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1. Introduction

At 1505 PST 22 November 1996 a tornadic thunderstorm (Fig. 17 1) struck
Lemoore Naval Air Station in the San Joaquin Valley of California (see Fig. 1i 2
for locations). Two tornadoes were associated with the storm, the first (Fig. 11 3)
occurred near the runway complex at Lemoore Naval Air Station at 1427 PST. It
caused no structural damage (USDC, 1996) and was rated FO (see Appendix 1
for the Fujita Scale of tornado damage intensity). The F1 tornado caused
substantial destruction to electrical utility lines, building roofs, and fixed structures
as it tracked through the administration portion of the base (see Fig. 1i4). In
addition, hail up to 2 1/2 inches in diameter caused vehicular damage, yet no
fatalities or injuries were associated with the storm.

This storm (hereafter referred to as "the Lemoore storm™) may be the best-
documented California tornadic storm to date. Since the tornadoes occurred
very near the Weather Surveillance Radar-1988 Doppler (WSR-88D) radar at
Hanford (KHNX) (see Fig. 1i 2), the evolution of the radar structure of the parent
storm can be deduced easily. Previous studies of such storms that included
analyses of WSR-88D information (Staudenmaier and Cunningham, 1995--
Walnut Grove mini-supercell 1995; Kudzlo, 1998--the Lemoore storm 1996),
while valuable contributions, were unrefereed and preliminary in nature. They

did not attempt a detailed study of satellite, radar, or synoptic-scale surface and



Fig. 1i 1. Southeast view of the Lemoore storm at approximately 2230
UTC 22 November 1996. Photo courtesy NWS Hanford.

upper air information. Nor did they attempt to put the buoyancy and shear
controls of the respective storms into a context based upon results of current
modeling and observational studies. This present study will be the first to
document a tornadic thunderstorm in California based upon a careful and
detailed analysis of all available information.

Prior to the implementation of the WSR-88D network in the middle 1990s,

studies on California supercellular tornadic storms in the refereed literature were
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Fig. 1i 2. Location map of Central California meteorological stations.
Shaded areas correspond to Central Valley locations. The F1 tornado occurred
at Lemoore Naval Air Station (KNLC).



largely inferential. Although detailed subsynoptic and synoptic analyses were
included (e.g., Braun and Monteverdi, 1991), conclusions about storm type and
evolution were made on the bases of thermodynamic and shear considerations
and supported by minimal analyses of WSR-57 radar information [with the
exception of Monteverdi and Johnson, (1996)].

Through the 1970s and early 1980s, the understanding of California

tornadic storms was constrained by what was known about the controls of

Fig. 11 3. Photograph of FO Lemoore tornado looking toward the
southwest taken from the runway complex at Lemoore Naval Air Station at
approximately 2230 UTC 22 November 1996. Photo courtesy NWS Hanford.



e
/ AT
) Y
Housus

1N

770
772
AV
g %MM.Z et Cﬁ 760
Y koo, o
4 ;‘—— i ey
g e
l mx 7631745156 58
| TS e’
CAR SHEDS m753
A BisPuacthy
ry 750
48
-
& 749
']l T3 ChRs
o
429 740

b
I,
2l

a
FI TORuADG {

AN LEAO ¢
LIES DOWAY RS LEndogE

6 N-STHeU A \II/Z‘L/C,(.o

@ | -

Fig. 11 4. Map of the damage path through the main administration section
of Lemoore Naval Air Station of the F1 tornado on November 26 1996. The
tornado tracked southeastward with wind damage confined between the bold
dashed lines and with the main damage path along the light dashed line.

S

\

cRaPHIC ST




tornadic storms in general. Most notably, early understanding of such storms
was biased by an over-reliance on the impact of buoyancy and very little, if any,
understanding of the contribution of shear.

For example, it was known early on that most California severe
thunderstorms tended to evolve in the low buoyancy environment within the
conditionally unstable maritime air masses behind cold fronts [often referred to as
a "Miller Type 3 Profile" (Miller, 1972)]. Later this concept was refined on the
basis of operational case studies (e.g., Hales, 1985; Reed and Blier, 1986; Braun

and Monteverdi, 1991) in which it was shown that such thunderstorms generally

develop in a 6écold sector6 environment

cyclones that is typical of Midwest tornadic events. Moreover, through the early
1980s, cold sector convection was thought to produce thunderstorms without
radar signatures (i.e. hook echoes, weak echo regions, deviant movement, etc.)
generally associated with tornadoes found elsewhere and this fact was usually
attributed to the low buoyancy associated with such environments (Cooley,
1978). This notion prevailed until a damaging tornado associated with a deep
mesocyclone occurred in a cold sector environment between Redding and Chico,
California (Braun and Monteverdi, 1991).

The notion that mesocyclones are associated with convective updrafts in
northern California synoptic environments was first documented by Carbone

(1982, 1983). Using analyses of high-resolution radar reflectivity and radar-



derived velocity fields, these two pioneering studies showed that brief deep
rotation along a squall line/cold front was associated with a tornado near
Sacramento, CA. Subsequent studies (e.g., Staudenmaier, 1995) showed that
similar tornado spin-ups occur along bowed-segments of Central Valley squall
lines.

Hales (1985) first suggested that the high incidence of tornadoes in the
Los Angeles basin coastal plain is associated with favorable wind fields
generated by topographically influenced low level flow. Reed and Blier (1986)
documented such effects in the damaging Long Beach tornado of 1982. Blier
and Batten (1994) also postulated that deep storm scale rotation often develops
in portions of the Los Angeles Basin and southern California coastal valleys due
to boundary-layer channeling effects both by the coastal mountains and
mountainous offshore islands.

Monteverdi et al. (1988) first examined in detail the synoptic scale
environment associated with a Miller Type Ill sounding that resulted in isolated
storms in the Central Valley of California. These storms were associated with
funnel cloud and large hail development. In that case, the favorable convective
environment lay north of a southward moving cold front and east of the main mid
and upper tropospheric trough that lagged off the coast.

Later, a more refined view of the role of topographic effects in generating

a shear-environment favorable for tornadic convection emerged. Braun and



Monteverdi (1991) first showed that ahead (east of) the passage of the mid and
upper tropospheric trough, lower mid-tropospheric cross-mountain flow against
the Coast Range creates a surface lee-side trough in the Central Valley that
augments low-level wind shear by increasing surface and low level southerly
pressure gradients. The resulting vertical wind profile remarkably resembled that
often observed with tornadic supercells in the Great Plains and Midwest.

These results were verified by Monteverdi and Quadros (1994), and
Monteverdi and Johnson (1996), in which topographically influenced wind fields
in the Central Valley created a veering wind shear and wind shear vector
environment favorable for supercell development. The topographic influences
not only included the impact of the lee-side trough mentioned above, but a low
level jet caused by the "damming" of the lower and mid-tropospheric flow by the
Sierra Nevada (Parish, 1982), channeling by local topography (e.g., Sutter Buttes
and coastal valleys) (Blier and Batten, 1994) and "gap" effects near the break in
the Coast Range marked by the Carquinez Strait (Monteverdi and Quadros,
1994).

The relationship of the position of the mid and upper tropospheric jet to
such lower level wind fields suggested to Monteverdi and Johnson (1996) that
large low level (e.g., 0-1 km and 0-2 km) shear magnitudes should occur in
combination with strong deeper layer shear associated with the jet (0-6 km

shear). This would produce very favorable hodographs for tornadic supercells in



such synoptic environments. This notion was corroborated in a much more
extensive study of 70 tornadic and non-tornadic thunderstorms during the period
1990-94 (Monteverdi et al., 2000).

Shear-induced pressure forces associated with such hodographs could
augment the "low" buoyancy forces to such a degree that rotating updrafts could
be of a large enough magnitude to support large hail, deviate motion and storm
scale rotation of precipitation to the rear flank (hook echoes) (Monteverdi and
Johnson, 1996). This conclusion was consistent with the evolving literature on
mini- or low-topped tornadic supercells for low buoyancy environments in other
parts of the country (e.g. McCaul, 1990, 1991; Markowski, 2000; and others).

The present study has two purposes. First, the intent is to provide a
complete case study of the Lemoore storm, including a detailed analysis of the
synoptic, subsynoptic and dynamic controls of the Lemoore storm environment.
In addition, evolution of the satellite and radar structure of the Lemoore storm will
be examined by analyzing high-resolution visible satellite imagery and Doppler
radar information from KHNX respectively.

Second, the controls on the Lemoore storm will be examined in the light of
what is now known about the role of buoyancy and shear in the development of
tornadic storms in general. The degree to which the buoyancy and shear
associated with the Lemoore storm either differs or agrees with that observed

with such storms elsewhere will be a key focus of the study. In addition, the
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study will show whether the storm fits the characteristic schematic pattern for
Central Valley tornadic storms.

The study is organized conventionally into sections. In Section 2, the
general dynamic and thermodynamic environment associated with severe
weather in the Central Valley of California is discussed. The synoptic scale
dynamics, the thermodynamic controls, and wind shear parameters are given in
Section 3. High-resolution visible satellite images and surface subsynoptic
charts for the afternoon of 22 November 1996 are used to examine the evolution
of the controls on the subsynoptic environment are presented in Section 4.
Section 5 discusses the radar evolution and structure of the Lemoore Storm
using analyses of WSR-88D radar scans. A summary is presented in Section 6

and concluding remarks are given in Section 7.
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2. Tornadic Storms in the Central Valley of California

2.1 Overview of California Tornadic Thunderstorms

That tornadoes are a part of the climatology of California has long been
recognized in the literature (i.e. Hales, 1985; Blier and Batten, 1994; Monteverdi
and Quadros, 1994). Certain regions of the state, however, are at a higher risk
for tornadic thunderstorms (Blier and Batten, 1994). For example, on the basis of
an analysis of 242 California tornado occurrences from the period 195071 1992,
Blier and Batten (1994) identified the Central Valley (comprised of the
Sacramento on the north and San Joaquin Valley on the south) and the Los
Angeles Basin as regions with unusually high tornado frequencies in comparison
to other areas statewide. The tendency for tornadic storms to occur in the
Central Valley has been noted in other recent studiesd Lipari and Monteverdi
(2000) and Monteverdi et al. (2000). In those studies, 70 thunderstorm cases in
northern and central California during the period 1990-94 were intensively
investigated. Of the 30 tornadic storms (Fig. 2i 1) in the data set, 20 occurred in
the Central Valley.

The climatology of Central Valley tornado occurrences is both similar and
different from those observed in other more tornado-prone areas of the United
States, such as the Midwest. For example, tornadic thunderstorm outbreaks in

the Central Valley are limited to the seasonal rainfall periodd September through
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Fig. 2i 1. The locations of 30 California tornadoes for the period 1990-94
(from Lipari and Monteverdi, 2000).
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the following June (Blier and Batten, 1994). Furthermore, the majority of these
Central Valley tornado outbreaks occur in the cool season between December
and May. The tendency for Central Valley tornadoes to occur in the cool season
is a marked contrast to the seasonal pattern found in the Midwest where the
majority of tornadic events occur during the warm season (May and June). Yet
the tornado climatology of both regions has a similar aspect as
welld tornadogenesis usually occurs in the afternoon hours. Consequently, the
increase in surface buoyancy through diurnal heating is often associated with the
initiation and the evolution of tornadic thunderstorms in both the Midwest and the
Central Valley (Blier and Batten, 1994; Johns and Doswell, 1992).

There are distinct differences between the size and duration of tornadoes
in California and those observed in the more tornado-prone Midwest. The
average California tornado usually has a smaller mean path width, shorter mean
path length, and a life span that is generally not as long as their Midwest cousins
(see Table 2i 1; from Blier and Batten, 1994). That is consistent with historical

Table 2i 1. Mean path length and width of California and Midwest tornadoes.
Data from Smith and Mirabella (1972).

Location Mean Path Length Mean Path Width
FO California tornadoes 0.6 mile (~1.0 km) 43 yards (39.3 m)
>F1 California tornadoes 1.9 miles (3.1 km) 91.4 yards (83.6 m)

Midwest Tornadoes 4.0 miles (6.4 km) 170 yards (155.4 m)
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records that show that California tornadoes are generally less damaging than
tornadoes in the Midwest. Hence, the majority of California tornadoes are rated
FO or F1 for damage; F2 cases are uncommon; F3 intensity events are extremely
rare, and no cases have historically been rated higher than F3.

California severe storms can still cause significant damage. A supercell
thunderstorm in Californiads San Joaquin )
caused an estimated $12 million dollars in damage from large hail (Monteverdi
and Quadros, 1996). Monteverdi and Quadros (1994) documented several
tornadoes that produced substantial destruction in Northern and Central
California during December 1992. In addition, minor residential damage and an
injury were associated with a pair of tornadoes on 4 May 1998 in the cities of
Sunnyvale (F2) and Los Altos (F1) in the San Francisco Bay Area (Monteverdi et

al., 2000).

2.2 Synoptic overview of Central Valley Severe Weather

The synoptic and subsynoptic features associated with Central Valley
tornado events have been identified in a number of studies (Braun and
Monteverdi, 1991; Monteverdi and Quadros, 1994; Monteverdi and Johnson,
1996). The important features associated with the typical or prototype pattern

(shown schematically in Fig. 21 2) will be discussed in this section.
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California Central Valley severe weather events often occur after a
synoptic-scale high-latitude wave cyclone (Weaver, 1962) moves southeastward
through California (Fig. 2i 2). The wave cyclone is often associated with a mid-
and upper-tropospheric short-wave trough progressing through an upper-
tropospheric long-wave trough (Fig 2i 2, solid-black line) situated along the
coastline.

A surface cold front (Fig. 2i 2, traditional cold front symbols) is almost
always linked with the progressive upper air short-wave trough. Differential cold
temperature advection in the lower and middle troposphere is commonly
observed as the front passes through Central California (Monteverdi and
Quadros, 1994). The cold advection destabilizes middle tropospheric layers that
decrease static stabilities and increase the efficiency of quasigeostrophic forcing
for upward motions. Thunderstorms that develop in this unstable environment are
often referred as fAcold sectorodo thundersto

The onset of moderate to strong cold sector convection in the Central
Valley is usually linked with a progressive synoptic-scale mid-tropospheric and
surface trough along the West Coast. This trough is usually associated with
upward motions and decreased atmospheric stability evidence by an area of
enhanced open-cellular cumulus approaching the coast. (Reed and Blier, 1986;

Monteverdi et al., 1988).
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These migratory short-wave troughs are also often associated with so-
call ed Aj et st eehidotach paitenn. Ib theetypicapspeaario, a jet
st r eak 0i2; s¢lidFhlagk.line 2and shaded region) left-front quadrant (Fig. 2i

2; location A) usually moves through Central California during the progression
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Fig. 2i 2. Schematic diagram showing the locations of major upper air and
surface features associated with a typical severe weather outbreak in the Central
Valley of California. The solid black line is the upper tropospheric jet axis; 70
knot and 90 knot shading shows the location of an upper tropospheric jet streak;
bold dashed-line is the location of the progressive surface subsynoptic trough;
dashed-dot-line is the location of the surface lee-side trough; light solid arrow
shows the location of surface southeasterly winds. Location A is the most
favored area for severe weather near the left-front quadrant of the jet streak.
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of a short-wave trough. This short-wave trough is also typically linked with mid-
tropospheric differential cyclonic vorticity advection (CVA), divergence aloft, and
upward vertical velocities in the mid-troposphere (Reed and Blier, 1986;
Monteverdi et al., 1988; Braun and Monteverdi, 1991; Monteverdi and Quadros,
1994; Monteverdi and Johnson, 1996).

These middle and upper air features can
mechanisms for the initiation of convection in the post-frontal unstable
atmosphere (Monteverdi and Quadros, 1994). This occurs when tropospheric
layer-lifting destabilizes the environment, a process that in turn, lowers the level
of free convection (LFC) for buoyant air parcels. Convection usually develops
along a surface subsynoptic trough (Fig. 21 2, dashed-line) observed near the

region of strongest upward vertical motions and surface convergence.

2.3 Overview of Subsynoptic Features

Many observational studies have shown that severe thunderstorms often
develop and intensify at the intersections of boundary-layer features (i.e. dry-line,
outflow boundaries, etc). In the Central Valley, a boundary-layer feature
commonly observed during a severe weather outbreak is a mountain lee-side

guasi-stationary mesoscale trough (Fig. 2i 2, dashed-dot-line. This convergence
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zone often is a focus for the genesis of severe storms, including the parent storm
of the 1986 F2 Vina tornado (Braun and Monteverdi, 1991).

The lee-side trough develops when there is significant cross-mountain
flow against the Coast Range and Sierra Nevada in the middle and lower third of
the troposphere (Braun and Monteverdi, 1991; Monteverdi and Quadros, 1994).
The trough is usually linked with synoptically forced progressive upward vertical
motion fields associated with short-wave troughs that rotate around the base of a
long-wave trough off the California coast (Braun and Monteverdi, 1991;
Monteverdi and Quadros, 1994; Monteverdi et al., 2003).

The strongest low-level convergence in the boundary-layer wind field,
including moisture convergence, often develops near the axis of the lee-side
trough (Braun and Monteverdi, 1991; Monteverdi and Quadros, 1994). In the
western portions of the trough, down-slope adiabatic warming east of the Coast
Range often results in subsident, westerly boundary-layer flow and a low-level
environment having low dewpoint temperatures. But the eastern areas of the
lee-side trough are characterized by southeasterly winds (Fig. 2i 2, long thin gray
arrow) that often advect moisture pooled in the southern portions of the Central
Valley northward and locally raise surface dewpoint temperatures in the areas of
moisture convergence (Monteverdi and Quadros, 1994). Strong surface moisture
convergence leads to boundary-layer destabilization and an increase in surface-

based parcel buoyancy.
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The lee-side trough also affects boundary-layer wind shear in the Central
Valley. Southeast surface winds are related to stronger low-level (Oi 1-km, O7 2-
km) wind shear in areas east of the trough in comparison to weaker shear at the
same levels in regions where synoptic-scale southwesterly winds predominate.
A wind shear vector of great length with a veer in the 0i 2-km layer is often
evident on simulated hodographs for tornado cases from stations east of the
trough axis, features usually missing on hodographs from stations west of the
trough axis and near coastal locations (i.e. KOAK) (Monteverdi and Quadros,
1994). In the study of thirty California tornadoes events between 19907 94, Lipari
and Monteverdi (2000) found the sample average mean 0i 1-km and 07 2-km
positive shear values for the F1/F2 cases were 18.9 X 103! and 10.1 X 103s?
respectivelyd the latter in the range of positive shear values associated with
strong or violent cold season mesocyclone-induced tornadoes observed
elsewhere (Johns et al., 1993).

Another subsynoptic feature in the Central Valley that alters the profile of
the wind field in the boundary layer and is also an important detail associated
with some severe weather events is a low-level jet stream. Parish (1982) used
observational findings and a two-dimensional primitive equation model to show
that a 100-km wide low-level mountain-parallel jets is common in the eastern
Central Valley during the passage of a middle- and upper-tropospheric trough.

This jet is found in a 600 i 1500-m layer AGL and develops in response to a
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pressure field created by the damming of synoptically forced, rising stable air
against the Sierra Nevada (Parish, 1982). Anecdotal evidence suggests this low-
level jet is more commonly observed in the Sacramento Valley and not in the San
Joaquin Valley. Southeasterly wind speeds exceeding 50 knots at 1500-m AGL
are often observed with this low-level jet stream (Monteverdi et al, 2000).

The combination of southeast surface winds and a southeasterly low-level
jet increase the speed shear in the 07 3-km layer. This transforms a Central
Valley low-level wind field characterized by strong veering of the wind in the
lowest layers, but minimal speed shear [mean tropospheric wind southwesterly
(250 ) at 13.5 m/s], into an environment that can support rotating storms
(Monteverdi et al.,, 2000). This modification of the wind shear environment
(evidenced as a wind shear vector of even longer length in the lowest 3-km on a
hodograph) can lead to mesocyclonic thunderstorms (i.e. supercells and bow-
echo mesocyclones) to evolve from pulse-type convection (Monteverdi and

Quadros, 1994).
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2.4 Overview of buoyancy and wind shear

Severe weather events in the Central Valley, including almost all
mesocyclone-induced tornadoes, occur in a cold sector environment. This
environment is characterized by weak buoyancy, low tropopause heights, and
low equilibrium levels (Braun and Monteverdi, 1991; Monteverdi and Quadros,
1994; Monteverdi and Johnson, 1996). Cold sector storms usually have
Convective Available Potential Energy (CAPE) values typically less than 500 J/kg
(Table 2i 2) (Monteverdi and Quadros, 1994).

Most of the positive buoyancy area on soundings associated with cold
sector storms is found in the lower troposphere due to stronger cold advection
beneath the 500-mb level (Braun and Monteverdi, 1991). Monteverdi and
Quadros (1994) and Monteverdi and Johnson (1996) found that the 500-mb LI
underestimated the low- to mid-level positive buoyancy in the analyses of five
simulated soundings from four tornado cases and one severe thunderstorm
event (Table 2i2). In addition, in the Oroville case, a positive 500-mb LI
suggested no risk of severe thunderstorms, but the negative 700-mb LI is
evidence of the actual low- to mid-level convective nature associated with that
tornado event. Monteverdi (1994) thus suggests that the 700-mb level lifted
index (LI) is a better indicator of the weak to moderate low- to mid-level California

buoyancy than the traditional 500-mb level LI, although CAPE is the best
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Table 2i 2. The lifted index (LI) for the 500-mb and 700-mb layers from an
analyses of estimated soundings for five severe weather events including four
tornado occurrences in north-central California (from Monteverdi and
Quadros,1994; Monteverdi and Johnson, 1996).

EVENT/DATE Severe 500-mb LI (C) | 700-mb LI (C) C.AP.E.
Weather Qkg)
Vina F2
24 Sept. 1986 | tornado -3 -5 1806
Sebastopol F1
2 Dec. 1992 tornado -1 -2.5 393
Carmel F1
6 Dec. 1992 tornado -1 -3 446
Oroville F1
17 Dec. 1992 | tornado 3 -3.5 552
Fresno Hail/Funnel
5 March 1994 | Clouds -8 -6 1961

measure of the buoyancy.

A low buoyancy environment (CAPE < 1000 J/kg) is usually identified with
developing convective updrafts that contain small vertical velocities. However,
wind shear-induced vertical perturbation pressure gradients can augment the

strength of these weakly buoyant updrafts (Weisman and Klemp, 1982; Rotunno
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and Klemp, 1982; Weisman and Klemp, 1984). In moderate- to strongly-sheared
environments in the lower and middle troposphere with no veer of the wind shear
vector (long straight hodograph), non-hydrostatic dynamic vertical pressure
gradients significantly boost vertical accelerations on the flanks of the updraft,
creating a cyclonic and anticyclonic couplet on the right and left flank of the
storm, respectively. New updrafts develop on the flanks of these cyclonic and
anticyclonic rotational couplets as the original updraft divides into two
stormsd right and left moving supercells.

In an environment with a veering wind shear vector in the low- to mid-level
wind field (curved hodograph of great length), non-hydrostatic perturbation
pressure gradients augment the strength of developing updrafts only on the right
flank of the cyclonic member of the original couplet (Rotunno and Klemp, 1982).
The growth of the wupdraft on the |l eft fl an
couplet (anticyclonic member) is inhibited by non-hydrostatic downward pressure
forces. A potential left-moving supercell is thus suppressed while dynamic
upward pressure gradients augment updraft accelerations on the cyclonic
member. The end result is often a mature supercell with deviate storm motions
(right-mover).

The role of shear-induced vertical perturbation forces in significantly
augmenting updrafts in low buoyancy environments has been underscored by

several recent studies on tornadic supercells in other parts of the country. For
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example, McCaul (1990, 1991) has shown that the shear profiles in low
buoyancy hurricane environments that spawn tornadic supercells produce non-
hydrostatic vertical pressure gradients that can boost updraft strength
significantly. These deep thunderstorms, including supercells, developed with
CAPE and shear magnitudes comparable to buoyancy and shear values
observed with typical Central Valley cold sector storms (McCaul 1990, 1991,
Monteverdi and Quadros, 1994). Therefore, in other low buoyancy
environments, deep convection can develop with minimal instability if favorable
low-level wind shear is also present.

Several recent studies of California severe storms also have emphasized
the importance of environmental wind shear in the evolution of tornadic
thunderstorms. Strong low-level shear is usually observed during severe
weather outbreaks (i.e. large hail, straight-line winds, etc.) and always during
tornadic events. Braun and Monteverdi (1991) were the first to document the
convective and rotational parameters associated with a mesocyclone-induced
tornadic thunderstorm in a strongly sheared low-level environment in Northern
California. The study emphasized the significance of topographically influenced
low-level wind shear in the development of mesocyclonic thunderstorms in the
low buoyancy, moderate deep-layer shear environment of California.

Monteverdi and Quadros (1994) and Monteverdi and Johnson (1996) also

investigated the connection between strong environmental wind shear and
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tornadogenesis during severe weather patterns in California. Four severe
weather events studied by Monteverdi and Quadros (1994) and one by
Monteverdi and Johnson (1996) yielded a diagnosis of low-level (O 2-km)
positive shear values similar to findings associated with mesocyclones and at
least weak tornadoes elsewhere (Table 21 3). Furthermore, the F1 tornado in
Oroville on 17 December 1992 had a positive shear value comparable to those
observed with strong and violent cold season tornadoes in the southern Plains
and Gulf coastal regions (Johns et al., 1993).

The minimal role of buoyancy, and the important role of shear, as a
distinguishing characteristic between tornadic and non-tornadic thunderstorms in
California was most recently documented in Lipari and Monteverdi (2000) and
Monteverdi et al. (2000). It was shown that there were no statistically-significant
differences observed in the buoyancy values obtained from 30 proximity
soundings near FO, F1, and F2 tornadic thunderstorms, mostly in the Central
Valley, during the period 1990-94 (Fig. 2i 3). When the 1990-94 data set was
expanded to include 40 non-tornadic thunderstorms that occurred during the
same period, Monteverdi et al. (2000) likewise found no statistically significant
difference in the observed buoyancy values between the non-tornadic and the
tornadic data sets. However, there were highly statistically significant differences
between the shear values for the 0i1l km and 0i 6 km layers between the

F1/F2events and the FO/null events (Fig. 2i 3 and Fig. 2i 4). Conclusions were
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Table 27 3. The 0i 2-km positive shear, O0i 3-km storm relative helicity, and the
Bulk Richardson Number (BRN) from an analyses of estimated soundings for five
severe weather events including four tornado occurrences in north-central
California (from Monteverdi and Quadros,1994; Monteverdi and Johnson, 1996).

Severe Pos. Shear 01 3-km Bulk
EVENT/DATE | Weather (0-2 km) s-r helicity Richardson
(10 3s1) (ms?)? Num. (BRN)
Vina F2

24 Sept. 1986 | Tornado 9.7 342 15
Sebastopol F1

2 Dec. 1992 | Tornado 9.4 284 3
Carmel F1

6 Dec. 1992 | tornado 8.6 254 5
Oroville F1

17 Dec.1992 tornado 125 454 3

Fresno Large Hail
5 March 1994 | Funnel Clouds 34 143 40

that buoyancy is modest for most California convection, including tornadic and

non-tornadic events alike, but larger values of shear increase the risk that a

thunderstorm will produce a tornado. Finally, the shear profile for the F1/F2

cases had shear values and hodographs that compared favorably to those

observed for tornadic supercells elsewhere in the country. Based on these
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statistical differences of low-level and deep-layer shear, forecast shear
thresholds were established which separate the potentially strong tornado
environments from weak tornadic/non-tornadic ones.

A useful index of the combined effects of buoyancy and shear in the
determination of thunderstorm type is the Bulk Richardson Number (BRN). The
BRN is basically a ratio of buoyancy (CAPE) to the shear that was developed as

a constraint in modeling studies of convective storms (Weisman and Klemp,
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Fig. 21 3. Plot of CAPE versus 0i 1-km positive shear for California tornado
events, 1990-94. Best fit curves for FO and F1/F2 data sets show stratification
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Fig. 2i 4. Box and whisker plots of positive shear values for various layers
for null, FO, and F1/F2 tornado cases (from Monteverdi et al., 2000).
1986). The BRN shear, in the denominator, is defined on the basis of the value
of 01 6-km bulk shear that would generate sufficient streamwise vorticity upon tilt
to produce a mesocyclone.
In environments dominated by buoyancy and weak vertical wind shear,
the BRN values are large (>50) and the associated convection is often
multicellular ( Wei sman and Kl eim4D) havé 9 8 6 ) .
combinations of buoyancy to shear that are best linked with supercell

development. Inthe low CAPE and strong shear environment that characterizes
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most California severe storms, the BRN is usually quite low (2 i 14), and the
buoyancy accelerations alone are too weak to develop sustained convective
updrafts. However, the growth of long-lived thunderstorms is not completely
inhibited since perturbation forces can significantly increase updraft accelerations
(Weisman and Klemp, 1986). Other researchers have noted this in other similar
low BRN environments where rotating updrafts and/or mini-supercells were
documented (Johns et al., 1993, Markowski and Straka, 2000).

Updraft rotational potential can be assessed using storm-relative
environmental helicity (SREH)d an esti mate of a thunder st
acquire a rotating updraft given an environmental vertical wind shear profile. The
documentation of tornadic thunderstorm events, especially supercell
thunderstorms, often use observations of SREH to assess the rotational
magnitude of the parent storm since the storm motion vector is known or can be
accurately estimated. Johns and Doswell (1992) found most strong and violent
tornadoes occurred in environments where 0 i 3 km layer SREH values are
greater than 300 (ms!)? . Even including cases with limited buoyancy, high
values of SREH are associated with tornadic supercells occurrences (Johns et
al., 1993, Johns and Doswell, 1992).

Monteverdi and Quadros (1994) found that California tornadic storms have
01 3-km SREH values comparable to those associated with tornadic

thunderstorms observed elsewhere. Values of SREH (Table 2i 3) for the four
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cases documented by Monteverdi and Quadros (1994) and the one by
Monteverdi and Johnson (1996) were consistent to known parameters. Davies-
Jones et al. (1990) advise that values of SREH up to 151 (ms?! )? support
mesocyclone development, 151i 299 (ms! )? weak tornadoes, 300i 449 (ms?)?
strong tornadoes, and values greater than 450 (ms?)? violent tornadoes. Severe
storms in California rarely have values of SREH that exceed 400 (ms!)?, the only
documented exception was the F1 tornado event near Oroville on 17 December

1992 (see Table 21 3) (Monteverdi and Quadros, 1994).
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3. Synoptic and Thermodynamic Controls on the Lemoore Storm

Previous studies of severe weather events in California (i.e. Carbone,
1982; Braun and Monteverdi, 1991; Monteverdi and Johnson, 1996; and
Staudenmaier and Cunningham, 1995) have shown that shear and buoyancy
profiles favorable for the development of supercells and tornadic storms in the
Central Valley usually have been associated with the schematic pattern depicted
in Fig. 2i 2, hereafter referred to as SP (schematic pattern). While it is important
for meteorologists to remain focused on the factors that might contribute to
severe weather, recognition of patterns that seem climatologically favorable for
simultaneous occurrence of such favorable factors is obviously helpful to the
forecasting process.

In the context of the present study, the author had no preconceived notion
regarding the synoptic pattern that occurred in association with the Lemoore
storm on 22 November 1996. However, since a cluster of multicells and at least
one tornadic supercell did occur that day, there was an expectation that the
shear and buoyancy parameters observed in the Valley would correspond to
what would be expected for the development of such storms. To the extent that
the environment controls shear and buoyancy, the author hoped that the synoptic
and mesoscale patterns on 22 November 1996 would be consistent with what

would be expected given the outbreak of convection that developed.
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3.1 Large-scale Setting

3.1.1 Sources of Information

National Meteorological Center (NMC)! mandatory level and surface
charts, and satellite imagery obtained from the National Climatic Data Center
(NCDC) were used to discuss the evolution of the weather pattern (sections 3.1.2
and 3.1.3). The gridded Eta data for 1200 UTC 22 November and 0000 UTC 23
November 1996 were obtained from the National Center for Atmospheric
Research (NCAR) in order to construct and analyze diagnostic fields using the
public domain software known as Personal Computer based Gridded Interactive
Display and Diagnostic System (PCGRIDDS) (National Oceanic and
Atmospheric Administration, 1997).

PCGRIDDS is software that analyzes gridded model data and produces
charts that can be used to infer the sign and relative magnitude of
guasigeostrophic (QG) -forcing for vertical motion. The vertical motion fields are
very important in understanding the buoyancy setting for a severe weather
outbreak since they can contribute layer-lifting that destabilizes the environment.

In the present case, the author chose charts used routinely by forecasters in an

1 Currentlyknownasthe NationalCenterdor EnvironmentaPrediction(NCEP)
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operational setting to illustrate the extent to which the inferred forcing

corresponded to the actual vertical motion patterns.

3.1.2 Quasigeostrophic Diagnosis

The controls on the mid-tropospheric vertical motion patterns in the
atmosphere are complex. As explained in Holton (Holton, pp. 166-175, 1992)
and Bluestein (Bluestein, pp. 14, 27-28, 1992), however, QG analysis allows a
forecaster to diagnose the large-scale controls on vertical motion using
commonly available charts. In the case of weather systems that develop or
evolve over relatively short time frames,
for vertical motion and height/pressure changes relate basically to the vorticity
advection and temperature advection patterns at various levels bounding near or
in the center of the layer considered. Software such as PCGRIDDS, GemPak or
wxp allows such patterns to be analyzed using either observational or gridded
model data.

The QG omega equation has two terms that can serve as a basis for
diagnosis of synoptic-scale vertical motion patterns. These terms, known as
Aforcing termso, are proportional to the
advection across a layer centered at a given level and the temperature advection
at that same level. In the present study, the 1000-500-mb thickness advection is

used to infer the general lower to mid-tropospheric advection patterns and the



34

850-mb and 700-mb height/vorticity pattern is used to assess the sign of the
differential vorticity pattern for the layer from the surface upward to 500-mb,
centering at 850-mb and 700-mb respectively. Since the two forcing functions
have terms in common, it is often useful for forecasters to examine fields of the
combined functions. The two forcing functions can be combined to one (if terms
small at the synoptic scale are dropped) to obtain the so-called Trenberth
approximation. Stated simply, the Trenberth approximation states that QG
omega at a given level is proportional to the isothermal vorticity advection, that is,
the absolute geostrophic vorticity advection at a given level by the thermal wind
centered at the same level. This is also known as Isentropic Potential Vorticity
Advection (IPVA). In this study, comparisons of IPVA fields with differential
vorticity advection and temperature advection patterns across the same layers
are used to assess the relative contributions of the synoptic scale environment to

the vertical motion fields that developed on the day of the Lemoore storm.

3.1.3 Overview of the Synoptic Setting

The mid- and upper- tropospheric pattern in the eastern Pacific two days
prior to the Lemoore event was characterized by a strong trough associated with
the polar jet stream. NMC 500-mb (Fig. 3i 1) and 300-mb (Fig. 3i 2) analyses for
1200 UTC 21 November 1996 show this major trough centered at approximately

135 W. Two disturbances were progressing around this trough and were evident
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both in the vorticity fields at the two levels (not shown) and as localized 90-knot

wind speeds maximums (i.e. jet streaks) in the upper tropospheric wind fields

(Fig. 3i 2; shown as JS1 and JS2). The systems were located (from east to

west) in the diffluent portion (35 N/130 W; in the southwesterly flow into

California and Oregon) and the confluent portion (35 N/140 W; upstream region)

of the major long wave respectively.
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Fig. 3i 1. 500-mb NMC analysis for 1200 UTC 21 November 1996.
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Fig. 312. 300-mb NMC analysis for 1200 UTC 21 November 1996.

The first upper-tropospheric disturbance was associated with a synoptic
scale cold front at the surface (Fig. 3i 3) and lower troposphere (Fig. 3i 4, cold
front symbols) positioned off the California coast at 1200 UTC 22 November
1996. The 850-mb (Fig. 3i 4) analysis shows warm air temperature advection in

the warm sector of this advancing cold front (Fig 3i 3) was phased with the
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location of the divergent right-rear quadrant of JS1 at 300-mb (Fig 3i 1) and 500-
mb differential vorticity advection (not shown). These factors contributed to

upward omega that resulted in differential layer-lifting upstream of
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Fig. 3i 3. NMC surface analysis for 1200 UTC 21 November 1996.
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Fig. 3i 4. 850-mb NMC analysis for 1200 UTC 21 November 1996. Red
shading indicates warm air advection and blue shading cold air advection.

the frontal boundary. Satellite imagery (Fig 3i 5; area 1) depicted a broad area of
cloudiness along the California coast in the same location.

The upstream disturbance (35 N/140 W) was associated with a surface
subsynoptic trough (37.5 N/137.5 W) (Fig. 3i 3) and low-pressure area (988-mb)

(41 N/135 W) (Fig. 3i3), the parent long-wave upper-tropospheric trough
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(40 N/135 W) (Fig. 3i1; Fig. 3i 2), and the other upper-level 90-knot jet streak
(Fig. 31 2; JS2). The 850-mb and 700-mb analyses (Fig. 3i 4; Fig. 31 6) show that
this disturbance was also associated with lower and middle tropospheric cold air
advection (blue shading) in the vicinity of the surface subsynoptic trough. The
synoptic-scale mid-tropospheric downward forcing related to the lower
tropospheric cold air advection was likely negated by stronger contributions

toward upward omega from upper-tropospheric jet-streak divergence linked to

Fig. 3i 5. GOES-9 infrared satellite imagery for 1200 UTC 21 November
1996. The numbers refer to cloud features discussed in the text.
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Fig. 31 6. 700-mb NMC analysis for 1200 UTC 21 November 1996. Blue
shading indicates cold air advection.

the left-front quadrant of JS2 (Fig. 31 2) and 500-mb differential CVA (not shown).
The resulting upward vertical motion field caused layer-lifting (and
destabilization) near the same location as the localized low-level convergence
zone that marked the position of the surface subsynoptic trough (Fig. 37 3) and

developing comma-cloud on infrared satellite imagery (Fig. 3i 5, area 2). The
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open-cellular nature of the cloudiness in the vicinity of the upper-tropospheric
low-pressure (Fig. 3i 5, area 2) area also suggests the presence of cold pool of
air aloft (< 5 C at 850-mb; ~ -5 C at 700-mb; < -20 C at 500-mb; ~ -45 C at

300-mb). Enhancement of the cloudiness in that same region is consistent with
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Fig. 3i 7. NMC surface analysis for 2100 UTC 21 November 1996.
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Fig. 3i 8. Same as Fig. 3i 5, except for 2130 UTC 21 November 1996.
air mass destabilization related to that cold pool of air in the middle and upper
troposphere and to heat transfer from the relatively warmer ocean water that
increased lower-tropospheric instability.

These surface and upper-air features advanced eastward over the next
nine hours (2100 UTC 21 November 1996). The cold front made landfall in
California (Fig. 31 7; Fig. 3i 8, area 1), the parent surface low-pressure area now
at 40 N /131 W weakened (988-mb to 996-mb) (Fig. 3i 7; Fig. 3i 8, area 2), and

satellite imagery showed a decrease in cellular cloudiness near the center of the
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Fig. 3i 9. Same as Fig. 3i 5, except for 0400 UTC 22 November 1996.
low (Fig. 3i 8, area 2). A weak post-frontal trough (Fig. 31 8, area 1a) also trailed
the eastward progression of the cold front into Central/Northern California and
satellite imagery suggested convective rain showers might have been embedded
in this cloud band (Fig. 31 9; area 1a).

Middle and upper tropospheric analyses for three hours later at 0000 UTC
22 November show the long-wave trough axis remained off the California coast
(Fig. 31 10; Fig. 3i 11) as the surface (Fig 3i 12) and lower tropospheric (Fig. 3-
13) cold front moved south along the California coast. The nose of the second

90-knot 300-mb jet streak (Fig. 3i 11, JS2) had moved into the base of the upper-
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level circulation at 30 N/125 W. Cold air advection at 850-mb was located in the
upstream portion of the re-strengthening parent surface low at 40 7130 W (996-
mb to 994-mb) (Fig. 31 13) and a cold pool of air in the mid-troposphere was
located in the leading edge (Fig 31 14). Infrared satellite imagery shows a well-
defined comma-cloud residing in the same region (interpolation of Fig. 31 8 and
Fig. 319, area 2). Progressive movement of these surface and upper-air features

into Northern and Central California occurred over the next twenty-four hours.
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Fig. 3i 10. 500-mb NMC analysis for 0000 UTC 22 November 1996.
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Fig. 3113. 850-mb NMC analysis for 0000 UTC 22 November 1996.
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Fig. 3r14. 700-mb NMC analysis for 0000 UTC 22 November 1996.
Blue shading indicates location of the cold air pool.



3.1.4 The Landfall of the Post-frontal Trough

The surface post-frontal trough and low-pressure area (Fig. 3i 15) moved
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into the Northern and Central California with the eastward progression of the
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Fig. 3i 15. NMC surface analysis for 1200 UTC 22 November 1996.



49

6 1‘04
0. 99
4\1?%3

— <

® =
58p41/22756 122°70018 2D0TFAX NHPOO2

pata cur oFr O1+11 ‘alsgg I,éEE Iu;ﬁf CODE 0 ) g3 &0 )

A 22— v

S 150 = = 69175 /\,

L1e0
1436 .. 7OOMB ANALYSIS HEIGHTé"T‘EM PERATURE 12Z FRI 22 NOV 96

Fig. 31 16. 700-mb NMC analysis for 1200 UTC 22 November 1996. Red
shading indicates warm air advection and blue shading cold air advection.
middle and upper-tropospheric trough at 1200 UTC 22 November 1996 (Fig. 3i
16, Fig. 3i 17, Fig. 3i 18). Cold cloud tops on infrared satellite imagery suggested
of a line of convection (area 2) along the Central California and Oregon
coastlines was the remnants of the comma cloud associated with the post-frontal

trough (Fig. 3i 19). The 500-mb analysis showed that a cold pool of






