived (>20 min) tornado (e.g., Fig. 5.22). However. despite the
large surface 6, and 6, 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 CAPE values for this case were exceptionally large (>4000
J kg™ thus. surface parcels with 8, values as much as 7 K smaller than those on

the large scale still were potentially buovant.

5.3 Miscellaneous new observations

[t may be noteworthy that in some of the most prolific tornadic storms intercepted
(Cases 20. 24. and 23). surface baroclinity was weak (maximum |V, | < 1 K km™!),
absent. or oriented such that 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 that these storms were able to

produce so many long-lived, strong tornadoes may imply that the lack of baroclinity
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CASE 17

0138:00 UTC 17 MAY 1995 (t-0 min)

9/

v

- Qust tront locatedk

~using DQW"UF

Figure 5.12: 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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CASE 18
2345:12 UTC 2 JUNE 1995 (t+2 min)

6,

Figure 5.13: As in Fig. 5.10. for 2345:12 UTC 2 June 1995. Radar reflectivity data are
from the DOW radar.
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CASE 18
2345:12

UTC 2 JUNE 1995 (t+2 min)
9/

Figure 5.14: As in Fig. 5.13. but 6. is analyzed.
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Figure 5.15: As in Fig. 5.10, for 0106:00 UTC 3 June 1995. Radar reflectivity data are
from the NOAA-P3 LF and DOW (inset) radars.
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CASE 20
0022:00 UTC 9 JUNE 1995  (t+47 min)

2 km

Figure 3.16: As in Fig. 5.10, for 0022:00 UTC 9 June 1995. Radar reflectivity data were
obtained from the NOAA-P3 LF and DOW (inset) radars, and |Atmaz| = 2.5 min was

used.
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CASE 25
0052:04 UTC 4 MAY 1999 _(t+5 min)

-
.

/

-
Bog,

Figure 5.17: As in Fig. 5.10. for 0052:04 UTC 4 May 1999. Radar reflectivity data were
obtained from the KTLX WSR-88D radar.
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CASE 25
0052:04 UTC 4 MAY 1999

A

Figure 5.18: As in Fig. 5.17, but &, is analyzed.
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CASE 18
2345:12

UTC 2 JUNE 1995 (t+2 min)

Figure 5.19: As in Fig. 5.13. but z, is analyzed.
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CASE 20

0022:00 UTC 9 JUNE 1995 (t+47 min)

R ENSIAN

Figure 5.20: As in Fig. 5.16, but CAPE is analyzed.
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CASE 25
0052:04 UTC 4 MAY 1999

CAPE

Figure 5.21: As in Fig. 5.17. but CAPE is analyzed.
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CASE 21
0101:00

- -
Y R ek TR L gl

. . v "-'
'-3---"—---4--"- N
B A

Figure 5.22: Asin Fig. 5.10. for 0101:00 UTC 9 June 1995. Radar reflectivity data are from the NOAA-P3 LF
radar, and Moar: = 2.5 min was used. Data obtained from turtles (Winn et al. 1999) also have been incorporated
‘ito the analysis (turtle observations are denoted as black-filled station models). T readings from the turtles were
not used 1 the first 2 nun following deploytnent in order to allow the T to adjust to the environment after being
fransported insde an air-conditioned truck (the thermistor has a large time constant). Moisture was not measured
by the turtles. but mixing ratios were interpolated to the turtle locations from the mobile mesonet locations in order
to vbtain estimated . (sensitive to mixing ratio errors) and 8, (not as sensitive to mixing ratio errors) values at the
turtle locations. All T, Ty, 6., and 8. measurements and estimates in the vicinity of the turtles should be viewed
cautiously.
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CASE 21 .
0101:00 UTC 9 JUNE 1995

Figure 5.23: As in Fig. 5.22, but CAPE is analyzed.
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was svinptomatic 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 3.1.

In none of the cases was evidence found of a separate “occlusion downdraft”
in the mobile mesonet data. While [ 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 (Ju/dr)? + (Jv/dy)?] “contributes™ to pressure excess there
(Rotunno and Klemp 1982)(e.g.. Figs. 3.24. 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).

[t 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
significant 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
vcelusion of the low-level mesocyvclone (e.g., Figs. 5.10 and 3.11).

Three-dimensional cloud simulatinn studies using a Kessler microphysics param-
eterization (Kessler 1969) have found the “undercutting” of the mesocyclone by out-
How 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

/

p

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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CASE 18 .
2345:12 UTC 2 JUNE 1995 (t+2 min)

Figure 5.25: As in Fig. 5.13. but p’ is analyzed.
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CASE 21 Y
0101:00 UTC 9 JUNE 199
L E ;so mbtumem

Figure 5.26: As in Fig. 5.22, but p is analyzed.
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CASE 30
0028:13 UTC 3 JUNE 1999  (t-12 min)

/

p

Figure 5.27: As in Fig. 5.11, but p’ is analyzed.
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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 that were undercut
by RFD outHow were not sampled—updrafts that visually appeared to be undercut
often were abandoned during field operations in favor of storms that did not appear
visually to be undercut. A new hypothesis will be posed in chapter 8 that attempts
to explain whyv tornadogenesis failure mav occur if the RFD air mass is too cold and
stable (and vet the mesocvelone 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 1), 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, 5.13. and 3.16). No
ditferences between the appearance of the couplet in the tornadic and non-tornadic

cases was ubserved.

5.4 Summary

RFD characteristics for cach case and mean RFD characteristics are summarized
in Tables 5.1 and 5.2 respectively. A 4 km radius from the circulation center was
used for the minimum 6. 6., and CAPE, and for the maximum z, and CIN values
that appear in the tables: however. a 2 km radius was used for the maximum 6., 8.,
and CAPE. and for the minimum z, and CIN values that appear in the tables. The
arbitrary choice of using a smaller radius for the aforementioned variables was made
because [ 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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for significance is the t-test: however. a different approach was used instead. fol-
lowing Mielke et al. (1981). The same approach was used by Blanchard and Lopez
(1983) and Rasmussen and Blanchard (1998). and is well-summarized by Blanchard
and Lopez (1983): “The (t-test) ...assumes that the data sample follows the nor-
mal distribution. Since most atmospheric parameters are not normally distributed.
but rather are highly skewed. this standard parametric test is inappropriate. A
nonparametric test called Multi-Response Permutation Procedures (MRPP) is well
suited to farmospherie) dara 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 I = P is the probability that two populations are different).
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Table 5.1: Summary of RED ubservations. Analysis times are in UTC, with the minutes before
te0) or after (>0) tornadogenesis or tornadogenesis failure provided in parentheses. Values of
# and ¢ are in K. values of z, are in km. values of CAPE and CIN are in J kg~!. values of
the maximum horizontal ¢, gradient (V48") are in K km~!, and values of p’ are in mb. The
uncertainty (see appendix A) appears beside each 6, 8., z,, CAPE, CIN, and p' value, along
with the yuadrant(s) where the measurement was obtained (e.g.. I II, III, or [V, as defined in
chapter 4). The words “within 4 k" and “within 2 km" refer to the region within a 4 km and
2 kmn radius within the RFD. respectively, of the tornado or mesocyclone center. CAPE has only
been integrated up to 500 mb. as discussed in chapter 4. Values of the maximum V6, only are
considered if the baroclinic generation has a streamwise component (i.e., only if the sense of the
horizontal barochinic vorticity generated is such that tilting yields cyclonic vertical vorticity). E.g.,
if the only baroclinity detected for a case is oriented such that horizontal vorticity generation has
an antistreatnwise component. then the value entered in the table for the maximum V8, is zero.
In some cases. z, could not be determined because 8, values measured at the surface were all larger
than thuse 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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Table 3.1 (continued).
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Non-tornadic  Tornadic  P-value

Minimum ¢}, within 4 km -7.5 (2.6) -3.2(1.9) 0.001
Maximum 8., within 2 km -3.8 (1.4) -0.7 (1.2) 0.001
Minimum ¢, within 4 km -12.2 (5.7) -7.0 (5.9) 0.089
Maximum 62 within 2 km -4.9 (4.4) -1.7 (1.6) 0.011
Minimum 2, within 2 km 1.5 (1.0} 0.5 (0.4) 0.057
Maxinum 2, within 4 km 2.4 (1.3) 1.3 (0.4) 0.060
Mimmum CAPE within 4 km 103 (110) 411 (293) 0.006
Maximum CAPE within 2 ki 355 (266) 651 (283) 0.059
Mimimum CIN within 2 ki 245 (308) 33 (58) 0.032
Maxinum CLY withun 4 km S64d (313) 205 (291) 0.017
Maximum © gy o) withun REFD 2.5 (1.8) 2.0 (1.9) 0.677
Maximum p’ within RFD 1.7 (L.1) 1.9 (2.2 0.857

Table 5.2: Mean thermodynamic variables (standard deviations in parentheses) in RFDs
at the time of tornadogenesis or tornadogenesis failure. The words “within 4 km” and
“within 2 k" refer to the region within a 4 km and 2 km radius within the RFD, respec-
tively. of the tornado or mesocyclone center. Only analyses within § min of tornadogenesis
or tornudogenests falure, and analyses in which observations were avatlable in at least 3 of
4 quudrants (as defined in section 4.1.3), are included in the calculation of the means. The
P-values 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 6, and €. are K,
units of z, are km. units of CAPE and CIN are J kg~!. units of V6, are K km~!. and
units of p’ are mb.

The REDs associated with tornadic supercells were approximately 3-4 K (3-3 K)
warmer than the RFDs associated with non-tornadic supercells, in terms of 6, (6.).
on average (Table 5.2: also see Figs. 5.28 and 5.29). Moreover. parcels reaching
the surface in non-tornadic RFDs had 6, values similar to the 6, 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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Figure 5.28: Scatter plot of maximum 6! versus minimum 6/ 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 6, 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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Figure 5.29: As in Fig. 5.28. but maximum ¢/, versus minimum 6. values are shown.
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Figure 5.30: As in Fig. 5.28. but maximum z, versus minimum 2, values are shown. Units
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supercells. on average (Table 3.2; 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 3.2: Fig. 5.32).

No significant differences were detected between the surface baroclinity (V,8!)
within the hook echoes of non-tornadic and tornadic supercells (Table 5.2: Fig. 5.33).
Furthermore. the pressure fields within RFDs associated with non-tornadic super-
cells were not significantly different from those associated with tornadic supercells
(Table 5.2: Fig. 5.34). Perhaps the magnitude of p’ is related largelv to the strength
of the downdrafts (i.e.. perhaps the p' largely owes to dyvnamic effects). which does
not appear to be related to tornadogenesis based on the lack of observations of obvi-
ous ditferences between the RFD surface divergence in the non-tornadic and tornadic
cases. (Using 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.)
6.
CAPE. and CIN values were computed by quadrant (refer to Fig. 4.2) for non-

While the above comparisons represent the average differences. mean ¢,
tornadic. “weakly tornadic” (defined arbitrarily as producing FO-F1 tornadoes for
<35 min). and “significantly tornadic™ (those producing long-lived FO-F1 tornadoes
or 22 tornadoes) supercells (Fig. 53.35). The largest surface thermodynamic dif-
ferences between REDs associated with tornadic and non-tornadic supercells were
detected east of the circulation centers (quadrants I and V). In terms of ¢ and 6.
REDs associated with weakly tornadic supercells were more similar to those associ-
ated with non-tornadic supercells than those associated with significantly tornadic
supercells. On the other hand. in terms of CAPE and CIN, in quadrants II and
[II. 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 compuosite illustration that generalizes the main characteristics of RFDs associated

with non-tornadic and tornadic supercells (Fig. 5.36).
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Figure 5.35: Mean @, 6,. CAPE. and CIN values by quadrant (refer to Fig. 4.2) are shown
for non-tornadic (gray text). “weakly tornadic” (producing FO-F1 tornadoes for <5 min;
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Figure 5.36: Composite diagram illustrating the general characteristics of RFDs associ-
ated with supercells that produce “significant” (e.g., F2 or stronger, or FO-F1 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 failures, 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 of 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 6, and 6, air at the surface within RFDs (e.g., van Tassell 1955:
Beebe 1939: 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 8, RFD air is associated with tornadogenesis failure. In
this section [ attempt to reconcile this finding with past observations of low 6./6,,
RED air.

Many of the observations of T and 6, 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 June 1969, Brandes' (1977a) analysis of a supercell on
6 June 1974, and Nelson's (1977) analvsis of a supercell on 25 May 1974

The evewitness reports of “cold” downdrafts documented by van Tassell (1933)
and Beebe (1959) near the Scottsbluff, Nebraska tornado may be the most difficult
observations to recoucile. The observations were reportedly within | km of the
tornado. to its south. However. we cannot know precisely how cold (in terms of T and
8./6,.) the downdrafts were because no meteorological instrumentation was present.
Ward'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 6, 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 6, and
8. 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 that 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 be worth adding that Klemp et al. (1981) found low 6, 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 #, air in the RFD within a few km of the tornado were made. Brandes (1981)
did hvpothesize. however, from his analysis of the Del City storm, that the RFD
was thermodyvnamically driven: this conclusion was based on the apparent erosion

of midlevel echo. and not on direct observations of low 6, air at the surface.
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Chapter 6

Anticipation of surface RFD characteristics from

sounding data

The tindings presented in the previous chapter. while significant. do not directly
benefit operational meteorologists responsible for issuing tornado warnings. because
direct surface measurements within RFDs are not available in real-time. Therefore.
if the findings are to have any operational value. a means must be found by which
“unobservable-scale™ RED characteristics can be inferred from “observable-scale”
environmental sounding data 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 that 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 km AGL, vertical shear in the 0-6, 2-4, 3-6, and
4 9 km AGL lavers. and mean storm-relative wind speeds (Table 6.1). Furthermore.
the lifting condensation level. level of free convection, and CAPE were computed
for each sounding. From the surface data. dewpoint depressions (Ty) also were
reported in Table 6.1 (the values appearing in the table represented an average of
the minimum and maximum Ty values observed within a sector of arc width 90°,
centered on the storm motion vector).

Few. if any. significant differences stood out between soundings obtained near
tornadic supercells and those near non-tornadic supercells (Fig. 6.1). P-values (ob-
tained using the MRPP 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 0.73 (i.e.. the probability that the environments
were different generally was less than 25%) for univariate tests of SRH, 0-6 kin shear.
3 6 km 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
difficult 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,
there was some suggestion that storm-relative winds in the 3-4 km laver were (sta-
tistically) significantly wedker in the tornadic cases than in the non-tornadic cases
(Fig. 6.1: P-value=0.02 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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Case Darhow Lo L¥C CAPE T‘“-I' stonn motion 0-1 km 0-2km 0-3 km 1dvig-g
criteria met’ ¢ SRH SRH SRH

i Y 1] 28 >1%00 6.7 353 /1L 213 270 348 23.5
2 N 12 16 2400 6.4 350/ 10 61 123 134 16.3
i Y 1y 23 > 1800 3.1 2?5 /14 457 6338 822 7.8
i N 14 35 > 2000 0.2 285/ 8 85 363 760 263
o A} L 4 4100 5.4 230/ 10 22 111 198 26.7
0 N 1T 31 1300 139 265 / 8 70 130 139 23.%
N N LG [ 2700 10.8 270 /8 50 121 1"y 23
~ N 12 26 2000 6.4 328 /13 98 232 252 2168
" N il 20 > 2000 3.2 266 ;17 269 277 278 AT 4
W N JN} [ 1900 151 6s /12 112 ue 2072 11 8
vl N Ly 32 600 120 265 /14 kE] 12 70 269
12 N 10 12 w00 135 Juo ;13 31 80 116 289
13 Y 12 [ > 1800 4.8 290 /12 61 73 123 9490
14 Y 14 21 > 1500 1006 255 / 10 L3} T2 110 2338
1% Y 0. LY 1100 2.8 253 /13 449 358 517 379
N \ 14 24 > 2500 47 LY VAT 53 90 116 303
- v' U uy > 2500 44 260 /9 M M M M

. Y )T 13 > 2000 3 225 /13 324 439 440 M

N 3 1! o > 150U 6.0 2077 M M M M

U N uY 20 > 3000 59 21 /10 M M M 211
: \ Y 1 » 300U 54 28 /11 M M M 21
22 N 3 22 1400 33 270 - 1t a7 55 80 27T
14 N a7 23 LIS V] 4 7012 160 136 412 272
<4 Y ud 24 > 2500 24 28/ 14 236 291 300 214
25 N it 24 >250Q 25 220 /11 219 288 308 21 4
K3 N ) 19 400 %3 130 / 10 153 154 329 22,6
1 N KN X M 120 %8, 6 13 10 28 19.7
o N ) 2y 1900 Té 280 /13 1%0 181 229 311
i N R 24 2700 59 300, 7 17 27 ] 207
0 N 1s 2y >500 9 240 / 1% 238 298 326 M

Table 6.1: Environmental characteristics as measured by the “best” proximity soundings available
for cach of the 30U cases. The Darkow (1969) 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 100 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
of the lowest 100 mb. The surface dew point depression, Tyq,,., was computed by averaging the
maximum and minimum values measured within 45° of the storm motion vector and within 150
km of 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
tornadogenesis {tornadic cases) or strongest low-level rotation (non-tornadic cases). Storm-relative
helicity {SRH) has units of m* s=2. The 0-6 km, 2-4 km, 3-6 km, and 4-9 km shear vector
magnitudes (m s~') are denoted by {Av|g_¢. |[AV]a_y, |[AV|3-¢, and |Av|s_g, respectively. The
2. 3. 4. 6. and 9 km storm-relative winds (m s~!) are denoted as |v — c|z, |v — ¢|3. |V = cl4,
v - Ciy. and |v = cfy. respectively. The mean 2-4, 4-6, and 6-9 km storm-relative winds are
denoted as jv —cf,_,. [v —c|y_4. and [v — clg_g. respectively. Missing values are denoted with
“M." (Continued on next page.)

"This was launched in the RFD outflow, but the hodograph above 1 km is presumed to satisfy the
proximity criteria.
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Case Qv u_g Avig_g Avigy vV-clz v—gig |v—-cly (v—clg Iv—eclg v -clag_ 4 |Vv-clyg_g Iv—-=cly_g

1 ils 137 M 103 19.2 18.2 173 M iT.0 178 M
2 w2 4.9 151 6.1 122 16.2 16.7 228 123 15.5 217
3 40 142 M 203 179 184 2.4 M 184 201 M
4 RV 45 M 200 173 19.3 1v.6 M 19.0 202 M
5 ) 47 I8 2 1058 131 143 21.0 6.9 139 164 19.1
" 65 129 212 12,0 $.2 7.0 9.1 19.9 6.9 T4 4.4
b 1o 8s VY] 3.7 11 5.2 9.2 12.5 2.4 77 10.4
~ Wl 12 122 185 16.0 1.7 18.5 223 16.1 16.1 20.1
‘ Lo B ATIE ) LN} 34 120 14.2 294 51 124 188
N nos i 252 s 131 YN 87 252 130 68 15.7
L i T IR 193 117 12.6 18.1 10.0 08 14.3
.2 [} it T ~4 141 184 207 8.8 129 180 23
I s in M 49 JLUNY ivu 65 M 95 su M
18] 32 i2 1% 5 3 [ e 9.7 171 25.0 12.4 127 18.1
29 1ty 15 5.3 T2 127 178 230 0.0 134 Ny 34.1
6 T3 153 51 is 91 10.7 242 402 53 155 8.2
T 1 16 N0 ¥ g 24 107 152 38.7 128 151 286
o LAY M M 1o 54 42 M M 69 M M
o [ M M T 111 21 M M LU} M M
2 A M M M M M 108 M M M M
M M A% M M M w3 M M M M
22 [T 27 RN 27 58 9.0 154 194 58 13 is 4
ER) .2 NV v 3 (R 147 136 189 6.8 13.5 148 215
i 3T 6 U T4 N2 52 60 84 .7 59 4.0 80
25 (g 64 T4 107 su 9.0 115 1t 8.8 91 il
6 ) iy EX) 131 204 165 186 15.8 3.8 87 i6.6
27 62 62 M TS L3 19 14.3 M 60 134 M
2N T 1T 116 125 129 143 193 188 129 148 170
M 142 Hh 17 45 159 18.6 156 13.4 14.2 16.0 142
" M b} M M M M M M M M M

Table 6.1 (continued).

Many studies have sought relationships between hodograph characteristics and
the behavior of supercells. but none have vet 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 6.1: Scatter plots of environmental conditions for the 30 RFD data sets using
the best available “proximity soundings.” Surface dewpoint depressions (Tyq,, ) were not
obtained from soundings. but rather from surface inflow observations (the largest and
smallest Tyy 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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Figure 6.1 (continued).
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Figure 6.1 (continued).
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et al. (1994h) looked at the relationship between tornadic and non-tornadic meso-
cvelones 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 mesocyclones occur in a regime in which s-r low 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 500 and 250 mb were explored (tornadic supercells
were associated with larger s-r speeds at those pressure levels than non-tornadic
supercells). 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-precipitation. classic, and high-precipitation supercells (Doswell and Burgess
199337 as well as in environments favoring non-tornadic supercells and non-supercell
thunderstorms. These studies did not examine any possible relationships between
supercell behavior and lower level s-r winds.

[n numerical simulations, Gilmore and Wicker (1998) found that low-level 6.
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 that the updraft en-
trauns less and is therefore stronger in weak-shear environments—thus, the stronger
updraft can suspend larger precipitation amounts that, after leaving the updraft, cre-
ate greater evaporative cooling and precipitation loading, and ultimately a stronger
downdraft and cold pool. Gilmore and Wicker found that the downdrafts in their
study entrained more high 6, air in the boundary layer as the shear increased. thereby
reducing the outflow strength. Although vertical wind shear cannot be present in
storm environments without the additional presence of s-r (at least at 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 tinding 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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environmental 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™!
(6.8 m s~ ') 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 meteorologically 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 Auctuations in the environmental hodograph
could alter 3 4 km s-r flow and shear by several m s™! as well. Thompson and
Edwards (2000) also recentlv found in a larger climatologyv that the strength of the
midlevel storme-relative flow in tornadic and non-tornadic supercell environments
differed by only i few m 57! 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 that hodograph traits (at
least those popular today) can reliably anticipate RFD thermodynamic properties
and tornado threat. A more extensive climatological study may be warranted in the
future. bhut such an endeavor is well bevond the scope of this dissertation.

A statistically significant difference between surface Tyy (Tyq,,.) values in the tor-
nadic and non-tornadic supercell environments also was found (P-value=0.03). with
Ty,,, values being smaller in tornadic supercell environments in general (Fig. 6.1:
the mean Ty, in tornadic environments was 5.7 K. and the mean T4,,. 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 protile on surface RFD characteristics will be investigated using
idealized numerical simulations in chapter 7.

Finally. RFD thermodynamic characteristics such as ¢,, 8., CAPE, and CIN
were shown in section 3.4 to be able to discriminate between tornadic and non-
tornadic supercells. If the parameters Tyy, . and 3-4 km s-r flow also can discriminate
between tornadic and non-tornadic supercell environments, then 8, 82, etc.. must be
relatively highly correlated with Ty, and the 3-4 km s-r flow. Although this may
be an obvious result, a figure showing 6, at the surface within RF Ds versus the inflow
surface dewpoint depressions is included as an example (Fig. 6.2). [The example in
Fig. 6.2 shows that 8, and Ty, 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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Figure 6.2: Scatter plot of minimum ¢, values versus surface Tyy values for the 30
cases. The linear correlation appears at the top right and a best-fit line has been
added. The correlation increases in magnitude to -0.65 when the outlier at the lower
left is excluded.

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
¢, characteristics of the RFD and the Tyy,,, 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 important in tornadogenesis, as revealed
by Figs. 5.28-5.32]
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Chapter 7

Idealized numerical simulations

7.1 Rationale and experiment design

[n chapter 3 it was shown that the air parcels within the RFDs of tornadic supercells
tend to be significantly more buovant and potentially buoyant than those associated
with non-tornadic 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 mesocyelones, in the 30 cases studied. were in
the 3 4 km storm-relative How and the low-level relative humidity. This finding
15 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 bevond 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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Walko 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
on which supercell thunderstorms were observed. The updraft rotation was imposed
at the beginning of 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
faver. 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
sutticient angular momentum to the surface for the genesis of a tornado-like vortex.

[n 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 initiallv present in the lowest 250 m (rotation is a maximum
at 2.5 km and decreases sinusoidally to zero at 250 m AGL): 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 methodology was used to obtain
greater control over the experiment (the rain water field could be made to be iden-
tical in cach 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 and 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
specified a prior. 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.

Although houok 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 some observational justification. 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 DMlodel and domain description

The model uses an axisymmetric domain that is 12 km deep and extends outward
from the center axis to a radius of 8 km. The prognostic equations for the wind

velocity components (u.c.ae) are written in cyvlindrical coordinates (r..z) as follows:

Ju Ju Ju  ? =o' 10(ro,) 0y 00, -
a C e T vmE Tty et i T e (U
de Jdv OJvowe 1 d(ric.y) 0o, o
ot = e YT T TR o T (7.2)
Jw Jw Jw - ar' 8, 1d(ro,.) Oo.; -
o T TYor Tva e et T T (73)
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Figure 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
field: bold. dashed contours are tangential wind isotachs). In order to sustain the updraft. a weak
positive updraft forcing. Fpe-. is applied (see section 7.2.2) within the region enclosed by the
targer of the two dash-dot contours. Once a steady state is achieved, rain water is introduced at
midlevels 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, Fpp. 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 ¢, is the specific heat at constant pressure, g is the constant gravitational
acceleration. ¢, is the virtual potential temperature, and 7 = T/8 = (p/p,)®/<».
where T is the temperature, € is the potential temperature, Ry is the specific gas
constant for dry air, and p, is the base state pressure at the ground. and 8, =
gt + 0.6lqg. — ¢. — ¢r). where ¢,. y.. and g, are the water vapor, cloud water,
and rain water mixing ratios. respectively (the base state contains no cloud or rain
water}. The additional terms Fi- and Fp in the vertical momentum equation are
additional forcing terms for updraft and downdraft. respectively. These forcings will
be justified and described in the subsequent subsections.

The total 7 and 6, are expanded about an unperturbed base state # and 6,

according ro

T(r.z.t) = #(z)+7(r 2 t) (7.4)
O(r.2.t) = 8,(3) +8.(r. z.t). (7.3)

where the base state is hvdrostatic.

07?_ g

J: cpbe .

The (eddy) deviatorice stress dyvadic components are

o = Hh,, P‘Z g% - % dan

Ooo = Rm ) % - % div] .

g:: = A, ’Qé—)ﬂ—gdv],
| dz 3

oo = Kn ai (;)] ,
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Is the axisvmmetric divergence and R, is the eddy viscosity for momentum.
The pressure equation is obtained from taking the material derivative (d/dt =

/0t ~ udjor + wdfdz) of 7 = (p/p,)*4/» and using the compressible continuity

equation,
dp lo(ur) OJuw
+pl- =0, T
a F [I' ar T Jz (7-9)
where p is the air density. to eliminate dp/dt:
J=’ P 10 Jd  _-
L= s 4, 0, u
ot ey 02 [rd (Pour) + 557 “)}
Or’ o' Ry 7 dur) Rd ,Ow ¢ db, -
-l —U_— - —— —. 1
“Yor TY0: T w T or "o toma (P10

where ¢, = /e, Ryt /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

oY d6 a8 19 (.. 08 d 06 -
5{ —uo—r—u,—:-f'ro (1\;,1‘87) a~ (I\ha )+H. (111)

where A is the eddy mixing coefficient for heat and H is the rate of latent heating

by condensation of water vapor. g,.
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The prognostic equation for g, is

0‘11' _ 0‘11 'aqu l d . aqu 6 . dqv 3
5 = T4, TS, + o Ryr o + 7 Ky 5 S.+ S., (7.

-1
[S——y
[V
S—

where S, is the sink of water vapor owing to condensation.

. c,TH -
= . (7.1.3)
S Lo (7

where L, is the latent heat of vaporization. and S, 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
(1978h). where

S - _1_ (1 - qv/%v:)c(/)qr)u.szs
T pAd x 10% + 2,55 x 108/ (pg.)

(v.14)

where ¢, is the saturation mixing ratio, p = p(z) is the base state pressure in

millibars. pis in g em™t, and C is the ventilation factor parameterized as

C = 1.6 + 124.9(pq, )02, (7.15)

The prognostic equations for cloud water and rain water (Marshall-Palmer drop-

size distribution assumed) are. respectively.
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where u, and wy represent the horizontal and vertical separation of precipitation
from the tlow 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. P, = P.(r.z.t). is imposed at a specified time and location in
order to control the initiation of a downdraft. The form of P, will be described
later. Centrifuging of rain water occurs when u, > 0. and following Das (1983). u,
is parameterized as i
U wy

uP=T?. (118)

where, following Soong and Ogura (1973) and Klemp and Wilhelmson (1978b). the

rerminal fall speed is parameterized according to

wy = 3634(pg, )0 131 (ﬁ) "L (7.19)

o

where p = p(z) is the base state density. p, is the base state density at the ground

and w,. p. and ¢, have units of em s™! g em™, and g g™'. respectively.
The eddy viscosity coefficient for momentum was prescribed as a function of the

deformation field (Smagorinsky 1963). In the axisymmetric model it is

() - () O]

o= ] (22

+(£—E>l+<§£ 2) 2 ( _
ar r dz ) '

where A = (ArAz)"? and ¢ is a nondimensional constant chosen to be 0.2 following
Deardorft (1972). Also following Deardorff, A, = 3K, is specified.

The momentum equations are solved on a uniform C grid (Arakawa and Lamb

o

-3
~o
o
~

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 Ar = 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
emploved on the large timestep at the lateral boundary (Klemp and Wilhelmson

1978h). At the lower boundary. w = 0. but the horizontal flow satisfies the semi-slip

du Ju
_— = . —_— YT - )
(0:.0:) o (w'u’. '), (7.21)

condition

where the surface Huxes are given by

wu' = cp vVui+r?u (7.
v = ep Vur + 2o, (7.
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o
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-

=1
[ ™)
w
-

where the drag coefficient is ¢p = 0.003. 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-CAPE/low-LCL environment (LCLL). The
high-CAPE (low-CAPE) environments contained approximately 1500 (500) J kg™!
CAPE. 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

_(: _ 0o + (6er — 6,) (i)m 2 <
Ourexp [ (= = )]
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>

]

(3

tr
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Sounding a4, quo O:r Ter m CAPE CIN LCL LFC

HCHL 303.0 2.4 3379 2380 1Y 1505 27 1600 1800
HCLL 01,0 164 3452 2440 1.5 1502 18 800 1000
LCHL 303.0 124 3556 253.0 21 544 27 1800 1800
LCLL 3010 1ot 3587 2540 1.6 538 18 800 1000

Table 7.1: Model sounding parameters. Units of 0y, 8y, and Ty are K. Units of gy are g
kg~!'. Units of CAPE and CIN are J kg~!. Units of LCL and LFC are m.

m
, min{l—(L-~h )(—) —‘1—"—} 2 <z
hiz) = s ) 4eat8) ' (7.25)
hmm- 2>

where £ is the environmental relative humidity. 6, is the potential temperature at
the surface. ¢, and T}, are the potential temperature and absolute temperature at
the tropopause. 2z, is the height of the tropopause. h,,,, is the minimum upper-
level relative humidity, ¢, is the mixing ratio at the surface, and m is a “shape
parameter.” The initial ¢, profile is assigned by applying the Clausius-Clapeyron
equation to the 8 and h profiles. On all soundings, 2, = 9500 m and Ay, = 0.25.
The remaining parameters appear in Table 7.1.

The updratfts 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 8 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 axisvmmetric model (Ogura 1963: Soong and Ogura 1973),
which would lead to unrealistically strong compensating subsidence and dynamic en-

trainment. Walko (1988) reported a similar problem; he circumvented the problem

138



-
oa Kd R4 4 » L +

7 - ," ‘o0 ,! 4 2 R ’ 2 »
o e e A e &« THCHL r'/."’ - R A "f//’{HCLL
” 5 ) s i . / ,/ // |

-
1080 e —

, < ’ Rd 4 L4 '
ummm‘-m—p—nlwnu‘ LCHL

/‘i N 7

Vad

Figure 7.2: Skew T-log p diagrams showing the analytic soundings used to initialize the
model bdae state in the eight experiments. The high-CAPE (low-CAPE) soundings contain
approximately 1500 (500) J kg~! CAPE: the high-LCL (low-LCL) soundings have an LCL
at 1600 (800) m.
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using an 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 mwoist. cloudy updraft for at least 20 min; however, the sounding was not typical
of severe storm environments (CAPE was <150 J kg™!). Soong (1974) was able
to simulate a long-lived (>60 min) moist updraft within his axisymmetric model:
however, the cloud was <3 ki tall, had a radius of <600 m. and maximum vertical
motions were <6 m s~'. Thus, CAPE presumablv was miniscule and not tvpical of
a4 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 rhe mean shear (Rotunno and Klemp 1982) cannot arise. Owing to the
svimetry of an axisvinmetric model, mean vertical wind shear cannot exist: there-
fore. the only dynamic pressure force that can promote the lifting of air parcels to
their LECs is that which is associated with the vertical gradient of vertical vorticity
(which arises when a tangential wind field is imposed)?3.

Because of the difficulty in sustaining an updraft, it was necessary to include an
additional updraft forcing term in (7.4), Fy.. It can be argued that Fy; is essentially
a parameterization of the dvnamic pressure forcing associated with vertical velocity
gradients interacting with the mean shear [a “linear” forcing that is proportional to
Vuw-dv/0z: see Rotunno (1981) or Rotunno and Klemp (1982)]. The addition of Fy:
to (7.4) perhaps is justified by the fact that the simulations are designed to simulate
asupercell updraft: by imposing a tangential wind protile (to be described below), we
already are parameterizing the process of tilting and stretching of horizontal vorticity
that leads to mesocyelogenesis. 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
the formation of “spurious” convection owing to the deep moisture.

3A 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 axisvinmetric model. we argue that some attempt 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

R[]

0. otherwise,

where £, is the amplitude of the updraft forcing and

!

) 2] 2
r\- I-zr 1
o ( > < Lmu.t) i ( k )
ree Ur

where -, and 2 are the horizontal and vertical radii of the updraft forcing, and

=1
o
-1

2 mar 15 the height of the maximum updraft forcing. For all of the experiments.
Fr, =002 m s " is used. The parameterized dvnamic forcing is sufficient for
maintenance of the updrafts. vet it is not so strong that it dominates the vertical
motion forcing. In each experiment. ri-. = 1000 m (until rain water is inserted at
900 s. after which rp, = 300 m). 2z, = 3500. and zgmer = 1000 m. The shape
and magnitude of the forcing field is similar to the linear dynamic pressure forcing
field shown by Rotunno and Klemp (1982) in a cross-section through one of their
simulated 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 10-min period. by which time the updrafts acquire an approximately
steady state. By ¢ = 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

250 m:

1
0= 5 G Rulr) Zu(2), (7.28)
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where

r r<re .
R.(r) = ) (7.29)
rjre, r>re
T is—3e |
cos(l—,—m‘-) Zvmar — 2ve L2 2y, + 20
Zo(2) = 2o s T ’ ’ (7.30)
0. otherwise

where u=w=0 initiallv. {, is the maximum vertical vorticitv (0.03 s7!). r, is the
vortex core radius (1000 m). z,,,, is the height of maximum rotation (2500 m),
and z., is the vertical radius of the vortex (2250 m). No rotation is present below
250 m: thus. surface rotation cannot develop without the formation of a downdraft.
The chosen value of {, vields a maximum circulation of approximately 10° m? s!
(located at z = 2500 m for r > r.).

The steady state updrafts have maximum vertical velocities of 54-39 m s~! in the
high-CAPE environments and 25-30 m s~ in the low-CAPE environments (Fig. 7.3).
Regardless of the CAPE. the size and amplitude of the initial thermal bubble, and
the shape and amplitude of Fr-. the high-LCL soundings vield updrafts having radii
of 1.5 1.8 km. and the low-LCL soundings vield 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
prescribed steady state tangential wind profiles are identical at 900 s. At this time,
a downdraft is initiated by iimposing rain water and a forcing Fp in (7.4). Also 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 Downdraft generation

At ¢t = 900 s (15 min), an annular downdraft is generated at a radius of 1000
m. [t was found that realistic amounts of precipitation loading alone could not

initiate a downdraft rapidly enough and sufficiently strong so that the rain curtain

142



900 s

—
— N = D W et B -3 0o ©

900 s 900 s

—
[

O = N W & v D -3 G ©

o YT
!

1 2 3 4 5 6 7 80 1 2 3 4 5 6 7 8

Figure 7.3: Steady-state 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 m s™'. Tangential wind velocity contours (dashed) also

are drawn at 5 m s™! intervals starting at 5 m s~ 1.
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could fall to the ground without being advected toward the updraft axis by the
radial inflow (and subsequently leading to updraft demise). Therefore, an additional
forcing for the downdraft. Fp. 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.c.. the inflow of real supercells is not symmetric with respect to the updraft). In
the axisvimmetric model. radial inflow is svmmetric about the axis and probablv
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
for the precipitation streamers that comprise the hook echo. Therefore. an additional
dvnamice foreing was imposed to allow the rain curtain to descend to the surface some
distance awav from the axis.

As with Fp-. Fp arguably can be included as a parameterized (downward) dy-
namic pressure forcing owing to interactions of mean shear with an updraft, which
an axisvimetric model cannot produce. Yet the presence of downward-directed dy-
namic pressure gradient forces on the periphery of supercell updrafts is well-known
(¢.g.. Bonesteele and Lin 1978: Rotunno and Klemp 1983), particularly near the
time of tornadogenesis. While the exact forcing mechanisms for the RFD remain
unknown and are bevond 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 Fp 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 Fp is 0.25
m 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.

P..in (7.17). where

P, Rp(r) Zp(z). t2>900s

P.r.z.t) = (7.31)
’ 0. otherwise
where ‘

1—(5'—'3‘). rpe—rpr <r<rp.+r

Rptry = o Pe ™ Thr =T = TR Thr (7.32)
U, otherwise
(Ub<:,——P) pe—ipr S22 S Ipet zp

Z‘u(-) _ 3 zp, c T c r (733)
0. otherwise

where rp. and :p, are the horizontal and vertical radii of the rain water production
cone (chosen to be 100 m and 230 m. respectively), and rp. and zp. are the coordi-
nates representing where the rain water production zone is centered (chosen to be
at r = 1000 m and : = 1830 m). In other words. P, generates an annular curtain of
rain water beginning at ¢ = 900 s, and the rain curtain is 200 m wide. has a radius
of 1000 m. and extends to 2100 m above the ground. The value of P,, is chosen to
be d3x1074 g g=! s7!. which leads to maximum g, values within the rain curtain of
approximately 8 10 g kg™'.

The downdraft forcing Fp in (7.4) is

_FDo RD(I‘) ZD(Z). t > 900 s

0. otherwise

where Fpy, is the amplitude of the downdraft forcing and

)

1-(ﬂﬂ‘)-. Tpe—Tpr ST <Tp.+T
Rl)(l')= TDr Pc Dr =1 = 7TPc Dr (735)

0. otherwise

‘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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:‘U-S(IPc"f':Pr) - < - -~
Zp(z) = 2 Tipersp,) | TS TPt Ipr (7.36)
0. otherwise.

where rp, is the horizontal radius of the downdraft forcing, and rp, = 300 m 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
m wide centered along the rain water production zone (Fig. 7.3). The forcing is a
maximum at = = (p. + pr)/2 mand r = rp, m. 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 dvnamically-driven downdraft advects angular momen-
tum toward the surface. During the forced descent. evaporation and entrainment
oceur. The effects of the initial CAPE and LCL height on the near-ground ther-
modvnamic characteristics of the downdraft, and ultimately, on the near-ground

intensification of vorticity. 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
arbitrarilv 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 Experiments HCHL and HCLL

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 s~} and angular
momentuni-rich air nearly had reached the surface. Tornadogenesis occurred at t =
1076 5. By ¢t = 1092 5 there was some indication that the vortex was beginning to
weaken (Fig. 7.8). and by this time, ¢/, deficits exceeding 3 K were within 500 m of
the vortex at the surface. At ¢ = 1110 s, the tornado dissipated, and a large region
of substantial 8, deficit was located at the surface. CIN 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.

The evolution of Experiment HCLL was similar to Experiment HCHL through
t = 1080 s. although the maximum downdraft in Experiment HCHL was approx-

imately 5 ms™!

stronger. owing to larger negative buovancy in the downdraft in
Experiment HCHL (Fig. 7.53). Tornadogenesis occurred at ¢t = 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 8, deficits at the ground within a 1 km radius of the vortex
were approximately 2 K). A nearly steadyv 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 8, 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 6, deficits (<3 K) were present at the ground at the
time of dissipation.

Midlevel. environmental low-6, 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 low-6, air was not ingested by the updraft until late in the simulation, and
¢, fluctuations 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 CAPE within the RFDs

associated with observed tornadic supercells (chapter 3).

7.3.2 Experiments LCHL and LCLL

Descent of the rain curtain and high-angular momentum air between t = 900 s and
t = 1020 s proceeded in the low-CAPE simulations in a manner similar to the high-
CAPE 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 6, values approximately 2 K colder on average.
compared to Experiment LCLL. Just prior to tornadogenesis (at ¢ = 1072 s in Exper-
iment LCHL and ¢ = 1080 s in Experitnent LCLL). the updraft in Experiment LCLL
was approximately 3 m 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 ¢ = 1104 s in Experiment LCHL, and at ¢t = 1180 s
in Experiment LCLL. In both low-CAPE 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-6, air was entrained by the

downdraft. although low 6. values never reached the ground.
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EXPERIMENT HCHL

Figure 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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EXPERIMENT LCHL
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Experniment  Tornado times {s) Tornado duration (s) umyn tmur C(maz I'mar Wmar

HOHIL 10T6-1116 40 451 732 389 2.8x10' 356 -376
HULL LO8U- 1292 212 -48.8 86.0 528 26x10% 428 -52.8
LOCHL 10721104 32 438 619 105 25x10Y 293 345
LCLL 1080 1130 100 -48.4 853  4.69 26x10% 429 4353

Table 7.2: Summary of idealized simulation results. The tornado lifetime is as defined
in section 7.3.  The largest radial inflow speed (m s™!) is umn, the largest tangential
wind speed (m s71) s v, the largest vertical vorticity (s™!) is Cnaz. the largest surface
circulation (m? s~ at the time of vy i8S Tmas. the largest vertical velocity (m s™!) is
Wi and the largest pressure deficit (mb) is p), . Values of tmin, Umazs Gnar. and Cigr
are at the lowest model level (16 m). Values of wy,,, and p),,,, are below 2 km (and are
assoctated with the vortices).

At turnadogenesis At tornado demise
Eapetient o o, CAPE CAPEsypo  CIN [ J, CAPE CAPEsgo CIN
HOHL $42-90 00-02 l4a0-i570 661-691 26-87 50--16  J.0-08 1498-1652 667 -T19 85-139
HOLL 21-02 U105 149]1-1603 T67-810 11-19 -26--03  -33-04 10683-1577 599800 24-34
LG 43-040 gou-03 528-540 435-469 17-98 4.8--1.7 0.0-09 534-424 439-497 101-133
LULL 2302 0108 541 -586 473-512 12-22 -3.0--05 0.1-0.9 528-611 471-529 22-38

Table 7.3: Surface thermodynamic data at the times of tornadogenesis and demise. The
CAPE below 300 mb (CAPE;y) also is included to facilitate comparison with the CAPE
values computed in chapter 5. The ranges of 8, (K). 8, (K). CAPE (J kg~!), CAPEsg
(J kg '), and CIN (J kg~!) values span the minimum and maximum values at the lowest
gridd level (16 m) within the region r < 1000 m. CAPE and CIN values were computed
as in chapter 5. whereby surface thermodynamic data were inserted into the base state
suunding.
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7.4 Discussion

The results of the previous section (Tables 7.2 and 7.3) underscore the role that
environmental low-level relative humidity may play in influencing the low-level ther-
modvuamic characteristics of RFDs, as well as the role of those characteristics on
the ensuing intensification of vorticity at the ground. The numerical simulation
findings  that vortices are more intense and persistent as the buoyancy (x ) of
the downdraft increases. and as the CIN of the downdraft decreases—augments the
observational findings summarized in chapter 3. Furthermore, the simulations also
agree with the observation that high boundary layer relative humidity values (i.e..
low LCL height and small surface dewpoint depression) are associated with relatively
warmer RFDs and more significant tornadogenesis than environments of relatively
low boundary layver relative humidity.

[t may be worth noting that the surface 6, differences between the experiments
might not be what one would consider to be “large.” The 6, values at the surface
differed by only 1-2 K at the time of tornadogenesis among the four experiments
(Table 7.3). Yet this seemingly small difference was associated with tornadoes of
considerably varving longevities and intensities (Table 7.2). Furthermore. the surface
t, deficits in the high-LCL runs. especially at the time of tornadogenesis, were not
as large as commonly observed by the mobile mesonet (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) 4, deficits in the model downdrafts in the high-LCL cases would have led
tu 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 most 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.
Jw R .
W:-v-Vw+w-Vv+VxBe:, (7.37)
where w = (e, e, +¢e.). v = (ué, +ré, +we.). and V = (dre,. + r%e¢+ %e;),
and assuming ﬁ = (0 by symmetry. The vorticity components are
dav ..
E = —a—‘. (l38)
du Jduw -
= 0—.' - E (139)
dv v -
( = E + ; (7.40)
and from (7.37). we obtain
¢ J¢ J€ du _Odu -
e SRS S R 11
ot “or TYa: T or Toa: (741)
dn dan an dav dv 9OB up €
— = U —U— €+~ — - — + = 742
ot T MY Y N I (7-42)
Jg ¢ d Jw 3}
oo L%y 5—“ e (7.43)

ot a0z “o:

In (7.41). 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, baroclinic gener-

ation. and two curvature terms. respectively. In (7.43), the terms on the right hand
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side are horizontal advection. vertical advection, tilting of azimuthal vorticity into
the vertical. and stretching. respectively.

Nutice that in the axisymmetric model that baroclinic generation of vorticity only
affects the azimuthal vorticity. 1. Furthermore, azimuthal vorticity cannot be tilted
to produce vertical vorticity: thus, baroclinic vorticity generation cannot contribute
to vertical vorucity (this result is not necessarily true in three dimensions). Calcu-
lation of the forcing terms in (7.43) indicates that the most significant differences
bhetween the high-LCL and low-LCL cases owed to stretching differences (Figs. 7.9
and 7.10). As the static stability increases (owing to larger @, deficits within the
RED). 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
slightlv larger in Experiment HCHL compared to the other runs), vet larger local
swirling velocities were produced in the low-LCL cases, which were associated with
warmer downdrafts 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 also 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 axisvmmetric 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 axisymmetric. 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 flank. 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 that RFDs
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EXPERIMENT HCHL
1092 s 1140 s

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 2.5x 1072 572 in each plot, and negative contours are dashed.
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EXPERIMENT HCLL

Figure 7.10: As in Fig. 7.9, but for Experiment HCLL.
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EXPERIMENT HCHL
1092 s

\ r
- NN\
P2 ﬁ
S
‘/{/ I
% g

EXPERIMENT HCLL
1140 s

Figure 7.11: Circulation contoured at 10 m? s~! intervals. The abscissa rangeis0 < r <
500 and the ordinate range is 0 < 2z < 500 m.
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wrap cvclonically around the parent updraft, to the extent that the cloud erosion
is associated with descending air). it may eventually nearly encircle the updraft.
By this stage. it is possible that the axisymmetric model of the updraft-downdraft
svstenn may not be terribly unrealistic.

In three-dimensional supercell environments. significant mean storm-relative flow
tyvpically is present: in an axisymmetric model. mean storm-relative flow is precluded
by the model svmmetry. Therefore, the role of entrainment of midlevel environmen-
tal air probably is nor adequately represented by an axisvmmetric model. In real
supercells. 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.. 8, 6., CAPE, CIN) in the sim-
ulations in which the strongest. longest-lived vortices developed were similar to the
surface thermodynamic characteristics observed 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. 6, deficits >5 K commonly were observed at the
surface in close proximity to low-level mesocyvclones. Such deficits could not be
generated in the idealized simulations. It is not known whether tornadoes would
have formed in the simulations if such 8 values would have been generated. nor
is it known why ¢, values as small as observed in non-tornadic supercell RFDs
{chapter 3) could not be produced in the model. Furthermore, low 6, values did not
reach the surface in any of the experiments. In the high-CAPE 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 8, 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 8, 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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In 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 (rp,)
did not significantly affect the maximum vortex intensities, but vortex longevity was
shortened. owing to the development of a larger cold pool that adversely affected the
vortex after less time had elapsed. Increasing the radius of the rain annulus (rp.) and
associated 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 6, air never reached the surface during the lifetime
of the updraft. As alluded to at the conclusion of section 7.3. this aspect of the
simulations appears to lack realisin when compared to observations of at least some
low 6, air reaching the surface in both tornadic and non-tornadic supercell RFDs.

Experiments also were conducted in which the depth of the downdraft (zp, and
zpe) 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 cases (the angular momentum of the steady-state rotating
updrafts increased with height below 2500 m).

Only 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
depend 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 attempted. Moreover, the microphysics were treated very simply

in the simulations (Marshall-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

probably should be viewed in a qualitative sense.
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Chapter 8

Implications for tornado genesis and maintenance

8.1 RFD forcing mechanisms

Although the presence of RFDs in both non-tornadic and tornadic supercells is well-
documented. the forcing for the RFD is not vet agreed upon. Some have argued that
the RFD is thermodynamically driven by evaporative cooling as dry, environmen-
tal air impinges on the updraft aloft (e.g.. Browning and Ludlam 1962; Browning
and Donaldson 1963: Nelson 1977: Barnes 1978a.b; Klemp et al. 1981), while others
have questioned whether dvnamic vertical pressure gradients play a role in the ini-
tiation of the RFD (e.g.. Bonesteele and Lin 1978; Lemon and Doswell 1979). The
identification 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
mesocyclone or tornado. Visual observations of RFDs suggest that the downdraft
is a single entity (e.g.. only vne “clear slot” is visible). Therefore, discrimination
berween 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 attempted, although it is probable
that different forcings dominate the vertical momentum equation at different times

and different locations during the evolution of the downdraft.
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Chapter 5 presented surface observations of small 8, deficits within RFDs associ-
ated with many tornadic supercells. These observations imply that the entrainment
of midlevel. potentially cold (low 8.) air, and subsequent evaporation of updraft
hvdrometeors. is not a viable mechanism for driving such RFDs. The only means
by which a downdraft may reach the surface with 6, values within a few K of the
inflow values {after a significant downward excursion) in environments character-
ized by low midlevel 6, values is if air parcels within the updraft (which contains
. valnes similar ro rhe low-level inflow) are forced to descend owing to precipita-
tion drag or downward-directed non-hvdrostatic pressure gradients. Below cloud
base. evaporation of precipitation within the RFD (hook echo) may occur, and this
process essentially couserves 6, but reduces 6,. Surface 6, 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 houk echoes associated with tornadic supercells.

Within the RFDs associated with non-tornadic supercells, the finding of generally
large (>8 K) surface 68, deficits suggests that entrainment of midlevel environmental
air (characterized by low ¢, tvpically) plays a significant role in driving non-tornadic
RFDs. in contrast to RFDs associated with significantly tornadic supercells. It can-
not be known whether mainly updraft air initially undergoes forced descent (owing to
precipitation drag or dynamic pressure gradients in a manner similar to that which
was hypothesized to oceur in tornadic supercells) during which mixing dilutes the
t, of the descending parcels. or whether the descent in non-tornadic RFDs is initi-
ated by the impingement of midlevel environmental air. which subsequently becomes

negatively buovant owing to the evaporation and melting of condensate.

8.2 Effects of low-level stability

Three-dimensional 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 to 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 that 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 enter the tornado
(Brandes 1978: Klemp and Rotunno 1983: Davies-Jones and Brooks 1993: Wicker
and Wilhelmson 1993). 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 as 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, Wakimoto and
Cat (2000) observed that the -...only difference between the Garden City storm
and Hayvs storm (during VORTEX) was the more extensive precipitation echoes
behind the rear-flank gust front for the Hayvs storm.” [t is speculated that RFD
surface 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
1966)].

8.3 A new hypothesis

Visual 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 simulations (e.g.,
Wicker and Wilhelmson 1993) have led to the general agreement that reorientation

of vortex lines by the RFD is a fundamental step in tornadogenesis. A conceptual
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model 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
tornadogenesis “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 8, and 6, 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 intensifv. Tornadogenesis failure results from insufficient stretching
owing to the presence of large CIN. If the RFD reaches the ground with only a
small 6, and 6, deficit (and consequently small CIN and substantial CAPE), then
explosive stretching can occur and tornadogenesis “succeeds.” The preceding model
probably is overly simplistic [more complex real storm behaviors are documented by
Wakimoto et al. (1998a.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).

A question remaining to be addressed is what governs the amount of CAPE and
CIN at the surface within the RFD. The CAPE at the ground within an RFD may

be written as

CAPEgrp = CAPEgyyv — V. (8.1)

where CAPEggp is the CAPE of the surface parcels within the RFD, CAPEgyy- is
the CAPE measured in the large-scale storm environment (a function of the 6, of
the inflow environment), and ¥ represents a sink of CAPEggp arising from dilution
of . by entrainment along a trajectorv. Note that while evaporation reduces the

8. of a parcel. 8, is nearly conserved for an evaporation process: thus, CAPEgrp is

169



=

I -~
T T T T T T T T /,\ )
- 4 ]

| %/ -
~
S e e , *

\J

3
3
"/‘/
X
I Ny
T T T T T T T 77T

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 “+” 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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not altered significantly by evaporation.! [This approach tacitly assumes that RFDs
comprise at least some updraft air (with CAPE>0) that is forced to descend as
in the idealized numerical simulations. Observations of at least some surface-based
CAPE in most of the RFDs analyzed (29/30) support this assumption. While the
presence of surface-based CAPE 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 CAPE in the RFD does not preclude the presence of air parcels with
updraft origins in the RFD.]

Similarly. the CIN at the ground within an RFD may be written as

C[‘VRFD = C[-VEN\' -\+T. (82)

where CINgpep is the CIN of the surface parcels within the RFD, CINgny- is the
CIN measured in the large-scale storm environment (mainly a function of the 6,
of the inflow environment. and .\ and T represent sink and source terms, respec-
tivelv. CIN. unlike CAPE. is affected by 6, changes below the LFC even when 6,
is nearly conserved. Therefore., it seems plausible that a dry adiabatic descent and
warming of RFD parcels could serve as an RFD¢y sink (\\). Furthermore, CINgzrp
sources (1) arise from processes that reduce the 4, and 6, of downdraft parcels: thus.
both entrainment (lowers ¢, and possibly 6,) and subcloud-layer evaporation (lowers
¢,) contribute to T. (Note that CAPERggp largely is unaffected by subcloud-layer
evaporation. vet CINggep is increased by subcloud-layer evaporation.)

Let us also assume that there exists a critical (denoted by a subscript ¢) CAPEggp

and CINgpp. whereby if

C.-lPERFD > C.—lPERFDc

and

C[‘VRFD < CI.’VRFDCv

'Evaporation slightly increases 8. (entropy), which may give rise to small CAPE increases.
However. this effect has been neglected: therefore, no CAPE g p source term appears in (8.1).
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then tornadogenesis can occur. Therefore, tornadogenesis becomes more likely as
CAPEg vy increases. CINg vy increases, ¥ decreases, .\ increases, and T decreases.
If such thresholds such as CAPEggp, and CINgpp, 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 attempt to illustrate as concisely as possible how 6, and
t,.. respectively, are modilied within descending RFD parcels. and how these modi-
tications ultimately atfect values of CAPEgep and CINgep. Table 8.1 summarizes
the effects of W\ and T.

In Fig. 8.2, if encironmental air is forced to descend to the ground from point
"A7 (owing to the generation of negative buovancy within the parcel), it may mix
with updraft air en route, but the parcel reaches the surface with a large 6, deficit. If
an updraft parcel is forced to descend from point *B” (owing to a downward-directed
non-hvdrostatic pressure gradient or precipitation loading) and the descending parcel
eutrains a considerable amount of environmental air (low 6,), then ¥ is large and
the parcel reaches the ground with a large 6, deficit. The value of CAPEggp 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
significant amount of environmental air en route, then ¥ is small and the parcel
arrives at the ground with only a small 8, deficit. The value of CAPEgfp is large
and tornadogenesis can occeur.

[n Fig. 8.3, if environmental air 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 6, 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
t. deficit unless 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 CINggp also is relatively small. If the subcloud relative humidity is
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Variable Description Arises from

W CAPEgpp sink 8, reduction owing to entrainment of low 8, midlevel environmental
air

A CINgpp sink net ¢, increase owing to pseudoadiabatic ascent followed by dry adi-
abatic descent of RFD parcels that have exhausted their condensate
vig evaporation/melting

T CINggp source 0, reduction uwing to entrainment of subsaturated midlevel environ-
mental air and subsequent evaporation/melting of condensate and/or
evaporation/melting of condensate below cloud base (increases as
boundary layer relative humidity decreases)

Table 8.1:  Description of ¥, A, and T.

small and/or the parcel has acquired a substantial 8, deficit from entrainment of
potentially cold midlevel air. then T is large and CINggp 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
surface with a 4. excess, .\ is >0. and CINgpp is reduced. For small values of
CIN . tornadogenesis is likely.

Because it has been shown observationally and numerically that tornadogenesis
is more favored as CAPEgrp (CINgep) increases (decreases). the above framework
implies that within large-scale environments containing large CAPEgyy- and small
CINgyy values. a “sufficient” amount of CAPEgrrp (>CAPEggp.) and a “sur-
mountable” amount of CINggp (<CINgrp,.) may be achieved despite substantial
CAPEgep sinks and CINggp sources. The words “sufficient” and *‘surmountable”
deliberately are chosen to be ambiguous since the values of CAPEggp, and CINggp, .
if they indeed exist. are not known. For example, if large-scale CAPE is exception-
ally large (e.g.. CAPEgwyy > 4000 J kg™!), then CAPERggp still may be substantial
despite relatively large surface 6, 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 associated with 6, deficits >15 K still were associated with positive
CAPEgprp. Moreover, in large-scale environments containing small CAPEgyy or

large CINgyvy . only relatively small amounts of entrainment or evaporation could
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Figure 8.2:  Schematic illustrating what controls surface 6, values in the RFD. The base
state (environmental) 6, profile (6,) is drawn as a solid black line (nearly constant at low
levels and typically decreases with height to midlevels). The ¢, within the updraft (6,,.,)
is nearly constant (and equal to the low-level 6, 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 “B” are possible
parcel origins (also see text for discussion).
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Figure 8.3: Schematic illustratix_xg what controls surface 8, values in the RFD. The base
state (environmental) 6, profile (6,) is drawn as a solid black line (nearly constant at low
levels and increases with height above the boundary layer). The 8, within the updraft

)

ven

) exceeds 6, 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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lead to CAPEgpp sink and CINggp source terms (¥ and T) large enough to result
in zero CAPEgpp or very large CINgpp values.

In other words. if CAPEgyy (CINgwy) is large (small), ¥ (T) can become
significant while preserving a “sufficient” (“surmountable”) amount of CAPEgrp
(CINgep)tit is hypothesized that when ¥ > CAPEgxNy . tornadogenesis cannot oc-
cur). On the other hand. when CAPEgyy- (CINgyy) is small (large). then the
amount of 4, dilution (due to entrainment) and 6, reduction (due to evaporation)
within descending RFD parcels is more critical than when CAPEgw~vy (CINgwvy) s
large (small). because only a small reduction of 8, and 6, (associated with a decrease
of CAPEgpp and an increase of CINgpp) within RFD parcels during their descent
would render them unable to readily feed the incipient tornado, owing to values of
CAPEgpp < CAPERpp. or CINgpp > CINgpp,. Is this the reason why forecasters
tend to favor davs on which environmental CAPE is large. and not because of the
more direct relationship between CAPE and maximum updraft vertical velocity?

In tornadic supercell cases in which strong to violent tornadoes were spawned
(eg 2 June 1995 at Friona. Texas: 8 June 1995 at Kellerville, Texas: 3 May
1999). CAPE ggp and CINgpp values often were observed to be nearly equal to the
CAPEgNy and CINgyy- values: thus, the terms ¥ and T — .\ were approximately
zeru. At the other extreme, in non-tornadic supercell cases. in which RFD¢ypge
(RFD¢yy) values were relatively small (large). the terms ¥ and T - .\ generally

ranged from 100 500 J kg=" and 150-800 J kg~!. 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 al. (1998). Atkins et al. (1999), and Rasmussen et al. (2000) argued
that the horizontal vorticity generated by preexisting boundaries was an important
source of localized vorticity augmentation. Without such augmentation, supercells
were more likely to be non-tornadic. In small-scale corridors where horizontal vortic-
ity was enhanced by 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 layver 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.
And 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
relatively small 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 mesocyelone at low levels: and (2) to provide a region where
boundary laver moisture depth and concentration are locally enhanced, and updraft
bases are locally lowered (which may then favor RFDs that are suitable for tornado-
genesis).

Lastlv. 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 that could give the impression that the updraft
has been undercut by stable air. While this certainly may be the case in many
instances, it way 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
potentiallv 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: vet 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.?

*This idea was put forth by Mr. Al Moller at the Twentieth Conference on Severe Local Storms
sponsored by the American Meteorological Society.
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Chapter 9

Summary and conclusions

The objectives of this dissertation were twofold: (1) document the surface thermody-
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
tornadic and non-tornadic supercells. Given the prior emphasis on the RFD in the
tornadogenesis process and the apparent consensus that 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
REDs associated with tornadoes compared to other thunderstorm downdrafts and
REDs associated with non-tornadic supercells?

Evidence was presented in support of the following conclusions:

I. 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 buovancy, potential buovancy
(CAPE). and equivalent potential temperature in the RFD increase, and as

the CIN associated with RFD parcels at the surface decreases.

4. Tornado longevity and intensity increase as CAPE increases and CIN decreases

in the surface RFD parcels.
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5. The presence of a surface mesocyclone is not a sufficient condition for tornado-

genesis.

6. Baroclinity at the surface within the hook echo is not a necessary condition for

tornadogenesis.
The tinal Hve conclusions are more tentative:

. Downward-directed non-hydrostatic pressure gradients and/or precipitation drag

=1

play a substantial role in the formation of RFDs associated with supercells that

produce significant tornadoes.

)

o4

. The presence of surface-based convective available potential energy (CAPE) in

the RED is a necessary condition for tornadogenesis.
9. Most non-tornadic supercells contain mesocvelones at the surface.

10. 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 that 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.

11. 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 buovancy than
environments characterized by low boundary layer relative humidity (and high

cloud base).

[t 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 important (e.g.. surface roughness, the effects of which cannot be stud-
ied observationally at the present time and can only be crudely parameterized in
numerical simulations).

[t is worth reiterating some of the limitations of this research. The time evolution
of features is difficult to document. In most instances. 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 mature 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 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 fields 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 important. possibly as long as 30 min prior to tornadogenesis. It is
not pussible to compute trajectories at the surface using direct observations over 30
min intervals vwing to observation density.

In the tuture 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 buovancy 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 that is associated with a unique
tvpe 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 errors of temperature (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 temperature fluctuations,
dew point temperature. parcel origin height. convective available potential energy

{CAPE). and convective inhibition (CIN) are estimated.

A.1 Reduced pressure errors

Level 2 Digital Elevation Model (DEM) accuracy, dz'. is within one-half contour
interval on a 7.3-minute quadrangle map (U.S. Department of the Interior, 1992).
This corresponds to 2.5 ft (0.78 m) on the “High Plains” of the United States (west
of ~101° W longitude) and to 5 ft (1.6 m) on the “Low Plains™ (east of ~101° W
longitude). Comparisons at random locations with elevation values obtained directly
from U.S. Geological Survey 7.53-minute topographic maps revealed slightly better
aceuracy.

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
tu ascertain the elevation uncertainty owing to the uncertainty in position, dz". On

the High Plains. the RMS elevation error (42”) 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 m.

The total elevation uncertainty. 4z, can be estimated as

5z = \/(02")? + (8z")2 (A.1)

On the High Plains,
0z = /(0.78 m)2 + (1.1 m)*>~ 1.3 m, (A.2)

and on the Low Plains,
6z /(1.6m)? + (3.8m)2x 4.1 m. (A.3)

Pressure was reduced to the average height of the vehicle observations using the

integrated hyvdrostatic equation of the form,

-~
~

P = Dobs CXP [(—R(ﬁ?)'g'} : (A4)

tn

where 2 is the average elevation of the mobile mesonet observations within the
analysis domain. p is the pressure reduced to 2. pu, is the pressure observed by
the mobile mesonet vehicle, = is the elevation at which the mobile mesonet pressure
Puss Was recorded. Ry is the gas constant for dry air. and T, is approximated as the
average virtual temperature (liquid water effects neglected) recorded by the mobile
mesonet within the analvsis domain.

The uncertainty of a reduced pressure measurement (dp) owing to elevation errors
(0z) and instrument errors (dpess). assuming that the elevation and instrument errors

are independent and random. is

_{fow .\ 01).)2 , -
dop = (apmop,,,,,) +(3—:6~ + (d9)2. (A.3)

following Tavlor (1982). where the uncertainty of Z (6%) 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

201



purely ud hoc manner to account for the subjective analysis uncertainty in regions

where observations are sparse. This term is arbitrarily modeled as

dv = |Vp|- 0.3 km, (A.6)

where the factor 0.5 km is multiplied to the magnitude of the pressure gradient in
the region of interest with the justification being that dy 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 (3 kin)™']. then the uncertainty owing to the subjective contour analysis
would be estimated to be 0.1 mb.

Because

dp [(: — 39| _ » -
——— =X == = — = (A
()pubs P RdTu J Pobs ‘)
and
dp _ pg
== =, A8
)z RdT,, ( )
{A.3) can be written as
2
op = (‘5pobs)2 + ( pg— (53) + ((S'U")'z. (.'\9)
R4T,

Assuming p x950 mb and T, =300 K. substituting dp,, =0.6 mb (Table 4.3). and
neglecting du. the uncertainty of a pressure measurement owing to elevation errors
(owing to both DEM and GPS position errors) and instrument errors is estimated

to be approximately

dp = 0.62 mb on High Plains (6z = 1.3 m) (A.10)

dp = 0.75 mb on Low Plains (dz = 4.1 m). (A.11)
Furthermore, because p' = p — 7, it can be shown that
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5p' = /(0p)% + (3p)2. (A.12)

where dp" and Jdp are the uncertainties of the fluctuation and base state pressure, re-
spectively. In other words. additional uncertainty (and perhaps the largest amount)
is introduced by misspecification of the base state pressure when pressure fluctua-
tions are analyzed.

[t 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
hase state is described in section 4.4. If .V observations are available within a 400
kin radius to estimate the base state (where p = Z;l w,p,/ }:;11 w,), then the
uncertainty of the base state. 0p. can be crudely represented by the sensitivity of
p to the choice of x that appears in w,. Thus, [ arbitrarily define the base state

pressure uncertainty to be

op = max (|Px, = Pr,|- 1Pay = D) (A.13)

where 0p is taken to be the larger of the differences between the weighted average
of ubservations using ~y (= 0.3x,) and k, and the weighted average of observations

using ~, and ~y (= 1.3R,).

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 temperature fluctuations. The
inaccuracies of these measurements are approximately 0.6 mb, 0.3-0.5 K (“fast” ver-
sus “slow” temperature). and <5%, respectively (Table 4.3). Furthermore, errors
in the parameterization of ¢; in terms of the radar reflectivity factor as well as mis-
specification of the base state also adversely affect computations of virtual potential
temnperature fluctuations. In this section, the error associated with buoyancy calcu-

lations also is included in the investigation.
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The total buovancy. B. neglecting ice, can be expressed as

o -

'Q:ll <

g’
B=g9g==yg ('0= + 061(]:, - q;) . (A.14)

where (1) 9 is the (virtual) potential temperature fluctuation. (8, ) 6 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 8 and 8, are independent

and random, then the uncertainty of the buovancy calculation. 4B, is

dB ., \* . (9B =\’
B = —08 iy Yuw)? 5
=\ (Lo« (Lan) s o s

following Tayvlor (1982). where ¢, and 06, are the uncertainties of ¢ and 6,. and

d¢ has been added in an ud hoc manner similar to the previous section to account
for the subjective analysis uncertainty [dv may be modeled using a form similar
to (A.6)]. The d¢ term will be excluded in the analysis hereafter: it should be
remembered that in regions where observations are sparse. such that subjective
analyvsis of the meteorological fields is required, this term is estimated and included
in the uncertainty analyses that appear in the main body of this document.

We can simplify (A.13) as

. g . ! B -\’
5B =/ [ Lser ~268,) . Al
\/(eu" ) * ( 7, ) (3.16)

[t is desirable to express 06, in terms of 67T, dp. and dh. By definition,

= T(l+0.6lq,) (%) -4, (A.17)

where 6, = 6, + ¢,. T, is the virtual temperature, py=1000 mb, and x = Rg4/c,,
where ¢, 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 microphysical parameterization) cannot be quantified easily.
From (A.17). we can express the uncertainty of 8 (assuming T, p, g,, and 6,

errors are independent and random) as

o 2 oo \* [0 oo 2
T v v 5q, | A v 58 A.
0 \/(OTO ) * (011 p) +(3qu q) (00 ) (4.18)

)

/ Hv N ‘ Wy . - . ca -
f(ToT) + (—"z ) + (0.616 dg, )2 + (66,)2. (A.19)

Il
-

But

g = hq,

6.112he 17.67T
x ) . A2
D “p<T+243.5> (4.20)

where ¢, is the saturation mixing ratio and has been approximated using the formula
presented in Bolton (1980). ¢ (=0.622) 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:

45([,,

()([L : d‘h ! OQU 9
V (d/l oh ) + (0[) 01)) (BTOT) (A.21)

_Jpenze ( 17.67T )M *[_eu2eh ( 17.67T )o. ?
S VT P\Trms 7 P\T+2135)7"

17676112k (17677 \(, T 5T 2
T pT 21352 “P\T+2435 T + 2435 '
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(A.22)

Using (A.19) and (A.22). the total buovancy uncertainty, d B, can be evaluated.
For typical conditions. if we assume 6=300 K. 8,=304 K. §,=303 K. p=950 mb.
T=296 K. h=0.45 (corresponds to ¢, = 0.013), 67 =0.3 K or 0.3 K [*fast” tem-
perature (67=0.3 K) is used for calculations of variables that do not depend on
moisture and “slow”™ temperature (67=0.5 K) is used for calculations that depend
ot moisture). Jp=0.6 mb {ouly instrument uncertainty affects dp because station p,
not reduced p. is used to compute ¢ (in the preceding section, this uncertainty was

referred to as dpgss)}. and dh=0.03. vields

56, % /(034 K)? + (66,)?. (A.23)

and

5B = \/10.011 ms~)2 + (0.033 ms-2 K- 66, )2 (A.24)

where 06, 1s modeled in a manner identical to dp.

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 temperature (°C) may be obtained:

243.5 In (2i-)

Ty =~ Glze! A.25
71767 - In (2) (A.20)

where p is in mb and ¢, is in g g~'. If p and g, errors are independent and random,
then the uncertainty associated with the calculation of the dew point temperature

may be estimated as
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. Ty .\~ ‘ Ty . 2
e = \/ (a"") *(aq.,""”>

~

N (Jp)‘~’ N (o%) Ty+243.5
p Qv 17.67 — In (2%-)

&
<
o
o

(A.26)

when p=930 mb. Ty;=20°C. ¢,=0.013. d¢,=7x 107}, and dp=0.6 mb (based on the
result of the unreduced pressure error analysis) are used.

Equivalent potential temperature (6, ) was computed by first computing the pres-
sure of the lifting condensation level (using the 6 and ¢, of a surface parcel and
iteratively solving for the pressure at which ¢, attains the saturation mixing ratio)
and then iteratively computing T on the moist adiabat from the lifting condensation
level up to 200 mb.

Assessing the effects of T, p. and ¢, error propagation into calculations of 6.
analytically is difficult owing to the iterative techniques used. The uncertainty of ¢,

can be expressed as

56, = 1/(36.)* + (d6.)*. (A.27)

where 06, was investigated numerically by perturbing T'. p, and h by their respective
errors given in Table 4.3. For T=300 K, p=925 mb. and h=0.6, ¢, =~ 2.5 K.
The component of the uncertainty owing to uncertainty of the base state, 66,. was
modeled in the same way that 45 and 66, were modeled.

The uncertainty of the height from which a surface parcel of air has descended
(assuming that 6, has been approximately conserved) depends on the potential in-
stability. i.e.. as |06, /0z| increases, the origin of the air parcel that has reached the
surface becomes more certain. The uncertainty of the height from which a surface
parcel has descended. 6z, (where the “0” subscript denotes origin), can be written

as
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-1

~ %% 5. (A.28)

o =
dz

where 06, /0z is evaluated at z,. Using 46, = 2.5, 0z, ranges from ~500 m for large
(5 K km™") magnitudes of 30,/9z to ~1 km for small (2 K km™') magnitudes of
de, /0x.

Lastly. the propagation of T'. Ty, and p errors into CAPE and CIN calculations
alsu depends on the vagaries of the sounding. This error was evaluated numerically
on a case-by-case basis by perturbing surface parcels by the 0T, dT,. and dp values

obtained previously.
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Appendix B

Buoyancy formulation

Virtual potential temperature fluctuations were analyzed in chapter 3 because the
units (K) probably are more intuitive than the units that appear in analyses of
density Huctuations (kg m~*) or buovancy itself (m s=2). Furthermore, the analyses
presented in many past retrieval studies (e.g.. Brandes 1984a. Hane and Ray 1983)
also considered perturbations of virtual potential temperature. In this appendix. it
is shown that virtual potential temperature fluctuations are directly proportional to
the density fluctuations that give rise to the familiar “buoyancy force.”

In the equation of motion written in terms of the deviations of pressure (p') and
density () from a hydrostatically balanced reference state (0p/dz = —pg). whose
properties vary only with height {i.e.. p = p(2).7 = p(2)].

dv

—=—in'+Bk+F. (B.1)
dt P

where v = (u. v.ow) is the velocity vector. pressure p = p + p', density p = g+ g,

V=4Li+ 7{;_] + diyk. F is turbulent diffusion. and B is buovancy. defined as
-
= g2 (B.2)
D

Liquid and ice particles in the air quickly achieve their terminal 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 —gq — gq;, where ¢ and
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g, 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
righthand side of (B.1). it probably is easier to incorporate these effects by redefining

p s

p=p(l+q+aq). (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

buovancy. Substitution of (B.3) into the equation of state,

p = pR4T.. (B.4)
where [y is the gas constant of dry air and T, = T(1 + 0.61¢,) here. vields

(p+ P RUTe +T) = B+ )1+ q +q). (B.3)

and

pRyT. + pR4T, + p'RyT, = P + Pqu + Py, + p' (B.6)

15 obtained by neglecting the terms o' RyT,. p'qi. and p'q, because it is assumed that
products of Huctuations are small in size. Assuming p = BR4T, and rearranging

terms, we obtain

A : -
—— E= = -4 ql, (B.7)
p T, D
and. using (B.2). buovancy can be written as
T, !
B=g<———p:—¢lt—11.)~ (B.8)
T, »

The base state atmosphere is assumed to contain no hydrometeors; therefore the
mixing ratios ¢; and g, are the total hvdrometeor content of the air, and the variables

do not contain primes.
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Alternatively. buovancy can be written in terms of a virtual potential tempera-
ture. ¢, (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),

0, =T, ("—) . (B.9)
D

where p, is a (constant) reference pressure and & = Ry/c,. where ¢, is the specific

heat of air at constant pressure. Thus,

T =8, +6) ("—:—"—) -9, (ﬂ) : (B.10)

assutning g, = Tl.(pu/f))"'. Therefore

T =8, [(”*”) - (ﬂ) } +6 ("“’) . (B.11)
Po Po Po

and

'*il|_
it
N

<!
|+
<.
N~—
>
TN
T |
~———
>

|

—

+
=)=
N
I
T |+
.c\
~—
>
TN
T |
N—
3

_ Bt 8By
s 6,
I\ N 0/ 1\ N
= (1+‘é) —1+_—"(1+‘é). (B.12)
p v p
and assuming (1 + %)A =1+ %
TI 0[ f\:p’
£ =t 4y = B.13
T, 6, b ( )

if 6 xp'/0,p. assumed to be small, is neglected. Therefore, buoyancy can be written

asS
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91 pl
B=g|Z=+(k-1)==-q —-q]|. B.14
913 (K )ﬁ q—q ( )

v

A virtual potential temperature also can be defined to include the effects of hy-
drometeors on density [i.e.. §, can now be redefined to be the potential temperature
of a sample of drv air that has the same density as a sample of moist, cloudy air at

the same nressure: see appendix in Stul! (1988)]. i.e..

0. =06(1 +0.61q, — q — ¢;), (B.13)

where ¢ = T(p,/p)*. Using the above expression, we can rewrite the buovancy as

Bzg[&ﬂx-l)’é]. (B.16)
¢ p

v

Often the momentum equation defined by (B.1) is written more conveniently as

dv

., 9 .
& = ~oBV + gtk + F, (B.17)

v

where 7 =T + 7' = (p/p,)". In this form of the momentum equation. the pressure
perturbation term [(x — 1)p'/p] disappears from the buovancy force (it is contained

in —¢,0,. V7', or more precisely. in —-c,,().,g—%):

f=<ﬁ+P) _(2), (B.18)
Po Do

assuming T = (p/p,)~. Then

- Jx' - J (p+p\" -3 (p\"
—prl' 9= = —c,,t)v(—?—: ( 3 ) + L‘,,Hua <—0
o N ; RURN N k.
= —(p+p)+ T——n-—. B.19
p (P+0p) az(p p) 82 (B.19)

Bt if we assume that 8, = T,(p/p.)™". 85/0z = —pg, and B = GR4T ,. then



P RTG+E) O
I AL T A 2 i/ (B.20)
2 p 0z p 0z

/

K b2l I\ K ’ -1 a3
- yﬁRm(H%) (p+p’)“—R“ﬁT" (1+%) (1+‘é) # _,

p

-
~

and. assuming (1 +

it

N '
) :z-l-r-%.then

p 0——(. (821)

— o' D A\ " T,
—g o = P (1+‘é —B“_—(l L 1——) o
d: p+yp Iz Z

and after rearranging terms and neglecting products of perturbation variables, we
obtain

0 p 1oy
- l)= - == 22
0. 57 =9(x )p > 9- (B.22)

thus. the pressure Huctuation term in (B.16) does not appear in the buoyvancy term

of (B.17}. because it is contained in the pressure gradient force when Vp' is written
in terms of V', Therefore buovancy can be written simply as

9! ¢
B=yz=g(F+00U,-a-a). (B.23)
where
6, =6(1 +0.6lqg, — q — ¢) (B.24)
and it has been assumed that
= (1 + 0.61g,). (B.25)
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Summarizing. if the momentum equations are written in terms of n'. then 6/
[= 6(1 + 0.6lq, — q — q,) — 8,] is directly proportional to B (= g%%). If the mo-
mentum equations are written in terms of p’. then B is defined slightly differently
{B=y g-f + (K — 1)% } and ¢, 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

The axisvimmetric model was tested by imposing a stationary body force identical

to that used by Howells et al. (1988). It has the form

F(r.z) =9 (78/0,) R(r) Z(z).

1-(r/r)* 0L r<r
Rir) = (r/r) srs !
0 otherwise

-~
~

N o
[ew]

<:<z3
1 <<

,-\
LR}
2

-

~
0

1 otherwise

where A is a constant excess temperature perturbation of 5 K and 6, is the ambient

potential temperature defined as



o) = { 300 <3
T 300+ 2(2=2) >

where rp = 1.5 km. z; = 1.0 km. and 2, = 1.5 km. The forcing is zero below 1 km,
increases linearly with height to 1.5 km. and is constant above 1.3 km. The body
force decreases quadratically to zero in the radial direction at 1.5 km. A cvlindrical
domain with a 2 km radius and 3 kin 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.1. K, = 20 m? s™!, a tangential wind speed
of 4 m 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
downtlow of approximately 2 m s~! in the core. An maximum updraft exceeding
18 m s~ is achieved just outside of the region of largest tangential wind speed.

‘Compare Fig. C.1 with Fig. 5 (p. 808) in the Howells et al. manuscript.]
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Figure C.1: Steady-state (t=25 min) meridional cross-sections of radial, 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, K,,=20 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)].



