





from the main precipitation cascade region, as illustrated schematically in Fig's 4.31 and
4.32. Prior to tornado development at cloud base, the wall cloud is often quite turbulent
and changes its appearance rapidly. Accessory cloud features Tike the collar cloud and
the tail cloud may be present (as shown in Fig. 4.32b). During the organizing stage,
occasional tornadic dust whirls may be observed under the rain-free base, with no
apparent visual connection to that cloud base (Rates, 1963). Such events fit the
definition of a tornado, but are most often a mere prelude to more significant events.

Even this early, the primary tornado may already have developed (invisibly) and
debris may be seen beneath or closely adjacent to the wall cloud. In many cases, the
condensation funnel is first visible as a short, smooth "spike" descending from, or
adjacent to the wall cloud (Fig. 4.33). Although the condensation funnel may not have
reached the surface, a debris whirl beneath it is evidence that the tornado has, in fact,
already touched down. Tornadoes occur which never become more intense than this
stage. Such tornadoes may be most common on the high plains where low moisture
content and relatively weak tornado intensity might combine to preclude a condensation
funnel reaching the surface in most cases. Despite fluctuations in funnel length and

Figure 4.31 Schematic flow associated with
supercell thunderstorm, showing forward
flank downdraft (FFD), updraft (UD), and
rear flank downdraft (RFD) - from Lemon
and Doswell, 1979).

Figure 4.32a Supercell storm schematic,
Showing horizontal distribution of surface
weather. Tornado may be at "V "symbol or
on leading edge of cold outflow.
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Figure 4.32b Visual schematic of a tornadic thunderstorm showing wall cloud and its
relationship to other features of the storm.

width, the continuity of the debris (and/or damage) path is evidence that a single event is
occurring.

Late in the organizing stage, the funnel may suddenly exhibit a thin, needle-Tike
extension which finally comes in contact with (or close proximity to) the ground. This
joins with the debris whirl and is unmistakable evidence of touchdown.®

Many tornadoes occur which never proceed beyond this stage of development (i.e.,
go directly into the decay phase). For those that do continue to intensify, the funnel
expands in width rapidly and the tornado enters the mature stage in its Tife cycle (Fig.
4.34). At this time, a clear slot is usually seen to be wrapping around the wall
cloud/tornado in a cyclonic sense from the right rear side (Lemon and Doswell, 1979). In
the mature stage, the tornado attains its maximum width and the funnel cloud may
become enveloped entirely with dust and debris (Fig. 4.35). Presumably, this is the time
when the circulation is most intense and the surface damage most extensive.

Some tornadoes may remain in the mature stage for a considerable time, with
minor fluctuations in intensity. Most commonly, after attaining maturity, the tornado
enters the shrinking stage. As the name suggests, the funnel cloud begins to decrease in
diameter, may appear to "1ift", although continuing surface debris production indicates
that the tornado itself is still in progress (Hoecker, 1960; Fujita, 1960), and may begin

16 poor visibility, a lack of suitable tracer material, or obscuring foreground features
may prevent observation of a pre-existing debris whirl.
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Figure 4.33 Organizing stage in tornado life cycle. Note that while visible funnel is not
touching the ground, damage may already be wunderway (Photo from NOAA spotter
training slide series — Lemon et al., 1980 —taken by S. Tegtmeier).

Figure 4.34 Mature stage in the tornado life cycle (Photo from Lemon et al., 1980 -
taken by G. Moore).
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Figure 4.35 Example of a tornado nearly totally obscured by the dust and debris it has
raised.

tilting away from the vertical (Fig. 4.36). By this time the clear slot may have wrapped
around to the tornado's front side. This development is usually marked by an erosion of
the wall cloud, revealing more and more of the tornado's vertical extent and Teaving the
tornado close to (or perhaps extending beyond) the cloud edge associated with the
cumulonimbus. As Golden and Purcell note, this stage is not necessarily associated with
a decrease in the destructive power of the tornado, but usually the damage path width
decreases as the funnel cloud shrinks.

At some point in the shrinking process, the tornado enters the decaying stage. By
this time, the wall cloud often is completely dissipated, leaving the funnel exposed as a
rope-like tube (Fig. 4.37). As this occurs, the funnel may become quite contorted,
perhaps with sections of it Tying parallel to the surface. The condensation tube may
become segmented, with gaps appearing between cloud base and the surface debris
whirl. At times, it may give the appearance of having been "stretched beyond its
Timits". At Teast in the early stages of the decaying phase, the tornado may still be
capable of severe damage, so it should not be treated lightly despite its appearance of
weakness. As the tornado dies, the rope funnel disintegrates and surface debris is no
longer generated.

If the condensation funnel has 1ifted during the shrinking stage, a rope-1like funnel
characteristic of the tornado's decay stage may once again establish visible contact with
the surface shortly before the tornado ceases. Alternatively, the decaying stage may be
associated with the cessation of surface damage, while a cone-shaped funnel aloft
persists for some time. This latter case is not as common as the evolution into a rope
funnel. Occasionally, the surface circulation (and debris whirl) may continue for a time
after the rope funnel disappears.
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Figure 4.36 Shrinking stage in tornado life cycle.

Figure 4.37 Rope stage in tornado life cycle (Photo from Lemon et al., 1980 — taken by J.
McGinley).
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In storms Tike the Fargo, ND storm of 20 June 1957 (Fujita, 1960), a sequence of
several tornadoes form, reach varying stages of maturity, and decay during the life of a
single supercell storm. This is a process clearly related to the cyclic evolution of the
parent storm (recall Fig. 3.23). The development of a new wall cloud often begins at the
time an existing tornado is still in progress. Shortly after (say, 5-10 min) one tornado has
dissipated, another one forms in association with the new wall cloud (Jensen et al.,
1983). Also, it has been observed that one wall cloud can be associated with two or more
tornadoes in such cases, the first tornado may develop close to, but not directly from
the wall cloud base. With the demise of that tornado, the wall cloud is not dissipated by
the passage of the clear slot and another clear slot intrusion may be associated with
subsequent tornado development from the wall cloud base. Such variations on the overall
theme have not yet been extensively documented, but have been repeatedly observed.
Storms which maintain their vigor through multiple episodes of tornado production must
represent some sort of "super multicell" structure which is not yet fully understood
(Jensen et al., 1983). It is such events which make a dynamical definition of a supercell
(such as proposed by Weisman et al., 1983a) more desirable.

Important variations of the life cycle just described are associated with some of
the few "violent" tornadoes subjected to detailed visual observation (e.g., the Xenia, OH
tornado of 3 April 1974, the Wichita Falls, TX tornado of 10 April 1979 or the Binger, OK
tornado of 22 May 1981). In such cases, the tornado does not descend as a needle-like
tube. Rather, a broad, truncated cone funnel is observed during the organizing and
mature stages (Fig. 4.38). The touchdown is marked by an extensive debris cloud, often
including multiple vortices within the debris. Actual condensation funnel touchdown may
be obscured by debris, wusually coming well after violent damage 1is underway.
Apparently, the Xenia, OH storm of 3 April 1974 never did establish funnel cloud contact
with the surface, save during brief suction vortex touchdowns early in its Tifetime.

Figure 4.38 Violent tornado, showing secondary vortices in surface debris beneath a
truncated, broad cone-shaped funnel cloud (Photo courtesy of E. Rasmussen).
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Dissipation of these violent tornadoes also may depart from the typical pattern
described. Instead of an evolution into a rope-like funnel, the broad column of clouds and
debris seems suddenly to Tose its vigorous circulation and quickly disintegrates. Residual
debris may stay in the air for awhile, but the tornadic circulation has ceased. The
shrinking and decaying stages appear to be by-passed. This is yet another area where
observations are not sufficient to generalize very far, although the sequence of events
has occurred often enough to speculate on the commonality of those events with such
storms. Note that not all violent tornadoes produce these variations.

2. Structure

Recalling that we are considering only a restricted class of atmospheric vortices
(those associated with supercells), what are the known characteristics of such
tornadoes? In order to answer this, recall the means by which our current understanding
has been obtained. Prior to the advent of Doppler radar, conceptions of the tornado's
structure had been derived almost wholly from damage surveys, visual observations
(qualitative and, occasionally, quantitative) and simulations of tornadoes (Taboratory and
mathematical models). This presents an interesting dilemma. If one proposes a model of
the vortex, one is free to experiment with and study the model in great detail. This
means that, for the model, one can infer the distribution of wind, pressure, and whatever
other variables are described in the model. Unfortunately, there were few measurements
from nature by which the model's validity could be checked. Thus, scientists could argue
ad infinitum about the virtues (or vices) of their models without ever knowing which
model (or what parts of the model) did the best job of simulating reality. No one knew
for a fact whether the air in the core of the vortex was rising, sinking, or neither. No
one knew how high the vortex extended into the cumulonimbus. No one knew how Tlow
the pressures could go, where the winds were strongest, how the winds varied with
distance from the axis, etc. The field was wide open for speculation, but Tittle existed to
guide the choices among the various theories.

What few quantitative measurements existed were of dubious value in settling
these questions. Photogrammetric measurements (e.g., Hoecker, 1960) have considerable
uncertainty and require several assumptions. The use of photography taken by untrained
eyewitnesses usually involves cameras of unknown optical quality, used in only roughly
known Tocations at roughly known times to derive the motions of tracers, whose
relationship to air motions is also uncertain (Rasmussen, 1982). Further,
photogrammetry can make 1ittle contribution to understanding behavior 1inside the
cloud. The rare pressure and wind measurements are always troubled by questions of
calibration, sensitivity, and location in space and time with respect to the tornado. One
can use the scanty measurements to "prove" almost any model. Using damage to infer
the winds is almost always plagued with the lack of engineering data for structures hit,
and by uncertainties about how a particular element of damage was actually done by the
storm. When damage to structures is total, one can use the engineering estimates only to
determine a Tower bound for the wind speed (if 50 m s! destroys a structure, so will 100
m st).

Lest this discussion lead to an excessively negative view of photogram metric and
engineering measurements, it should be noted that considerable insight has been gained
from them. In spite of the limitations which restrict the quantitative details of
photogrammetry, the very important qualitative picture derived from the technique has
been valuable. In using engineering studies for cases where the destruction is not total,
some quite important upper hounds on the wind speeds in tornadoes have been developed,
including the spatial and temporal variations along the tornado's path. See Davies-Jones
et al. (1978) for a discussion of damage variations in space and time with a particular
tornado.
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Once Doppler radar came into use for storm research, it became possible to map
the wind field within the storm at frequent intervals. Naturally, there are sources of
error and uncertainty associated with the winds so produced (e.g., see Brown et al.,
1981). However, it has become increasingly evident that Doppler radar has provided us
with tremendous new insights into severe storms. Of particular interest is the
identification of the TVS, or Tornado Vortex Signature (Burgess et al., 1975a,b; Brown
and Lemon, 1976; Brown et al., 1978). Comparison with visual observations and damage
survey data reveals that the Doppler radar signature can, with high certainty, be directly
associated with the tornado. Thus, the vortex can be identified before a visible funnel
appears, or damage begins. Also, one can map the location and intensity of the vortex
within the heretofore hidden parts of the storm.

Because Doppler radars can obtain winds, one might expect to measure the wind
structure directly and answer many of the questions mentioned. Unfortunately, it is not
that easy. In fact, the tornadic circulation itself is, in general, below the resolution of
Doppler data. However, there are some indirect ways (see, e.g., Brown et al., 1978;
Zrnic' and Doviak, 1975, for details) of inferring the answers to some of these issues.
Doppler radar measurements finally can begin to fill some of the gaps in our knowledge.
The possible application of Doppler Tidar (using light waves instead of radio waves) offers
a chance to obtain data of high enough resolution to yield direct answers (see Schwiesow
et al., 1977). Perhaps most important is the opportunity to use the Doppler data in
concert with the photogrammetry and modelling efforts to help corroborate the findings
of all three. This beneficial interaction among the various sources of information is
becoming increasingly important (see Lee et al., 1981). Doppler data and
photogrammetry are complementary -- single Dopplers only "see" the wind component
along the 1line of sight, photogrammetry (single camera) only measures the wind
component across the line of sight. This makes the two data sources together more than
twice as valuable as either one alone.

A11 of this is well and good but one is perhaps still inclined to ask, "So what do we
know about tornado structure?" Perhaps the best answer at this moment is that we have
learned a Tot, but a great deal is still unknown. The reader may wish to consult some
recent reviews of the subject (e.g., Davies-Jones and Kessler, 1974; Fujita, 1978b;
Lewellen, 1976; Lee et al., 1981; Davies-Jones, 1982a; Snow, 1982,1984).

A natural and Tong-accepted assumption about the tornado vortex is that the
distribution of tangential wind speeds is similar to that of a so-called Rankine Combined
Vortex, as illustrated in Fig. 4.39.Y Such a vortex has a core in solid rotation (the
tangential wind speed is directly proportional to the radius), and is irrotational outside
the core (the tangential wind speed is inversely proportional to the radius). There is an
implicit assumption that the wind is distributed sym metrically, so the variation along any
radius (at a fixed height!) is identical to that at any other radius. In some ways, the
Doppler data tend to confirm this distribution, insofar as resolution allows -- see e.g.,
Brown et al. (1978, their Fig. 11). However, the detailed data in time and space needed
to provide better confirmation of this simple model have not been obtained. Further,
visual observations and photogrammetric data (e.g., Golden and Purcell, 1977) suggest
that pronounced asymmetries exist and departures from the model variation of speed
with radius (and height) are present.

7 More sophisticated theoretical vortex models exist. It does not serve the purposes of
these notes to detail them, but the interested reader should refer to Lewellen (1976) or
Rotunno (1979) for further information on them.
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Further evidence for asymmetry is found in the existence of multiple vortices
embedded within the overall circulation (see Peterson, 1976; Fujita, 1970; Agee et al.,
1976) . Although the existence of multiple vortices was recognized long ago (as noted by
Peterson, 1976), Fujita's (1970) work has stimulated examination of the phenomenon with
modern methods. Laboratory models (Ward, 1972; Agee et al., 1977; Davies-Jones, 1976)
and theoretical analysis (Jischke and Parang, 1974; Davies-Jones, 1973; Snow, 1978)
Rotunno, 1982; Gall, 1983) have combined with photogrammetry and damage pattern
analysis (Fujita, 1970; Forbes, 1978) in an attempt to analyze the multiple vortex
tornado. The subject remains one of active research but no definitive picture has
emerged. Snow (1978) has implied that the strong horizontal shear associated with the
area near the radius of maximum tangential wind results in the formation of smaller
scale vortices, but admits that his model makes no unequivocal statement. Gall's (1983)
linear model supports this notion. Everyone seems to agree that flows with high swirl
ratio (ratio of tangential to radial velocity; or rotation to inflow) are most likely to
develop multiple vortices. Thus, the existence of multiple vortices is possible with
tornadoes of a variety of tangential winds (i.e., strengths) -- it is not restricted toviolent
tornadoes. Further, a tornado can posses multiple vortices at various stages in its Tife
cycle and can switch back and forth between single and multiple vortex structures.

Regarding the flow along the axis of the circulation, the Tlaboratory and
mathematical models seem to suggest that it may be upward in some cases, downward in
some, and may have both in other situations (see Fig. 4.40). Leslie's (1977) Tlaboratory
measurements reveal a downward flow in multiple-vortex circulations (down the core
inside the radius about which the sub-vortices rotate -- see his Fig. 4). This is
substantiated by Rotunno's (1982) numerical model. For single vortex tornadoes, the
direction of the axial flow appears to vary considerably as a function of the swirl ratio.
Interested readers should consult Davies-Jones (1976; 1982a,b), Lewellen (1976), Morton
(1966) and others for more details. Leverson et al. (1977) have made aircraft
penetrations of waterspouts, but the single-level measurements are not able to provide
the complete picture we seek. Further, it is hard to know how to apply waterspout
measurements to tornadoes.
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Figure 4.40 Effect of increasing swirl ratio on vortex flow: (a) Weak swirl — flow in
boundary layer separates and passes around corner region; (b) one-cell vortex; (c) vortex
breakdown; (d) two-cell vortex with downdraft impinging on ground (core radius increases
rapidly with increasing swirl ratio); and (e) multiple vortices (from Davies-Jones, 1982a).
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The importance of the swirl ratio in vortex dynamics cannot be ignored. In real
tornadoes, as opposed to Taboratory and theoretical model tornadoes, it is difficult to
know the value of the swirl ratio or how it changes. To some extent, it is possible to
infer the magnitude of this parameter from the vortex structure observed. However, it
is difficult to make general statements about the detailed nature of tornado flow field!
since many of the details remain in doubt. Hence, the swirl ratio in real tornadoes is
difficult to specify.

Vertical variations of tornado winds also remain in doubt. Tangential and vertical
wind components have Tlargely been derived from photogram metry (e.g., Hoecker, 1960;
Golden and Purcell, 1978b; Forbes, 1978; Rasmussen, 1982). This method, as discussed
before, leaves some doubt about the details. However, the results cited (and others)
indicate that tangential wind speeds increase rapidly with height above the surface,
attaining a peak within a few hundred meters and then (apparently) decreasing rather
slTowly with height. Wilson and Rotunno's (1982) work supports this, in the sense that the
pressure and wind distributions of their model are consistent with the motion of an
elevated speed maximum (and pressure minimum).

The vertical motions near the vortex also increase rapidly with height near the
surface -- vertical accelerations of a few g (where g is the acceleration owing to gravity
-- about 10 m s?) have been inferred from the photogram metry.!® Radial flow is widely
accepted to be confined to the 1lowest few hundred meters, where surface friction
(boundary Tlayer) effects predominate (see Rotunno, 1979). In one case (Davies-Jones et
al., 1978), the debris pattern in wheat gave the impression of a translating "sink" with no
clear evidence of rotation (see their Fig. 4 -- this has clear implications for damage
assessment -- see IV.B.3). This is reasonable, in light of the theoretical models (e.g.,
Kuo, 1966), which suggest that radial inflow dominates the flow near the surface.!®

One important question which has been answered is the tornado's vertical extent.
Once the TVS had been linked to the actual tornado, Doppler data could provide a clear
picture of where the tornado exists within the cloud. As described in Burgess et al.,
(1975a,b) or Lemon and Doswell (1979), the tornado often is first detected aloft (say,
roughly 4-9 km) and develops both downward and upward. At the time the vortex is on
the ground (usually several tens of minutes after first detection aloft), it may extend
much (if not all) of the way through the echo (Lemon et al., 1982). In summary, as this is
being written, quantitative data to answer some key questions about the structure of the
tornado vortex are just now being obtained. Dramatic new increases in our knowledge
are anticipated over the next several years.

3. Wind Speed Estimates

The maximum wind speed within the tornado circulation is given a separate
treatment because it is of great importance to the storm's damage potential. The same
observation tools used to deduce the overall structure of a tornado are applied to this
issue, so the discussion can be equally controversial. Once again, some brief historical
perspective is useful.

18 A parcel starting at the surface and rising under an acceleration of one g reaches a
height of 1 km in Tess than 15 s!

19 Naturally, the debris patterns associated with multi-vortex tornadoes are more
complex (Fujita, 1970, 1974, 1978b; Prosser, 1964).
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At times, the damage produced by a tornado seems to require some extraordinary
winds in order to explain the events. These include perforation of metal objects by flying
debris (see Pearson and Miller, 1971), blades of straw driven into wood, fowl stripped of
their feathers (see Galway and Schaefer, 1979), and so forth. Such events have led to
some estimates of maximum tornado winds into the range of supersonic speeds. Further,
because ordinary meteorological processes cannot give rise to supersonic speeds, some
researchers have suggested an electrical origin for tornadic winds (e.g., Vonnegut, 1960;
Colgate, 1967).

Recently, careful analysis of tornado damage by professional engineers virtually
has eliminated the notion of extraordinary wind speeds (see Minor et al., 1977). Since
generally accepted extreme wind speed estimates no Tlonger approach or exceed sonic
values, there is no Tonger any necessity to call upon mechanisms outside ordinary
meteorological processes. Electrical phenomena are likely to represent only a negligible
contribution to tornadic circulations (Watkins et al., 1978; Davies-Jones and Golden,
1975), if they contribute at all. More Tikely, electrical effects are created by the storm
(see VII.C.2) and are essentially results, rather than causes.

Naturally, the maximum wind speed in any given storm is dependent on the strength
of the storm (or, perhaps, the two are equivalent). It is clear that there are variations in
strength from tornado to tornado, as well as from point to point during the life cycle of
any given event (see Fig. 4.41). It also is clear from damage surveys that the most
intense winds in tornadoes are confined to a relatively small fraction of the overall
damage area. There must be some absolute maximum wind speed at Tow levels, at some
point in space and time during any given storm's life cycle. This should produce some
absolute maximum surface damage, provided there is something to damage. Although we
cannot rely on this Tlatter condition being satisfied in any particular tornado, there
certainly have been enough tornado damage surveys to get a feeling for the order of
magnitude of the extreme winds in tornadoes.

It should be noted that Doppler radar also offers some clues regarding this
estimate of extreme wind speeds. This technique is discussed by Zrnic' and Istok (1980),
Hennington et al. (1982), and others. Briefly, although the most commonly presented
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Figure 4.41 Contour map of F-scale values (from Fujita, 1981)
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output of Doppler data is the average velocity in a volume, the Doppler also gives an
estimate of the range of velocities in that volume. The actual volume in which
measurements are taken depends on the range from the radar, the pulse repetition
frequency, and other radar characteristics -- however, the radial depth is typically a few
hundred meters and the azimuthal separation (which depends on range, of course) is of the
order of a km. If only the average velocity is considered, this is clearly too large to
resolve the peak velocities in a tornado (see Fig. 4.41). However, the estimates of the
velocity spectrum (roughly related to the range of velocities) enable one to give a pretty
good guess at the extreme values observed. Measured this way, Doppler radars have
"seen" peak speeds in the vicinity of 100 m s-!.

If only the extreme events are considered, some convergence of opinion has
recently occurred. That is, research findings based on damage surveys, photogrammetry,
models, and remote sensing techniques are now in basic agreement (Lee et al., 1981).
The agreed upon, absolute maximum wind speed (Golden, 1976) is about 300 mph (or 260
kt, or 135 m s'!). Most tornadoes are quite a hit below this in their peak winds. In fact,
most tornado damage can be explained with values of 100-150 mph. Since the energy of
a 100 mph wind has four times the energy of a 50 mph wind, it doesn't take very strong
winds to account for most of the damage. Recall that the strongest winds in a tornado
are found above the surface, perhaps by several hundred meters. Surface damage 1is
probably the result of winds that are weaker than the peaks produced aloft. Thus, while
the surface effects for a particular tornado may point to a peak wind speed of, for
example, 150 mph, the absolute peak winds anywhere in the tornado may be around 200
mph.

A maximum wind speed estimate can be translated into an estimate of the pressure
drop, by using the assumption that winds are in cyclostrophic balance. Davies-Jones and
Kessler (1974) detail the derivation which shows that the total pressure drop is roughly
equal to the square of the maximum wind speed times the density. Using this for a 300
mph maximum gives a total pressure fall of about 185 mb. This is well in excess (by
about an order of magnitude) of most observations cited by Davies-Jones and Kessler. A
variety of explanations can be used to rationalize this discrepancy: only weak tornadoes
were sampled, the tornadoes passed too far from the instruments to measure the extreme
pressure drop, the instruments couldn't respond fast enough, etc. As stated in Lee et al.
(1981), "More dependable estimates of the maximum pressure deficit in tornadoes await
direct measurements with fast response instruments...." Recently, serious efforts to
obtain such measurements have begun (Bluestein and Bedard, 1982; Colgate, 1982).

4. Theories of Tornadogenesis

If speculation that tornadoes arise through electrical forces is discarded, then the
field of candidate theories is considerably reduced. Up to the advent of Doppler radar
observations, a credible theory could not be subjected to a careful comparison with
reality. Another problem which has plagued tornadogenesis theories is that one really
needs to specify what kind of tornado is being considered. As before, attention here is
restricted to those tornadoes which are associated, most generally, with supercell storms
possessing well organized mesocyclones.

Producing a tornado is, in its simplest terms, a matter of concentrating enough
vorticity about a quasi-vertical axis. When tornadogenesis is examined in this way, the
problem is reduced to an examination of the terms in the vorticity equation (e.g., Hess,
1959, Ch. 16). With only a few exceptions, most theories of tornadogenesis in the past
have relied exclusively on the so-called divergence term in the vorticity equation. In
essence, this term can be understood to increase rotation (vorticity) by means of
conservation of angular momentum. That is, in terms of the often-used analogy with an
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ice skater: by drawing the arms inward, a slowly turning ice skater can speed up the
rotation dramatically. In other words, by bringing the mass of a spinning object closer to
the axis of rotation, the speed of that rotation must increase to maintain constant
angular momentum. If any doubt as to this point persists, the reader should consult a
physics textbook (e.g., Resnick and Halliday, 1966, Ch. 13).

As stated by Davies-Jones and Kessler (1974), a value for convergence of 1073 s!
over a circle with a radius of 10 km (typical thunderstorm values) can result in an
increase of vorticity from a "background" value of 10* s™' (roughly a midlatitude value
for the Coriolis parameter) to tornadic values (-~ 100 s7!) in about three h. Since small-
scale convergence in a severe storm may be even larger, and since the background
(subsynoptic scale) vorticity can be much larger than the Coriolis parameter to start
with, it has Tong been felt that tornadogenesis occurs through convergence, with no need
to call upon other mechanisms. Different investigators had subtly different scenarios
about how the real process evolved, but there was no substantial disagreement that
convergence of ambient vorticity was the mechanism for creating tornadic vorticity.

Occasionally, dissident voices could be heard. In an interesting model, Browning
and Landry (1963) proposed that stream wise vorticity (i.e., vorticity about a horizontal
axis, oriented along the flow) at low Tevels would be tilted into the vertical as the Tow-
Tevel air ascended in the updraft. Barnes (1968, 1970) suggested that the vorticity
associated with the mesocyclone could be produced by the tilting term in the vorticity
equation (see Hess, 1959, p. 248 ff.). Although he does not explicitly state it, one
assumes that Barnes attributed the tornadic vorticity to concentration of the vorticity
already present in the mesocyclone. Earlier, Ludlam (1963) went even further:

It 1is tempting to 1look for the spin of the tornado in the vorticity
present in the general air stream as shear and tilted appropriately in the
vicinity of the interface between the [up- and down-] drafts...

LudTam noted that the position of the tornado (see his Fig. 11) was near the interface
between up- and down-drafts.

Doppler radar data, storm intercept observations, and numerical model simulations
of tornadic storms have produced considerable new insights into tornadogenesis. The
arguments which depart from more traditional convergence mechanisms have been
summarized by Lemon and Doswell (1979). Calling upon a variety of data sources and
references, they propose that tilting may be the primary initiation mechanism for
tornadoes. Principal observations in support of this, as presented in their paper, are
twofold. First, the tornado often is detected initially aloft, where convergence and
vertical stretching (owing to change of vertical velocity with height) are at a relative
minimum. Second, as Ludlam noted, tornadoes are located near the interface separating
the updraft from the recently-documented rear flank downdraft. Tornado occurrences
which are consistent with these observations are generally confined to supercell storms
with mesocyclones. While other types of tornadoes occur (even with supercell storms),
tornadoes associated with strong, persistent mesocyclones are apparently the most
intense and Tong-lived events, which produce the majority of damage and casualties.

These observations are inconsistent with tornadogenesis solely via convergence. If
convergence is the dominant process, the tornado should be Tocated on or near the
updraft axis, not near its periphery. Also, since convergence is predominantly a Tow-
level phenomenon, tornadoes should first appear at Tow levels (some, in fact, do so).
Rather than adjusting the theory to fit the observations, one is inclined to Took for new
theories.
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Note that current Taboratory tornado models are not capable of simulating
tornadogenesis on an elevated updraft-downdraft interface. To that extent, Tlaboratory
vortex models have only limited value in simulation of real tornado vortices. Numerical
model simulations (see below) have not yet succeeded in reproducing all these features of
the observations, although it is anticipated that success is not likely to be Tong in co ming
(see e.g., Klemp and Rotunno, 1983).

Thus, 1in seeking revised notions of tornadogenesis, we have a host of theory,
models, and observations to guide the process. The new Doppler radar observations and
numerical simulations have been especially valuable 1in refining our concept of
tornadogenesis beyond the simple arguments using conservation of angular momentum.
One can obtain a feeling for how our concepts have evolved by reading Brandes (1984),
Klemp and Rotunno (1983), Davies-Jones (1982b), or Lemon and Doswell (1979). Quite
clearly, tilting of vorticity originally about a horizontal axis has become much more
important in these theories. A more subtle point has been emphasized by Davies-Jones
(1982b) -- the tilting and stretching terms are really different aspects of the same
process, if we consider the three-dimensional vorticity equation. While Lemon and
Doswell (1979) suggested that the solenoid term in the vorticity equation could possibly
be of importance, many authors have chosen to omit it via order-of-magnitude
arguments, as embodied in a scale analysis. Curiously, Klemp and Rotunno (1983) have
produced model results which indicate that solenoidal vorticity generation may be quite
important, but the vorticity produced is about a horizontal axis. This contribution to the
total horizontal vorticity is then subsequently tilted to result instrong vertical vorticity.

Another important element in our revised tornadogenesis theories has been the
recognition of the rear flank downdraft. As described by Lemon and Doswell, this
feature of the supercell storm has been poorly recognized and certainly not well-
understood, in spite of clear visual evidence in many tornado photographs. Since the
Lemon-Doswell model was first presented, the rear flank downdraft's structure and
mechanism (as well as its possible role in tornadogenesis) has been clarified. The
process of vortex breakdown, described by Brandes (1978) and others is capable of
creating downward motion in the core of the mesocyclone (clearly, an issue related to
the mesocyclone's swirl ratio!). The numerical simulations of Klemp and Rotunno have
further elucidated this process, in which a high-vorticity ring develops (Fig. 4.42), with a
downdraft inside that ring. That downdraft, dynamically forced via something Tike
vortex breakdown, they refer to as the occlusion downdraft. This small-scale downdraft
is distinct from the region of descent on the storm's rear flank (Fig. 4.43). Thus, rather
than being a process which, in some sense, "causes" tornadogenesis, the occlusion
downdraft (and its associated clear slot) may be a result of the processes amplifying Tow-
Tevel vorticity within the mesocyclone.?

Progress in developing an understanding of supercell circulation (e.g., Weisman and
Klemp, 1984a; Klemp and Rotunno, 1983) has had an enormous impact on tornadogenesis
theories. Although the numerical models do not resolve the tornado circulation
explicitly, they can offer insight about mechanisms operating on scales just above the
tornado itself -- i.e., the tornado cyclone. The production of a mesocyclonic circulation
is most Tikely the result of vorticity tilting (see Fig. 4.44). The cyclonic member of the
cyclonic/anticyclonic couplet produced by tilting is favored dynamically (Weisman and
Klemp, 1984b) whenever the wind shear vector turns clockwise in the Tow Tlevels (say,
below 6 km).

20 T can safely say that the Lemon-Doswell model did not intend to imply that the RFD
caused tornadoes. Rather, we intended to show that there was an association, which has
certainly proven to be the case (e.g., see Marshall and Rasmussen, 1982).
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Figure 4.42 Output at height of 250 m from detailed numerical simulation of supercell
storm, showing (left) outline of "radar echo", horizontal wind flow, and vertical motion;
and (right) relative vorticity. The simulated radar echo is the 0.5 g kg rainwater
contour, the wind vectors are scaled to have a speed of 20 m s™' when their length is
one grid interval, the vertical motion is at 2 m s*! contour intervals (negative values
dashed), and vorticity is at 2 x 107 s intervals (negative values dashed) — from Klemp

and Rotunno (1983).
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Figure 4.43 Schematic low-level flow field
based on numerical simulations of supercell
storms (from Weisman and Klemp, 1984b).



(a)

|

(b}

Figure 4.44 Schematic showing how a vortex
tube associated with the environmental shear
changes itsorientationby interactingwitha
convective element. In (a) the convection is
dominated by updraft while (b) shows the
effect of a storm split, with two updrafts
separated by a downdraft (from Rotunno,
N — ey 1981)

Given a cyclonically rotating updraft, some new things are possible. Rotunno
(1984) has argued that the mid-level rotation wraps potentially cold air around the
forward side of the updraft, where it descends in the precipitation cascade region on the
left front flank of the updraft (see Fig. 4.43). This produces, in Rotunno's argument, a
favorable situation for generation (via solenoids) of horizontal vorticity. Since the Tow-
level air ahead of the updraft (near the storm-scale "warm front") is drawn into the
developing circulation, this produces tilting of the appropriate sense (to give increasing
cyclonic vorticity at low Tlevels). The fact that, in supercells, tornadogenesis follows
precipitation reaching the surface lends credence to the notion that this solenoidal
production and subsequent tilting is a major factor in the process.

This increase in Tow-level vorticity seems to yield an increasing swirl ratio,
inducing the occlusion downdraft. The updraft is distorted into an arc-shaped (or
"horseshoe"-shaped, as in Klemp et al., 1981) region, with high vorticity at Tow levels
associated with strong updraft. Vorticity maxima along the updraft arc are apparently
associated with tornado cyclones (recall Fig. 4.42), in which the final spin-up to tornadic
vorticity occurs.

This final increase of vorticity is not yet understood. It may well be a simple
matter (relatively), involving only conservation of the tornado cyclone's angular
momentum. From time to time, it is noted that a thin "sheet" of high vorticity (as in the
case along a gust front) is dynamically unstable. For frictionless flow involving an
infinitely thin vorticity sheet, theory predicts it will "rol1-up" into a series of vortices
(Fig. 4.45). Thus, it is tempting to speculate (see e.g., Brandes, 1981) that tornadic
vorticity arises through this roll-up process along the gust front, perhaps augmented by
convergent amplification. The fact that we do not usually see quasi-simultaneous roll-up
of several vortices along the gust front/outflow boundary presents a challenge to this
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Figure 4.45 Successive stages in the "rolling-
—_— — |up" of an infinitely thin sheet of vorticity
(from Godske et al., 1957 —p. 311).

theory. There are some situations (e.g., Carbone, 1982, 1983) where such a hydrodynamic
instability may be important for tornadogenesis, but it does not appear to be so in
supercell tornado events.?!

Clearly, some things remain to be resolved/explained in tornadogenesis. A really
satisfactory explanation for the final spin-up remains to be found. The rare anticyclonic
tornado may well result from tilting which produces the anticyclonic vorticity seen in
certain parts of the storm, but the details remain unclear. It does not appear that
anticyclonic tornadoes are the result of the lTeft-moving (presumably anticyclonic) storm-
scale rotation of a splitting storm pair. The rear flank downdraft's role (as opposed to
the occlusion downdraft) remains confusing, with respect to tornadogenesis. Truly
confirming evidence about the various aspects of the numerical simulations awaits better
observations, despite the compelling similarities between simulations and real storms
(see Ch. VI).

5. Distribution of Tornado Events
a. Climatological

As with the climatological distributions of other types of severe weather, it is
obvious that what we do know about tornado distribution is a very imperfect picture of
the actual occurrences. Clearly, tornadoes occur in the midwestern United States with
the greatest frequency known anywhere on the earth. This is related to the unique
features of the region's physical geography (see I.III.F).

2l Tt also may have an important role for "gustnado" events (see III.B.2) along the

outflow boundary. This theory was also applied, unsuccessfully, to the extratropical
cyclogenesis problem (Godske et al., 1957; Ch. 10).
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Keeping these thoughts in mind, consider Fig. 4.46, showing the distribution of all
reported tornadoes during the period 1950-1976, as presented by Kelly et al. (1978).
Note the broad axis, oriented roughly north-south from Texas into the eastern Dakotas.
Broadly speaking, this corresponds to "Tornado Alley". Superimposed on this is a
secondary axis running northeastward from west Texas across central Oklahoma and into
Indiana and Ohio. Finally, the presence of a "Dixie Alley" can be seen across the Gulf
Coast states from southern Texas eastward and then along the Florida peninsula. These
are clearly related to the axes discussed with respect to other types of severe weather.

When one considers only those tornadoes classified as violent (see below), quite a
different picture emerges. Figure 4.47 shows the equivalent distribution to Fig. 4.46, but
for violent tornadoes only. The frequency values are only a few one-hundredths as high
as for all tornadoes. That is, violent tornadoes only account for a few percent (say 2-3%)
of the total number of tornadoes. Further, their distribution is dramatically different.
The violent tornadoes during the period of record are not concentrated in the tornado
"alleys". As described by Kelly et al. (1978), the Tength of the record is simply too short
to make any reliable statement about the actual distribution -- two of the four maxima

Figure 4.46 Map showing frequency distribution for all tornadoes 1950-1976 (inclusive),
in units of tornadoes per 2° latitude-longitude overlapping square, normalized to 10,000
n mi2 area, per year (adapted from Kelly et at., 1978).
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in Fig. 4.47 are the results of one or two tornado outbreaks. Essentially, not enough
violent tornado events have occurred during the 27-year period to develop a statistically
reliable data base.

Another climatological aspect of tornadoes is their diurnal distribution. Kelly et
al. (1978) use NST to describe this, as mentioned before in these notes. Their Fig. 1 is
reproduced here in Fig. 4.48. To no one's surprise, the occurrence of tornadoes peaks in
the middle to late afternoon. However, when considering tornadoes by intensity category
(see below), as in Fig. 4.49, there are some dramatic differences. During the period of
peak frequency during the day, the percentage of tornadoes classified as weak is
decreasing (from a midday peak) while the percentage of strong tornadoes is increasing

Figure 4.47 As in Fig. 4.46, but for violent tornadoes only (from Kelly et al., 1978).
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(from a midday minimum). The percentage of tornadoes classified as violent (bottom line
of Fig. 4.49) shows almost no diurnal variation.

If the seasonal variations are considered (Fig. 4.50), the general perception of
tornadoes as a springtime phenomenon is confirmed. However, once again breaking this
down into three intensity categories by percentages, Fig. 4.51 shows some significant,
features. Concentrating as before on the spring period of peak frequency, it can be seen
that the percentage of weak tornadoes is increasing (from a winter minimum), while that
for strong tornadoes is decreasing (from a winter maximum). Although the percentage of
violent tornadoes shows only small changes during the year (the absolute number of such
storms changes 1ittle), there is some preference for them to occur in the early spring
(Mar-Apr) .

Those wishing to know more about tornado climatology should examine the
references (Kelly et al., 1978; Schaefer et al., 1980a,b; McNulty et al., 1979; and
references mentioned in those papers). However, one topic deserves further mention.
There is a definite propensity for tornadoes to occur in groups, or outbreaks. Galway
(1977) has considered this subject in considerable detail. He has defined tornado
outbreak categories in two ways: by the number of tornadoes (Galway, 1975) and by
outbreak type (Galway, 1977).

Galway's number categories include 6-9, 10-19, and >20 tornadoes. As he points
out, the tornadoes in a true outbreak are connected geographically and temporally,
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rather than being scattered about in space and time. In his two papers on tornado
outbreaks, Galway (1975, 1977) has documented the importance of outbreaks to the
overall tornado problem. During the period from 1950 to 1975, outbreaks of 10 or more
tornadoes only accounted for 22% of the total reported tornado occurrences, but these
tornadoes were responsible for more than 55% of the total tornado-related death toll!

The outbreak types described in Galway (1977) are: Local, Progressive, and Line.
In the period from 1950 to 1975, there were 209 outbreaks of 10 or more tornadoes, of
which 13% were the Local type, 57% were Progressive, and 30% were classified as Line
outbreaks. The definitions of the types are as follows:

LOCAL -- An outbreak in which activity is confined to a roughly circular
envelope of ~1.0 x 10* n mi2, with a duration rarely exceeding 7 h. The 34
cases classed as local averaged 5 1/2 h.

PROGRESSIVE -- An outbreak that progresses (advances) generally from
west to east with time. The distance between the first and Tast tornado
report is normally greater than 350 n mi. The 152 progressive outbreaks
averaged 394 n mi in length, with the mean envelope of activity
encompassing ~ 5.4 x 10* n mi and lasts an average of 9 1/2 h.

LINE -- An outbreak with T1limited eastward progression that forms on an
axis, generally oriented north-south. The tornadoes tend to occur at widely
separated Tlocations along the 1line at approximately the same time. The
average line outbreak has a duration of about 8 h, and covers ~ 5.9 x 10* n
miz,

Examples of these aregiven inGalway's (1977) paper. It is noteworthy that Moller (1979)
has developed a similar outbreak classification scheme independently, based solely on
tornado events in the southern plains region.

b. Storm-Relative

Prior to the establishment of truly mesoscale data collection for research and
the development of advanced weather radar, relatively little was known about where
tornadoes occurred with respect to the thunderstorm and at what point tornadoes were
most Tikely to develop in the parent thunderstorm's Tife cycle. In this regard, the studies
by Browning (1964, 1965b,c,d) and Lemon (1977) have been key contributions. Some
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aspects of this have been considered above (e.g., see III.E.2). Once again, recall that for
these notes, the primary concern is with tornadoes associated with supercell storms.
Other types of tornadic events are less well-understood and are the subject of current
research (e.g., Holle and Maier, 1980, Forbes and Wakimoto, 1983).

If we consider a "classical" tornadic storm (a northeastward-moving supercell), the
picture at the surface (or Tevels near the surface) is generally Tike Fig. 4.32a. Note that
location of the tornado is generally within the southwestern quadrant of the radar echo,
at the "shank" of the hook. Thus, it is toward the trailing edge of the precipitation
echo. An observer (fixed) watching the storm approach first sees something much Tlike
Fig. 4.52, which shows only an indistinct area of precipitation approaching. Thus, the
observer first encounters the gust front associated with the forward flank downdraft
(which is usually not very distinct). Then, Tight rain commences, gradually becoming
more intense. In many cases, small hail then falls (mixed with the rain), and the hail
becomes Tlarger as the storm continues to pass. Then a brief period of giant hail (say,
diameters >2 in) with Tittle or no rain might occur, just prior to the cessation of any
precipitation. Close on the heels of this abrupt termination of rain and/or hail comes the
tornado. Although the tornado is near the rear flank of the storm, it may be followed by
a brief burst of rain and/or hail, before the storm moves by.

Many variations of this scenario are possible since the storm may have somewhat
different directions of movement, as well as different orientations with respect to its
movement. If a storm moves more nearly eastward and retains the same orientation as
in Fig. 4.32a, it is possible that points over which the tornado travels may not experience
any precipitation prior to the tornado. However, the above description is probably most
common. Since locations north and south of the tornado track pass through quite
different parts of the storm, observers only a few miles apart may see quite different
event sequences (see the quote at the beginning of this chapter)!

Further, fixed observers can encounter a supercell at different stages in its
evolution. Since the storm generally exists for periods of an hour or so before tornado
production (perhaps the first in a series), observers during the early stages may encounter
only precipitation of one sort or another, including giant hailfalls. Since tornadogenesis
is apparently associated with the rear flank/occlusion downdraft, the strongest "straight"
wind gusts begin near tornado touchdown time and may continue to be maintained for a
time after the tornado dissipates.

Storms which produce tornadoes cyclically, one after another, maintain their basic
radar structure while the portion of the storm containing the hook echo usually undergoes
repeated hook formation and "wrap-up" with each tornado event. Further, it is not
uncommon for tornadoes to form along the leading edge of the gust front ahead of the
hook or down along the flanking line (to the right of the hook's path). While such
tornadoes are normally weak and brief, it is important to note that they can be very near
to the edge of the radar echo, or even outside it!
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Figure 4.52 View to the west of an approaching severe thunderstorm.

storm where severe weather events occur is usually on the southwest flank (arrow), and
it is impossible to evaluate the severe weather

from this viewing angle and distance,
threat with any certainty.
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V. Flash Flood-Producing Convective Storms

But the greatest changes 1in these relations of fall, pool, and dams are
caused, not by the ordinary spring floods, but by extraordinary ones that
occur at irregular intervals. The testimony of trees growing on flood
boulder deposits shows that a century or more has passed since the last
master flood came to awaken everything movable....These floods may occur
during the summer, when heavy thundershowers, called "cloudbursts", fall
on wide, steeply inclined stream basins furrowed by converging channels,
which suddenly gather the waters together in the main trunk in booming
torrents....[An] ancient flood boulder stands firm in the middle of the
stream channel....It 1is a nearly cubical mass of granite about eight feet
high, plushed with mosses over the top and down the sides to ordinary high-
water mark.
-- John Muir, My First Summer in the Sierra

A. The Concept of Precipitation Efficiency
1. Introduction

Flash floods have assumed a leading position on the nation's 1ist of fatality-causing
weather phenomena. In recent years, deaths from flash floods have exceeded tornado
fatalities regularly. In some years flash flood deaths may even move ahead of the
lightning-related toll, thus earning for a time the dubious distinction as top killer
phenomenon (Mooney, 1983). A primary reason for this is the increasing population
dispersion in the United States, combined with more recreational use of areas prone to
flash flooding.

Most flash flood events are predominantly convective in nature. Rare exceptions to
this result from tropical cyclones (which certainly have convective aspects!), ice jams,
and occasional large-scale events (which may have convective storms embedded within a
region of heavy stable rain). The study of Maddox et al. (1979), mentioned in I.III.G,
details the synoptic scale aspects of flash flood-producing convection.

However, there is an important concept not yet discussed which helps to distinguish
convection with flash flood potential from those events which pose relatively Tittle
threat of flooding. This concept is precipitation efficiency, and it is keyed to the
structure and evolution of the convection. Since the synoptic scale setting is generally
believed to have some control over storm structure and evolution, it ought to be possible
to anticipate Precipitation efficiency, at least in principle.

So what is meant by precipitation efficiency? In its most simple terms, this is the
ratio of the total precipitation reaching the surface to the total input of water vapor to
the storm. Consider the ordinary thunderstorm cell described in II.B. As the cell
develops in its initial cumulus stage, virtually all the condensed water vapor is forming
cloud particles, so the cell's instantaneous efficiency is zero -- no precipitation is
reaching the surface. The mechanisms described in II.C begin to act as the storm
approaches maturity, and the precipitation descends rapidly to the surface. Since the
mature phase in an ordinary thunderstorm is relatively brief, the input of water vapor to
the storm begins to drop off as the surface precipitation totals are rising. This means
that the instantaneous efficiency may become quite large, perhaps approaching or
exceeding 100%. Then, as the storm dissipates, the precipitation ceases, leaving a
certain amount of high- and mid-level cloud, which is evaporated and carried downwind
in the flow aloft.
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Thus, if the precipitation efficiency is defined as the instantaneous ratio of input
(water vapor) to output (surface precipitation), it varies over a cell's Tife cycle as shown
schematically in Fig. 5.1. In the early stages, there is no precipitation, so it remains at
zero efficiency until precipitation commences. During the dissipation phase, the input is
small, diminishing to zero while precipitation continues, giving infinite efficiency! The
instantaneous efficiency clearly is not a very useful variable. What really matters is the
ratio of the areas under the input and output curves, which is about 0.4 (40%) for the
example shown.

In order to estimate quantitatively a typical cell's efficiency, assume it is 10 km in
diameter and 10 km deep, with a Tifetime of about 25 min. If the storm movement is at
15 knots (=7 m s°!), it moves about 10.5 km during its existence (see Fig. 5.2), giving a
total area of 183.5 km?. If the average rainfall over the entire area is 0.1 in (0.254 cm)!
the total volume of rain produced is about 4.7 x 10° m®. Previously (in II.B.4), it was
shown that such a storm just about replaces its entire volume during its Tifetime.
Further, if the storm averages about 1.0 g of condensed water for each m 3 of volume,
then the total vole me of condensed water (assume that all water vapor input condenses in
some form) during its Tlifecycle is about 1.6 x 10® m®. Therefore, the ratio of
precipitated water to input water vapor is about 0.3 or 30%, a reasonable figure.
Leichter and Dennis (1974); Caracena et al. (1979); or Foote and Fankhauser (1973), have
calculated precipitation efficiencies ranging from near zero to more than 100%, for real
storms.

One brake on a given storm's efficiency arises if it has a relatively brief 1ifetime.
However, having a long precipitation-producing 1ife is not sufficient to produce high
precipitation efficiency. For example, the supercell certainly can have a long lifetime

1.0f |
0.9+ |
0.8 I INPUT: WATER VAPOR Figure 5.1 Schematic showing evolution of
a7k MASS IN UPDRAFT input and output during life cycle of
Q" thunderstorm cell. Time scale is in arbitrary
@ z 06 units, but divided into stages referred to in
= > 05k text for cell life cycle. Note that
&< ' instantaneous precipitation efficiency varies
% E04f from zero (at t = 1,2) to infinity (fromt =7
Gk OUTPUT: PRECIPITATION  onward) .
S AT THE SURFACE
0.2
01
0 —
0 12 345 67 8 910 TME

DEVELOPING MATURE DISSIPATING
STAGE STAGE STAGE

! Note that a considerable amount of the total area receives no precipitation, since
the storm does not precipitate until it reaches an advanced stage. Further, some areas
are under the updraft and receive little or no precipitation. Finally, most of the area
actually precipitated upon receives only a fraction of the peak value. Hence, 0.1 in over
the whole area is probably a reasonable estimate for an ordinary thunderstorm.
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TOTAL AREA = 183.54 kmz2

Figure 5.2 Area swept out by storm of 10 km
diameter, which moves 10.5 km during its
lifetime.

and remain in the precipitating phase for the vast majority of its Tife. A strong
downdraft driven by evaporation is an essential element in supercell structure and
evolution, so the supercell's precipitation efficiency can be rather Tow, perhaps no more
than that of an ordinary thunderstorm (Newton, 1963).

The supercell structure is closely related to the environmental wind shear profile
(recall III.E.2.e). In fact, it is tempting to generalize about the effect of shear on
precipitation efficiency. This is hardly a new concept, apparently originating with
Marwitz (1972d) and reappearing from time to time as new data are collected (e.g.,
Foote and Fankhauser, 1973; Fritsch and Chappell, 1980). As seen in Fig. 5.3, numerous
data sets have been used to provide some notion of the shear-precipitation efficiency
relationship. Although an "eyeball" fit of the data to the 1ine looks reasonable, there is
considerable scatter below shear values of about 3.0 x 1073 s! and the nearly vertical
nature of the fitted curve below this value makes it rather questionable. Also, there are
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Figure 5.3 Precipitation efficiency as a function of wind shear in the storm-bearing
layer (from Fritsch and Chappell, 1980). Symbols noted on the figure refer to the
following data sources: Caracena et al. (1979), Foote and Fankhauser (1973), Auer and
Marwitz (1968), Marwitz (1972d), Chisolm (1973), Hartsell (1970), Fankhauser (1971), and
Newton (1966).
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some gaps in this picture, with few observations above 3.0 x 1073 s, so one should be
cautious in using this relationship --it seems physically reasonable, but the quantitative
aspects probably should not be pushed too far.

Evaporation of rainfall during its descent can also be a major factor in
precipitation efficiency. For storms on the high plains, it is not uncommon for the Tlow-
level relative humidity to be quite Tow. The precipitation falling from high cloud bases
(common on the high plains) may evaporate entirely before reaching the surface, yielding
zero precipitation efficiency! In general, storms which exist in environments having
large mean relative humidity over substantial depths are 1likely to have higher
precipitation efficiency (all other things being equal) than storms in environments with
Tow mean relative humidity.

2. Storm Types Involved

If ordinary thunderstorms and supercells are not likely to have high precipitation
efficiency, then what types are likely to be prolific rain producers? Perhaps the best
way to answer this is to examine flash flood cases and see what storm types are
involved. Drawing on numerous case studies from the literature, both recently and in the
past (Hoxit et al., 1978; Maddox et al., 1978; Hales, 1978; Merritt et al., 1974; Staff,
RFC, Tulsa, and DMO, Kansas City, 1964; Lott, 1954; etc.), it is found that there are two
basic structures which result in flash flood events: slow-moving multicellular storm
complexes (which can vary in size over a fairly broad range of scales) and slow-moving
squall Tines. The scale associated with the multicellular complexes can range from Tittle
larger than the individual convective cells to large mesoscale systems 100's of km in
diameter. A similar statement could be made about the overall length of flash flood-
producing squall Tlines.

The two major storm types involved develop long Tlifetimes for their overall
structure, without much change in individual cell 1lifetimes. As described in III.E.1 and
IIT.E.3, multicellular and squall line storm types have long lifetimes by virtue of
repetitive new cell generation. This 1is not a random process. Rather, it occurs in
preferred areas where large moisture flux convergence is created -- by the synoptic scale
weather pattern, by mesoscale features which may have been generated by the cells
themselves, or by storm interaction with the environment. As older cells move away
from the generation zone, they take with them their convection-inhibiting outflow and
low-Tevel divergence, allowing the new cells a chance to reach maturity unhampered by
dissipating older cells. Thus, a 1long-lived complex <can process moisture into
precipitation quite efficiently, especially when storms exist in an environment wherein
evaporative effects are minimized.

Note that storm complex movement is emphasized here. It is often assumed that
"storms" move slowly in flash flood situations. This is usually true with respect to the
complex, or squall Tine, as a whole. However, the individual cell movement can be rather
rapid. In fact, it often is the succession of moving cells, passing over the same area at
about the same heavily-precipitating stage in their Tife cycle (the so-called "train
effect"), that creates the enormous local rainfalls seen in flash floods.

Chappell (1984) has emphasized the important role played by storm propagation in
producing what he terms "quasi-stationary convective events." As he puts it:

Meteorological processes on several scales must work together
synergistically to bring a storm complex to a quasi-stationary condition for
a few hours. Physical processes occurring on synoptic and mesoscales, on
down to the minute scale of <cloud droplets are involved in a delicate
interplay to create this quasi-stationary storm system.
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This creates a problem in trying to characterize the flash flood-producing storm's
environment, because this "delicate interplay" can arise in a wide variety of ways.

It should be self-evident that storm systems which move quickly are unlikely to
produce serious flash flooding, regardless of their precipitation efficiency and
instantaneous rainfall rate (both of which may be quite high). Perhaps the most obvious
place to look for slow-moving storm systems is environments which have relatively weak
environmental winds. Indeed, this is the potential spawning ground for the classical,
quasi-circular mesoscale convective complex (MCC), to be dealt with below. However,
this is not the only way to produce a quasi-stationary convective event.

For events to be convective, there must be an unstable thermodynamic
stratification, or convective available potential energy (CAPE -- recall III.E.2). For
heavy precipitation to occur, there must be an abundance of available moisture. Beyond
these two simple (and rather obvious) requirements, the synoptic/ mesoscale
environmental processes must operate to:

(a) force new convection in ways such that the propagation of the
system as a whole has a component which 1is opposed to the movement of
the convective elements,

(b) provide a steady supply of CAPE and moisture to the system, and

(c) prevent the "exhaust products" of convection (outflow with Tittle
or no CAPE) from choking off the system.

These requirements can arise in environments with relatively weak flow, relatively
strong flow and, presumably, almost anywhere in between. One has to remember that when
large convective rainfall rates (say, in the range of a few inches of rain per hour) are
present, it doesn't require more than a few hours of such precipitation to have flash
floods!

If the potential for quasi stationary convective events exists through virtually
the whole range of environmental wind speeds, it is somewhat hard to restrict the class
of storm types involved.

3. Heavy Rain and Severe Weather

It is worth pointing out once again that severe weather and flash floods are hardly
mutually exclusive (see I.III.G). With the typical supercell, one fact becomes abundantly
clear: supercells process an enormous amount of mass and moisture during their
extended 1ifetime. Foote and Fankhauser (1973) found, for a strong, persistent
multicellular storm, net water vapor inflows of 8.5 x 10° kg s*!, a value consistent with
Dennis et al. (1970) or Auer and Marwitz (1968). Supercell values generally should equal,
or perhaps exceed, this amount. By virtue of such Targe moisture influx, a supercell
storm can produce prodigious precipitation amounts even if its efficiency is not high.
Further, supercells often move rather slowly (e.g., the Grand Island, Nebraska storm of
3-4 June 1980), so the rainfall may be confined to a small region. Thus, supercell storms,
in addition to their high threat of severe weather, also carry an implicit threat of flash
flooding when storm movement is slow.

Another combined threat situation can arise in certain cases of flash flood
potential (see e.g., Belville et al., 1980; Maddox and Dietrich, 1981; Howard and Doswell,
1983). In essence, there are circumstances when storms which have high rainfall
potential are also capable of episodes of severe weather. Severe events are most
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frequent early in the development of a multicellular complex or squall line, before the
cells have had much chance to interact. As the squall Tline or complex "fills in", the
severe weather threat diminishes and heavy rainfall is the common feature. Some
potential for severe weather remains, even well into the Tife cycle of these extended
thunderstorm structures, whenever a particular cell is observed to be favored (see, e.g.,
ITI.E.3.b). Obviously, the forecast problem is seriously magnified when the potential for
both severe weather and flash flooding is present.

B. The Mesoscale Convective Complex

Perhaps the most common heavy rain-producing situation in the central U.S. occurs
in association with what Maddox (1980) has called the Mesoscale Convective Complex
(MCC). These are, classically, a warm-season phenomenon. It was not until
geostationary satellites provided continuous, enhanced-infrared images over a period of
years that the MCC occurrence frequency became apparent. This phenomenon is
described in detail by Maddox (1980), Fritsch and Maddox (1981), Maddox et al. (1981) and
Maddox (1983).

In essence, it has been found that much of the Tate-spring through fall thunderstorm
activity in the central U.S. 1is associated with MCC's. The MCC arises through the
combined effects of many individual storms, often producing a system Targe enough
(meso-alpha scale) to be detected by conventional rawinsonde data,

Early in its development, the MCC's component thunderstorms are relatively
isolated and the severe weather threat is at its highest. At this time, the developing
storms are indistinguishable from multicell or supercell complexes or squall Tines. Under
favorable synoptic conditions, described by Maddox (1983), the net effect of the
convection is to produce a persistent circulation, organized on a much larger scale than
the individual elements. In its mature phase, this circulation is characterized by a large
mass of rain-cooled air and a "bubble" high at Tow levels, a meso-alpha scale region of
rising warm air at mid-tropospheric levels, and a strongly divergent, cold air pool at the
highest Tevels (Fig. 5.4).

MCC circulations are both large and persistent. As long as the MCC has a source
of inflowing moist, unstably stratified air, it continues in its mature phase. Dissipation
usually occurs when the complex moves away from its source of such air. Synoptic-scale
forcing in MCC cases is often rather weak in middle and upper tropospheric Tevels.
Instead, the dominant synoptic scale feature is strong, low-level warm advection (Maddox
and Doswell, 1982), often associated with a Tow-level jet stream. This setting provides
the system with the needed continuing influx of CAPE and moisture, as well as the Tift
needed to generate new convection.

Because of the typically weak upper flow structure, MCCs may move rather
slowly. Further, the environment typically is consistent with that described in Maddox et
al. (1979); i.e., a deep layer of high relative humidity and weak vertical wind shear. This
combination of circumstances makes the flash flood threat quite high in MCC cases, as
discussed previously. The effect of the meso-alpha scale circulations is to enhance
and/or maintain the flash flood potential for the duration of the episode.

It should be noted that under stagnant synoptic conditions (common during the
warm season), MCCs (or other heavy rain-producing storms) can occur over the same
region on more than one day in succession. The soaking of the region by previous heavy
rainfalls often plays a crucial role in determining the flash flood potential of a given
event (e.g., Hales, 1978). This factor can turn an already serious situation into one of
high disaster potential.
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Figure 5.4 Example of influence of MCC on upper level flow, superimposed on satellite
image. Dashed line corresponds to isotach value of 20 m s..

C. Convective Systems in Strong Environmental Flow

In stark contrast to the rather benign settings for meso-alpha scale, cold-topped,
quasicircular MCC's, the spring or fall situations involving one or more rather fast-
moving Mesoscale Convective Systems (MCSs) can be characterized by all the features of
strong baroclinic weather systems. The MCSs involved may be MCCs, squall Tlines,
supercells, meso-beta scale complexes, and so forth. In effect, the "overall system" is
composed of a series of MCSs (perhaps of several different types). The individual MCS
plays a role roughly analogous to the individual convective cell in an individual MCS.
These situations are rather common in the spring and fall along the Gulf of Mexico
coastal states, but certainly occur at other times and places.

The primary difference between these and the warm-season systems is the strength
of the environmental flow. Rather than mid-tropospheric winds in the range of 20 kt (10
m s') or less, speeds of 100 kt (50 m s°!) are not uncommon. The common factors with
warm-season events are substantial CAPE and moisture. A sequence of satellite images
during one of these events is seen in Fig. 5.5, covering a period of 54 h! It is not difficult
to infer the synoptic pattern from this sequence of images. One sees the evidence of a
strong subtropical jet stream across Mexico and south Texas, with a series of substantial

Figure 5.5 Series of satellite images showing the evolution of a "super MCS" event,
involving a sequence of convective systems passing repeatedly over a confined area
during April 1983: (a) 0100 GMT 05 April, (b) 0900 GMT 05 April, (c) 1500 GMT 05 April,
(d) 2100 GMT 05 April, (e) 0100 GMT 06 April, (f) 0630 GMT 06 April, (g) 1500 GMT 06
April, (h) 2100 GMT 06 April, (i) 0000 GMT 07 April, and (j) 0700 GMT 07 April.
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shortwave troughs moving east-northeast from Arizona and New Mexico through the
period. As the shortwaves move out, a cold front passes rapidly across Texas and then
sTows down, becoming quasistationary in Louisiana and Mississippi. Given this situation
and the time of the year, it is easy to infer that mid-tropospheric winds are strong but
early parallel to the front along the Gulf coast.

This situation produced a sequence of convective systems of various types, passing
repeatedly over Louisiana and Mississippi. Storm Data reveals that flash flooding, river
flooding, and severe weather (including tornadoes, hail, and high winds) resulted, with
four fatalities from flash flooding in Mississippi. There were 15 counties in Mississippi
declared disaster areas.

Thus, even when the component MCSs are relatively fast-moving, the setting can
create a quasistationary event. Clearly, the slow-moving synoptic scale front interacted
with outflow boundaries Taid down by the pre-frontal convection. Strong flow of moist,
high-CAPE air off the Gulf of Mexico supplied prodigious amounts of moisture for
widespread heavy rain, with 1local amounts reported up to 14 1in as embedded MCSs
passed through the overall system.

Such systems can be thought of as a sort of "super MCS," although a detailed study
of this class of event has not yet been done. Belville and Stewart (1983) have discussed a
localized pattern which appears to fit this model. The example in Fig. 5.5 serves to
illustrate the opposite extreme from the rather innocuous synoptic scale setting of a
classical MCC. It is not hard to imagine various intermediate forms and variations on
the theme. Some of these are mentioned briefly in the next section.

D. Other Types of Quasistationary Convective Events

Some schematic examples of synoptic patterns conducive to slow-moving
convective systems are provided by Chappell (1984), although it is not an exhaustive
classification. One factor which may be an important controlling influence in producing
slow-moving convective systems 1is topography. There are numerous well-documented
examples of this (see, e.g., Maddox et al., 1978; Caracena and Fritsch, 1983; Huang and
Schroeder, 1983). It may be proper to consider the role of topography to be one of
providing a fixed source of 1ift which, under the right circumstances, produces the
propagation needed to make systems quasistationary. Clearly, topography may be the
single most important factor, as perhaps is the case for flash flood events along the
Pacific Coast (which may not even be characterized by much CAPE in some situations),
and in mountainous terrain.

As pointed out by Grice and Ward (1983), tropical cyclones can create the right
environment for heavy precipitation, providing the synoptic pattern which is appropriate
in the sense we have described. The case presented by Caracena and Fritsch (1983) is
one which includes the effects of a tropical cyclone, as well as being influenced by
topography.

Scofield and Spayd (1983) have pointed out that the majority of flash flood events
in the eastern U.S. are not associated with classical MCC events. Their classification
system suggests that extratropical weather systems are often present, but clearly the
resulting MCSs are not fast-moving despite the relatively strong synoptic situation.
Topography may well be an important factor, as well as the occasional tropical cyclone.
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E. Some Climatological Speculations

Although data exist to produce it, a study comparable to those done for severe
thunderstorms providing a climatological evaluation of flash flood events does not yet
exist. The available climatological information tends to be rather region-specific (e.g.
Maddox et al., 1980b; Guttman and Ezell, 1980). In many such studies, the climatological
data base is rather limited, since the historical record is not usually the main thrust. Of
course, numerous statistical examinations of rainfall exist (e.g., Rao, 1981), but these
tend to be rather esoteric applications of statistical models, especially concerned with
mean recurrence intervals (e.g., the so-called "100-year event").

Further, the climatology of heavy precipitation is not necessarily identical to that
of flash floods, owing to a variety of factors (e.g., rainfall rates, topography of the
basins, prior rainfall history, etc.). What is even more distressing is the rather arbitrary
boundary drawn between flash floods and river floods (Barrett, 1983). Clearly, as the
example of a "super MCS" (above) shows, both river floods and flash floods can occur in
the same event.? Finally, many of the problems with climatological data for severe
thunderstorm events also plague the record of flash flood events (i.e., population density
biases, uneven reporting procedures, improper perception of the event, etc.).

In any case, we can speculate a hit about the national picture of flash flood
climatology, based on the rather uneven climatological analyses available. It is tempting
to suggest that the seasonal variation of flash flood events is roughly comparable to that
of convection itself. Naturally, there are some obvious cautions to be stated in using
this concept. There is reason to believe that regional variations in the climatology
exist. For example, on the Pacific Coast, convection is far more common in the cool
season, at least in a relative sense, so synoptically-driven convection, with flash flood
potential, may depart from the national trend (Dias et al., 1980). As suggested above,
the Gulf of Mexico coastal region may have more persistent, slow-moving, intense
rainfall events in the spring and fall. The mountainous areas of the country are most
likely to have heavy rain events in the summer or early fall. These do reflect regional
variations in the seasonal frequency of convection, to some extent.

Where warm season convection predominates, the tendency for nocturnal heavy
rain is well known (Maddox et al., 1979). When convection is driven by synoptic-scale
processes, the predominance of nocturnal events is usually less clear. Complicating the
study of the diurnal variation is the fact that the rainfall is spread out over a period of
hours, with fluctuations in rainfall rate superimposed on the overall storm intensity,
whereas severe storm events are usually brief enough to be considered instantaneous, for
climatological purposes. It is the combination of rainfall rate and duration which creates
flash flood potential, so an event which begins during daylight may proceed well into the
night (and perhaps into the next day!).

2 The normal situation is for flash floods to develop in the tributaries, with river
flooding resulting from widespread heavy rain, which includes the localized flash flooding.
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VI. Computer Simulations of Convective Storms

The principle of science, the definition, almost, is the following: The test of all
knowledge is experiment....Experiment, itself, helps to produce these Taws [to be
tested], in the sense that it gives us hints....The third way to tell whether our
ideas are right is relatively crude but probably the most powerful of them all.
That is, by rough approximation.

-- Richard Feynman, Lectures on Physics

With the advent of digital computers in the 1950s, it became possible to solve
detailed mathematical models of processes involving convection, as well as large-scale
weather systems. The major value in developing computer solutions to a set of equations
related to convection is the ability to control the conditions. Real clouds are far more
complex than even our mathematics can describe, but we derive value from the process
by being able to test our hypotheses about clouds in a controlled, even if simulated,
"environment". The models are not real clouds, but contain enough reality to teach us
about convection.

In essence, parcel theory is a simple mathematical convection model, for which
non-numerical solutions can be obtained. Prior to the development of computers, it was
simply impossible to solve the equations applicable to more complex models than parcel
theory. Numerical solutions to the equations are, in actuality, only approximations (as is
the case with large-scale forecast models!), but these approximations can, in principle,
be made arbitrarily close to an actual solution of the equations. One should also be
aware that the equations are approximations, as well. Our physics and mathematics do
not yet contain all of reality -- for example, there is no known mathematical description
of turbulence. Yet, turbulence is so important in the physics that models must include
some sort of approximation to the process in order to work at all realistically. The most
essential element of any model (numerical, mathematical, conceptual) is simplification --
to contain all of reality is, in some sense, to be reality.

It is beyond the scope of this work to provide a comprehensive review of numerical
convection models. We provide only a brief sketch of how the numerical simulations
have evolved and make some guesses about where they are headed in the near future. A
detailed treatment of convection models can be found in Anthes et al. (1982).

Broadly speaking, convection models can be grouped by the number of spatial
dimensions explicitly used in the simulation, by whether or not the model assumes
steady-state conditions, and by what physical aspects of the convection process are
emphasized. No complete description, incorporating all the elements involved in
convection, is being attempted. Nor is such an all-encompassing model feasible in the
foreseeable future. Instead, convection models are designed to consider some specific,
limited set of elements. The choices made as to what elements are to be incorporated
depend on the modeller's interests and, especially, the modeller's resources.

A. One-Dimensional Models

The first convection (or "cloud") models were not particularly far removed from
pure parcel theory. That is, they considered only the vertical equation of motion. In
order to reduce the problem of convection to one dimension (i.e., "1-d"), a host of
restrictive assumptions must be made. The 1-d cloud models have been mentioned 1in
II.A.2 to a limited extent, during the discussion of "bubble" versus "plume" convection.
Both are steady-state models, which consider the forces following a rising parcel of air
(i.e., Lagrangian), but each parcel is treated the same as any other. In such models,
entrainment is usually made inversely proportional to the cloud radius (where radius is a
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variable carried by the model, rather than an actual physical dimension). Examples in
addition to those already mentioned can be found in Weinstein (1970), Simpson and
Wiggert (1969), and Warner (1970).

Those 1-d models which are time-dependent usually take an Eulerian viewpoint, it
which motions are followed along a line of vertically distributed (but fixed) grid points.
In such approaches, the governing equations are horizontally averaged to eliminate the
other spatial dimensions -- such models are referred to as "1 1/2-d models".
Entrainment in these models is treated somewhat differently, since the averaged
horizontal motion (allowing for relative inflow/outflow) is included, as well as lateral
mixing at the boundary of the cloud. Examples include the models described by Wang
(1968), Weinstein (1970), and Lee (1972).

One might be inclined to consider 1-d models of only limited usefulness, owing to
the extremely restrictive nature of the necessary assumptions. In many senses, this is
true. However, by creating a cloud model which has many essential dynamical
characteristics of convection within a very economical framework, it is possible to
concentrate on other aspects of convective physics in great detail. For example,
Danielson et al. (1972) and Ogura and Takahashi (1971) have used 1-d cloud models which
include very sophisticated cloud microphysical effects. Also, Kreitzberg and Perkey
(1976) have used a 1-d model to account for convective effects embedded within a
regional (mesoscale) forecast model. Thus, the 1-d model has a continuing use, in spite
of its obvious limitations in convective simulations, proper. See Simpson (1983d) for a
recent review of problems and applications of 1-d cloud models.

B. Two-Dimensional Models

The next logical step in convection modelling is to two spatial dimensions (2-d).
Such models can also be broken down into steady-state (or, "diagnostic") and time-
dependent models. However, since relatively few diagnostic models have been developed
(examples include Moncrieff and Green, 1972; Kessler, 1969), this distinction is of Tless
importance. The most significant characteristic of 2-d models 1is how the second
horizontal dimension is suppressed. This is done by assuming symmetry, in two different
ways. One is called slab symmetry, the other is called cylindrical symmetry -- these are
illustrated in Fig. 6.1. As shown in Fig. 6.1a, the slab-sym metric model is assumed to lie
in an (x,z) coordinate framework, and to have no variation along the y-direction. This
symmetry assumption is probably most appropriate for squall Tlines (see Sasaki, 1959;
Hane, 1973) but has been used in a wide variety of other contexts (e.g., Liu and Orville,
1969; Takeda, 1971; Schaefer, 1974; Williams, 1967).

Cylindrical symmetry, as shown in Fig. 6.lb, assumes no variation in properties
with azimuth angle (6), so it is in a (R,z) coordinate system. Models cast in this
framework are probably most valid for cumulus clouds (e.g., Ogura, 1963; Lilly, 1964;
Ogura and Takahashi, 1971; Wilkins et al., 1974). Naturally, such a system has also been
used in other contexts, notably hurricanes (see e.g., Ooyama, 1969; Rosenthal, 1978).
Schlesinger (1983a) has compared cylindral and slab-symmetric models with respect to
their weak and strong points.

In applications, 2-d models are especially useful for situations where their
symmetry assumptions are most applicable. Since the assumptions are less restrictive
than for 1-d simulations, a broad range of useful applications is possible. However,
perhaps the most common recent use for 2-d models is as a test bed for ideas to be
explored more fully with 3-d models. As with 1-d models, since the 2-d framework is
computationally economical, complexities such as microphysics, entrainment hypotheses,
viscous parameterizations, etc., can be tested in a rather realistic model situation
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without involving all the computer resources needed in a 3-d model. For examples, see
Orville and Chen (1982), Schlesinger (1973), Wilhelmson and Ogura (1972), or List and
Clark (1973).

In addition, certain exploratory studies dealing with basic concepts of convective
storms were done first via 2-d models. For example, Takeda (1971) was among the first
to achieve a quasi-steady state cloud simulation, a milestone in studying severe storms.
Miller (1974) has examined the validity and applicability of hydrostatic balance in
convection with a slab-symmetric 2-d model. Microphysical interactions with 2-d
convective circulations have already been mentioned. The influence of terrain has been
studied in a 2-d system by Orville and Sloan (1970). The numerical simulation of squall
lines continues to be quite productive within the 2-d framework, as seen in Thorpe et al.
(1982).

C. Three-Dimensional Models

Many of the aspects of convection require a fully 3-dimensional simulation. As
we have seen (III.F.2.e, above), supercells most frequently occur within environments
having both directional and speed shear. Deduced circulations in such storms are clearly
asymmetric, as are the spatial distributions of all the variables. Thus, it has been a long-
awaited goal of convection modelling to achieve a full 3-d simulation. During the past
decade, this goal finally has been realized. Schlesinger (1982, 1983a) has given an
excellent summary of 3-d modelling and some of the motivations for adding the third
spatial dimension (i.e., weaknesses of 2-d models).

WhiTle computer resources to develop a 1-d or 2-d model are within the grasp of

most research facilities, a 3-d simulation requires much more computing power than
most facilities possess. Thus, 3-d modelling has been done by relatively few. Even with
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the enormous power of today's supercomputers, 3-d model runs are barely capable of
simulating convection in a near-real time fashion -- i.e., it takes on the order of an hour
to simulate a thunderstorm process of, say, 2 h real duration. Two major efforts in 3-d
storm modelling are at the University of Wisconsin (Schlesinger, 1975, 1978, 1980, 1983b)
and jointly at the University of Il1linois and the National Center for Atmospheric
Research (Wilhelmson, 1974; Klemp and Wilhelmson, 1978a,b; Weisman and Klemp, 1982,
Droegemeier and Wilhelmson, 1983).

To summarize the state of convective simulations to date, it is safe to say that
considerable progress has been made. When comparing model storms with observations
(Schlesinger, 1982; Klemp and Wilhelmson, 1978b; Klemp and Rotunno, 1983; etc.), the
models have become remarkably realistic. Such processes as mesocyclone development,
storm splitting, and redevelopment of new convection have all been demonstrated in the
simulations.

To illustrate how far the simulations have advanced, consider Figs. 6.2-6.7,
which show some of the variety of solutions obtained, as a function of the wind profile
characteristics. All these model runs have the same CAPE, and are initialized in the
same fashion. Figure 6.2 is for a weak-shear environment, which produces a short-Tived
multicell storm.

In Fig. 6.3, the hodograph has twice the shear strength of that in Fig. 6.2, and the
result is a storm closely resembling a supercell at the end of "a line of multicellular
storms. When the hodograph is a straight 1ine between 2.5 and 5.0 km, as in Fig. 6.4, the
simulation resembles a splitting storm pair, with the right-moving cell slightly
dominant. This trend continues in Fig. 6.5, where the straight-1line hodograph extends to
7.5 k m.

For Fig. 6.6, the shear is strong, but only in a shallow Tayer (to 2.5 km). This yields
an evolution which Tooks like a squall Tine. Note that the surface gust front ends up well
in front of the echoes. With the same profile as in Fig. 6.6, but with 50% more shear
strength, a squall line develops which is substantially stronger, and is beginning to show
some "bow echo"-Tike features (Fig. 6.7). In this latter case, the gust front is much
closer to the storm cores.

Numerical storm models allow researchers to Tlearn more about how the basic
factors present in convective weather interact to produce observed effects. Concepts of
how these interactions proceed can be tested and revised. Further, it has recently been
proposed that Doppler wind observations can be combined with model equations (e.g.,
Bonesteele and Lin, 1978; Gal-Chen, 1978; Hane et al., 1981) to yield information about
unobserved variables within the storm, like pressure and temperature. This may allow
scientists to understand how the pressure and temperature fields inside a thunderstorm
evolve and produce the observed changes in the flow field.

As progress in the technology of computers proceeds, it should be possible to
include more and m ore realistic physics into the models. For example, most model storms
are "kicked off" by physically unrealistic initial conditions -- usually a warm (and/or
moist) "bubble" at Tow Tevels. This may eventually give way to a more realistic initiation
by Tow-Tevel convergence on a scale much Targer than the storm itself. Thus, it may be
possible to calculate more explicitly how the storm is influenced by its complex
mesoscale environment (and vice-versa). Since it often is observed that storms are
modified by pre-existing mesoscale phenomena (not Jjust those produced by other
convective storms), this is an important facet of the simulation process, but which has
yet to be explored.
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Figure 6.2 Numerical simulation of convective storms developing in an environment with
a hodograph as indicated in upper left. Successive pictures of the storm are at 40, 80,
and 120 min into the simulation. Solid contours are of rainwater (roughly akin to radar
reflectivity) at 2 g kg'! intervals, shading indicates mid-level (4.6 km) updraft exceeding
5 m st, while the frontal symbols are applied to the gust front (defined in the model by
the -1°C temperature perturbation). The path of each updraft is indicated by a dashed
line, while the numbers plotted at the updraft centers represent the maximum vertical
velocity with the cell at the given time (from Weisman and Klemp, 1984b)

Further, many details of the tornadogenesis process remain only poorly
understood. Observations (e.g., Lemon and Doswell, 1979) have been unable to resolve
which, if any, of the crop of currently existing theories are valid, or upon what
circumstances their validity depends. Newer, more complex 3-d models may provide
important clues (see e.g., Klemp and Rotunno, 1982).
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Figure 6.3 As in Fig. 6.2, with a different hodograph, as indicated in upper left corner.

R=1656

Figure 6.4 As in Fig. 6.3.
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Figure 6.5 As in Fig. 6.3.

R=34

Figure 6.6 As in Fig. 6.3.
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Figure 6.7 As in Fig. 6.3.

D. Discussion of Modelling Results

Several times in the chapters above, attention has been drawn to aspects of
convection which have been especially difficult to resolve without numerical
simulation. These include: origins of tornadic vorticity, storm motion, and interactions
between the convective circulations and their immediate environment. The nature of
these issues (and others, of course) makes it very difficult to use "thought experiments"
to provide answers to the questions. The reason that thought experiments have proven so
ineffective is that the physical processes involve complicated, nonlinear interactions.

As an example, consider the pressure effects within convective systems. These
have proven quite difficult to observe, so we have Tittle direct evidence about how
pressure is distributed within and near convection. It is tempting to "assume the problem
away" -- i.e., to assume that the nasty things we don't observe aren't important. Yet, we
have indirect evidence (e.g., the 1ifting of negatively buoyant air at low levels in a
supercell) that such an assumption is not always valid. Weisman and Klemp (1984a) have
found, for instance, that in supercell-Tike storm simulations, the dynamic pressure
effects can contribute more to parcel vertical motion than buoyancy! It is difficult to
imagine how quantitative evidence of this important process could have been obtained
without numerical simulations.
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Notions of how storms move have been profoundly changed by having realistic
convection models. We have drawn attention to the "obstacle" model and suggested that
it is not entirely satisfactory. Once again, just thinking about the problem has not
provided us with the quantitative justification (or refutation) of the obstacle model. By
using the simulations to evaluate the quantitative impact of the various physical
processes, it has been possible to replace the obstacle model with one which is consistent
with the observations but which is also physically plausible. This improved model has
been presented by Rotunno and Klemp (1982, 1985). By moving parcels vertically, the
convection sets up momentum gradients which, in turn, produce dynamic pressure
forces. At certain levels in the storm, the result is flows which look 1ike flow around an
obstacle, but which arise in a rather different manner.

Similarly, the numerical simulations have suggested that the rotating obstacle
model also has limitations in explaining deviate storm motion. Once again, the behavior
of simulated storms suggests that the coupling of rotation and vertical motion can induce
dynamic processes which give storm motions appearing to result from "Tift" owing to a
rotating obstacle.

Finally, theories of tornadogenesis have evolved considerably in recent times as a
result of modelling efforts. Once scientific thought moved beyond the simple
convergence of ambient vorticity model, the range of possibilities became rather wide.
While the visual and Doppler radar observations could be used to make suggestions, it has
been the numerical simulations which have allowed a gradual sifting and winnowing of
those ideas. The process of establishing a completely satisfactory theory of
tornadogenesis is not yet finished, and may never be, of course.

Interestingly, once theories have been tested via numerical simulations which
include complex, nonlinear processes, it often is possible to construct relatively simple
new theories. That Tinear theory can evolve from nonlinear computations is an important
side benefit of numerical simulation. It is hard to think in nonlinear terms --that is why
the "thought experiment" can be misleading (although not without value). Given a better
understanding gained from the quantitative experiments, it may be possible to capture
the essence with a Tinear theory and so provide new insights. Naturally, the whole
process can work the opposite way, going from simple theory to the more complex.

Numerical models are probably most wisely used in an interactive mode. That is,
they can be employed to test theories and to imply how to go about making observations
to verify those theories (e.g., see Schlesinger, 1983b). Then, with the theories in mind
and the model simulations in hand, new observations can Tead to improvements and
modifications in the numerical models. This is, in effect, how the scientific method
works -- a constant interplay between models (numerical, theoretical, conceptual, etc.)
and observations which allows the continuing refinement of both to produce ever deeper
understanding.
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VII. Thunderstorm Electricity

A dark and most dismal cloud...occasioned the most awful sensations in the
minds of the most hardy and courageous; our zenith and horizon was almost
as dark as at midnight, the 1lightning streaking the clouds and frequently
piercing the earth....The Tightning struck a number of buildings, set fire to
a barn or two and consumed them to the ground; a dwelling house belonging
to Mr. Rower, was pierced by the Tightning and considerably injured; Mr.
Rower very narrowly escaped the flash; the shock struck him down,
unfortunately falling on a wash tub, was considerably hurt....It is earnestly
hoped that the inhabitants of this village, will take warning and guard
themselves against T1lightning, that dreadful element, by furnishing their
buildings with lightning rods....

-- New York Post, 11 July 1808

A. Charge Production and Separation

Lightning, and the thunder which results from it, are the basic elements which
distinguish a thunderstorm from a shower.! Electrical effects can be seen under a wide
variety of circumstances (dust storms, volcanic eruptions, static discharges when walking
across a rug, etc.). However, by far the most common form of significant atmospheric
electricity is lightning produced by thunderstorms. Large static charges are developed in
association with the processes involved in convection. These static charges result in
large electrical fields. Once the gradients become strong enough, the normally insulating
properties of the atmosphere break down and a lightning flash occurs.

Why do such Targe charge build-ups occur almost exclusively in convective
storms? This is equivalent to asking how convection produces such concentrations of
electrical charge. Perhaps somewhat surprisingly, a completely satisfactory explanation
remains elusive. There is a variety of competing theories which seem to apply under
certain circumstances (Lhermitte and Williams, 1983) and it may well be that most, if
not all, such theories are valid under appropriate conditions.

It is neither possible nor desirable to detail here these competitive theories for
thunderstorm electrification. Rather, this work outlines briefly what is observed and
takes what is hoped to be a reasonable middle ground in explaining the observations.
Review articles concerning thunderstorm electrification can be found in Moore and
Vonnegut (1977), Uman (1969) and Lhermitte and Williams (1983).

The logical place to begin is the so-called "fair weather electrical field". Even in
the absence of convection, there exists an atmospheric electrical field. Basically, the
earth's surface is negatively charged with respect to the atmosphere, so by convention
the field points downward (from positive to negative). A weak electrical current results
from this field. It is weak because the atmosphere is a good insulator (low
conductivity). Near the surface, the electric field is over 100 v m, decreasing to about
5 volts m! at 10 km heights. The fair-weather current stays roughly constant with
height since the conductivity increases with height while the electric field decreases.
These findings are shown schematically in Fig. 7.1.

! The use of the term "thundershower" is hard to understand. Huschke (1959) does not
include it and it is not at all obvious how it differs from thunderstorm". It is widely
perceived as a weak thunderstorm, but the distinction is not clearly defined. Its use is
heartily discouraged.

193



]
]

Figure 7.1 Schematic representation of the
various parameters of the atmosphere's fair
weather electrical state as a function of
elevation (from Johnson, 1954, p. 290).
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As convection develops, clouds are observed to become electrified near the time
precipitation forms (Moore and Vonnegut, 1977). Visible flashes usually commence near
the same time, Tate in the towering cumulus stage in cell growth. Note that some time
(several minutes) may elapse before the onset of precipitation at the surface, so flashes
often begin before surface precipitation is observed. This suggests that the mechanisms
of charge separation which produce the Targe electrical fields in thunderstorms depend in
some way on the precipitation particles within the cloud. It is also noteworthy that
stable precipitation associated with synoptic-scale (weak) vertical motions normally is
not accompanied by lightning and thunder. That is, the strong up- and downdrafts in
convective storms must somehow enhance the charge separation process accompanying
the formation of precipitation. On the other hand, intense precipitation is not always
accompanied by lightning activity.

Convection in the tropics, where the entire depth of the cloud may be at
temperatures above freezing, also can produce lightning. However, the most electrically
active convection seems to occur with mid-Tatitude thunderstorms, where the upper
portions of the cloud are well above the freezing level. Observations of the charge
distribution in a thundercloud are summarized in Fig. 7.2. The upper portion generally
is positively charged while the Tower 1is mostly negative. There are some Timited
observations of a low-level center of positive charge in (or near) the area of heaviest
precipitation.

Recently, Rust et al. (1981) have documented the occurrence of cloud-to-ground
(CG) Tightning strokes that carry positive charge to ground, in contrast to the more
normal CG strokes that lower negative charge. Their observations in severe storms are
that the CG flashes in the rain area are almost invariably negative, but that positive
CG's can occur from the wall cloud (which is often near the precipitation core), and from
the anvil. Figure 7.3 sum marines these findings. Such observations suggest that the
charge distribution can be considerably more complex than implied by Fig. 7.2.

Upon examination of Fig. 7.2, one notes that the ground takes on the opposite
charge to that at the storm's base. The presence of the charges at cloud base (usually
negative) repels the same charge at the surface, Teaving a surplus of the opposite charge
at the ground. This is called charging by induction. That is, the presence of a charged
body induces a region of opposite charge (by repulsion of similar charges), when the
bodies are brought together.
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Figure 7.2 The distribution of electrical charges in a mature thunderstorm cell (from
Byers and Braham, 1949).
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Figure 7.3 Sketch of observed locations and polarities of CG flashes from severe
thunderstorms. The spiral denotes the region of intense updraft and rotation. Only
negative CG flashes have been observed in the precipitation core. The +(CG flashes seem
to constitute only a very small percentage of the total flashes to ground (from Rust et
al., 1981).

It is generally accepted that the net negative charge at the surface and the fair
weather field are the result of world-wide thunderstorm activity. This activity is
dominated by CG strokes which carry negative charge to ground. One hypothesis about
the mechanism of charge separation in a thundercloud is that the fair weather field
induces charges on precipitation particles, which are then separated by collisions and
particle shattering in the cloud. This is the induction hypothesis.

The main competing theory to induction is a non-inductive one. Charge separation
in a non-inductive process requires the existence of ice phase precipitation particles.
While the details are not described here, non-inductive charging depends on the physical
properties of ice, especially as ice particles interact with Tiquid water or other ice
particles.
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So which one is responsible? As with many questions of this sort, the answer (as
proposed by Kuettner et al., 1981; see also Latham, 1981) seems to be that both are
correct. Certainly, the non-inductive process cannot produce thunderstorms in clouds
which remain below the freezing level. Further, the non-inductive mechanism alone
seems incapable of producing fields strong enough to result in 1lightning discharges
Rather, it appears that in cold clouds (i.e., those which penetrate the freezing level) the
inductive process operates on charges produced in part by the non-inductive mechanism.
This explanation seems to allow fields of the observed strength to develop in time periods
comparable to what is seen in real storms. Combining the inductive with the non-
inductive charging mechanisms seems to be a reasonable hypothesis. However, charge
production in warm clouds (those without ice phase particles) is not accounted for by this
hypothesis. Clarification awaits further research in this area.

B. The Cloud-to-Ground Lightning Stroke

The actual discharge of electricity which relieves the very large charge build-ups is
a fairly complicated process. Krider and Alejandro (1983) have given an excellent
summary of the process. It has been noted that air is not a very good conductor of
electricity. The very strong voltage gradient Titerally seeks the proverbial "path of least
resistance". Consider the typical situation of a negatively charged cloud base over flat
terrain with a positive charge. When the electric field reaches breakdown strength
(about 106 v m''!), a step leader (Fig. 7.4) begins.

s/

7F : g
/+//+/+E;RT+£+ VAR Figure 7.4 The formation of the "step

leader” (from Feynman et al., 1964).

The step leader is essentially a cascade of charged particles (called a "plasma" by
physicists), which moves downward rather quickly --roughly 2 x 10° m s'. However, its
downward movement is in fits and starts. Typically, the step leader travels about 50 m
at a time, pausing for about 50 x 10°% s (50 us) before starting again. This process is
generally invisible to the naked eye, in part because of its speed and also because the
step leader is not very bright -- the total charge carried by the step leader is not
great. The step leader may branch several times, seeking a path of minimal electrical
resistance. Most of these branches never reach the ground.
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As it approaches the ground, a surface-based Teader rises up to meet the step
leader. There may be more than one such surface-based leader and it is not obvious
which may be the one to join the step leader (Krider and Alejandro, 1983). When they
meet a short distance above the surface, the circuit is completed. Then, the return
stroke can occur (Fig.7.5) and the enormous potential is released by charge running along
the path created by the step leader. The return stroke propagates along the path very
quickly — roughly 108 m s°!. Owing to the huge voltages involved, this creates
tremendous heat and light. In physical terms, the return stroke is a wavefront with very
high field strength, which carries ground potential (+) up the step leader path. The
excess negative charge of the leader channel is Towered to earth in the conducting
channel left in the wake of the return stroke (see Uman, 1969, p. 8).

Figure 7.5 The return lightning stroke runs
back up the path made by the leader (from
Feynman et at., 1964).
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In many lightning strokes, there are several flashes along the same path, sometimes
as many as 20 or so, but usually around 2 to 5 times. In multiple strokes, a dart leader
comes down after the first return stroke. It travels very quickly because the path
created by the step Teader and first return stroke is still the easiest path. When this dart
leader touches the surface, another return stroke flashes along the path. The time
between these strokes varies from 20 to 200 ms. If the intervals are long enough and
there are several strokes, the unaided eye can see the Tightning flicker.

Naturally, 1lightning discharges also take place from one part of the cloud to
another, from within the cloud out into the air surrounding it, and often spectacularly
within and from the anvil cloud. A1l of these result from complexities in the charge
distribution. Intracloud flashes do not appear to involve currents as large as those to
ground.

C. Storms and Lightning

1. Observations

The following represents the accumulation of many years of my personal storm
observations. As such, it is not intended to represent any conclusive scientific
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viewpoint. Rather, the discussions are intended to familiarize the readers with these
observations. I have been interested in 1lightning photography, which allows one to
document the gross observations of how Tlightning is distributed in thunderstorms. Of
course, the internal flashes (or the intracloud portions of flashes) are not precisely
located with respect to the storm, compared with flashes exterior to the cloud.
Basically, lightning photography is accomplished by holding the camera's shutter open
until one or more flashes are recorded -- exposure factors are determined by
experience.?

A developing thunderstorm is relatively inactive with Tightning --it is not until the
early mature stage that Tightning becomes frequent. Usually, the first Tightning is within
the cloud at relatively great heights. These flashes are useful in that they reveal the
cloud structure, but flashes outside the cloud are infrequent, as are CG strokes.

After attaining the mature stage, CG flashes increase rapidly. They tend to cluster
within and near the precipitation region. W hen observing the storm from relatively great
distances, CG strokes may be observed to Teave the cumulonimbus storm tower at fairly
high levels, travelling downward mostly outside the cloud (Fig. 7.6). They can also reach

Figure 7.6 Cloud-to-ground lightning bolt from upper portion of cumulonimbus tower,
striking well behind the precipitation area. View is toward the east at a retreating line
of storms — note new, dark tower to the right of the lightning stroke, which has yet to
produce any visible flashes.

2 With ASA 64 film, a good starting point for CG strokes at a distance of a few miles is
f4.0. Inexperienced photographers should bracket their exposures over a wide range, until
their experience level increases to the point where they can estimate the exposure to
within about one and one-half stops. Such an estimate is within the exposure latitude of
ASA 64 film. When the flashes are at great distance, tungsten-balanced film can be used
to compensate for haze reddening.

198



from the anvil to the ground, even well ahead of the precipitation area. In severe storms
with wall cTouds, there may be relatively frequent CG flashes near or from the wall cloud
or along the flanking line. Experience suggests that strokes which appear as extremely
bright, short duration strokes often have considerable branching in the photographs (Fig.
7.7). Such flashes are called "staccato" flashes by Arnold and Rust, 1979).3 Regions of the
storm where CG stroke activity begins tend to remain active for periods of 10 min or more.

As the storm enters Tate maturity, the CG activity tends to diminish. Intracloud
flashes tend to maintain a more or Tless constant rate through the mature phase, so
intracloud activity tends to dominate the Tlatter stages of storm maturity. A fairly
reliable (but not infallible) sign of the entrance into the dissipating stage is the
occurrence of Tlong-duration lightning flashes which propagate great distances entirely
within the anvil region. These can be quite spectacular (Fig. 7.8), but tend to be
relatively infrequent. On occasion, an extension of these Tong flashes within the anvil
may reach down to the ground.

Because of the relatively unadvanced nature of the science of atmospheric
electricity, amateur observations can still be of value (e.g., see Krider and Alejandro,
1983). This 1is especially true when those observations can be documented with
photographs.

Figure 7.7 Example of a cloud-to-ground lightning stroke with considerable branching. The
main channel is much brighter than the others. This was a "staccato” flash (see text).

3 Those strokes which "flicker" over relatively long periods (as described above) usually
photograph as a single main channel with Tittle branching evident.
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Figure 7.8 Lightning within the downstream anvil, late in the storm's life cycle.

2. Relationship to Storm Severity

There has been considerable speculation that severe thunderstorms, especially
tornadic ones, display unusual electrical phenomena, including more frequent Tightning
strokes, corona discharges, colored Tightning, etc. At one point, there was some belief
that electrical phenomena actually drove the tornado (see IV.E.4). Davies-Jones and
Golden (1975a) have discussed this issue and have "...cast doubt on theories which depend
directly on electrical energy for tornado production and maintenance." This discussion
prompted comments by Vonnegut (1975) and Colgate (1975) -- with replies by Davies-
Jones and Golden (1975b,c). Somewhat after this exchange of views, Vonnegut and his
colleagues (Watkins et al., 1978) concluded that "...although continuous current
discharges may occur in tornado vortices, the energy supplied...would not constitute a
major power source."

It is noteworthy that more recent data than that available to Davies-Jones and
Golden have suggested that the flash rates may well be quite high near the tornado/wall
cloud. This observation does not contradict the conclusions of Davies-Jones and Golden,
since tornadic wall clouds also are observed without this enhanced lightning activity. If
unusually high flash rates are to be a necessary condition for tornadoes, they invariably
must appear. Therefore, it probably remains safe to say that any unusual electrical
activity associated with a tornadic storm is the result of the storm's character and not a
controlling factor in storm behavior -- i.e., an "effect" rather than a "cause".

However, this does not answer the question concerning the quality and/or quantity
of storm electricity versus the severity of the storm. Is there, in fact, any such
relationship? If one reviews what has been Tearned about storm electricity, one fact
emerges: the electrification of the cloud depends heavily on updraft strength. For
example, synoptic scale vertical motion almost never produces thundering forms of
precipitation. Further, the existence of ice seems to be important in storm
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electrification, so the updraft has to be strong enough to penetrate the freezing level.
Also, the process of particle collision, which seems to be important in charge production,
is enhanced by the strong drafts in a severe storm. Finally, strong updrafts condense a
lot of water. The more precipitation particles available, the more effective the charging
mechanism (non-inductive, recall) which depends on those particles.

There are observations which support this, both quantitative and qualitative. Rust
et al. (1981) have pointed out the apparent differences in severe versus non-severe storm
electrical effects (Fig. 7.9). Thus, in the typical case, there is evidence in favor of
severe storms having enhanced electrical effects, and unusual phenomena certainly are
possible in the severe storm situation.
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Figure 7.9 Oversimplified depiction of apparent differences between very small
("airmass"”, nonsevere) storms and supercell, severe storms. Other differences are likely
(from Rust et al., 1981).

Having said all this, one should balance it with some words of caution. It is my own
observation that there seems to be some seasonal dependence in the level of electrical
activity. Storms in early spring may be quite severe and yet produce relatively Tittle
lightning. From late spring into fall, both severe and non-severe thunderstorms have a
tendency to produce frequent and/or intense electrical effects. Reasons for this are not
entirely clear and the quantitative measurements of the apparent seasonal variation have
yet to be done. Technology to do this is becoming available, and is mentioned below.
Assuming that this apparent seasonal dependence 1is real, then a given amount of
electrical activity is a poor measure of storm severity, except perhaps in an average
sense.

Further, non-severe (in the official sense: see III.B.1.) heavy rainstorms are often

quite prolific lightning producers. Some distinctly non-severe storms (including high-
based storms in mountainous terrain) can also produce spectacular Tightning.
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Some recent results (Holle et al., 1983) for storms in Florida show that CG
Tightning frequency* is not simply related to radar reflectivity. As seen in Fig. 7.10, the
frequency drops essential to zero above 56 dBz. This is a rather surprising result. There
is much work yet to be done, especially repeating the experiment in different
geographical areas.

Therefore, in summary, it can be said that storm electricity seems to have some
rough relationship to storm severity. However, such a statement must be tempered by
saying that considerable evidence exists for frequent exceptions to that rule. Thus,
"severe storm detectors" based solely on lightning activity are probably not to be relied
upon exclusively.
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3. Detection Techniques

As discussed, the thunderstorm cloud charging mechanism is still not completely
understood. Perhaps even more unsettling is the lack of factual information about the
spatial and seasonal distribution of electrical activity. What historical data we do have
depends on an observer actually seeing 1lightning and/or hearing thunder. Such an
observer does not provide quantitative data about flash frequency, but merely a
subjective assessment: occasional, frequent, or continuous 1lightning. Further, no
quantitative value is provided for how often CG strokes occur versus intracloud flashes.
Finally, the observer's ability to see lightning is 1imited by Tow-level clouds, haze, trees
or other obstructions to vision. Since many offices are located at airports, the observer
may miss hearing thunder because of aircraft or automobile traffic. Light from
habitation near the site can Timit the observer's capability to see flashes.

This situation is compounded by an ever-dwindling array of surface sites, and by
station closings after dark. There have never been very many sites over the vast portions
of the world covered by large bodies of water (oceans, the Great Lakes, etc.). Even on
land, Targe areas have such sparse populations that observations are not available (for
example, in mountain or desert regions, and rural areas).

# It is worth noting that CG flashes are not the whole story of convective electrical
activity. This is especially important to remember since much of the new ground-based
sensor technology is limited (as of this writing) to CG detection.
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In short, the actual distribution of thunderstorm activity is only dimly sensed. This
creates myriad problems and large gaps in our understanding as well as forecast errors.
It has been hinted already that there may well be a seasonal variation in the electrical
activity Tevel in thunderstorms. Are there year-to-year variations? What differences
exist in electrical activity in storms over high terrain, versus those occurring in the
plains, versus thunderstorms at sea? We have few answers to these and other questions
(see Orville and Spencer, 1979).

What is needed is a means to detect Tightning flashes in a quantitative fashion, at a
distance -- i.e., remote sensing. Preferably, such a technique would be able to sense the
difference between CG strokes and the other varieties, since CG flashes have the
greatest potential for damaging effects. Also, the method should account separably for
positive- and negative-to-ground strokes. Perhaps not well-known is the fact that the
technology to accomplish these objectives may already exist (Krider et al., 1980; Davis
et al., 1983; Christian et al., 1983). For example, an operational network (ground-based)
of CG Tightning detection devices has been developed for Alaska and the western third of
the United States (Vance, 1979). This system detects the electromagnetic radiation
emitted by CG lightning strokes in the radio frequency range (called "sferics"). Since
most CG strokes transfer negative charge to ground and, since the system can detect
such strokes, it can provide information about the distribution of such CG strokes. It has
become possible to distinguish those relatively infrequent positive CG strokes, as well.

Using optical wavelengths, satellite-borne Tightning sensors may soon be available
(Turman, 1979; Davis et al., 1983). Interestingly, such devices are capable of operating
effectively even in daylight! By virtue of their operation on satellites, it is entirely
possible that world-wide coverage shall one day be available.

The ideal system may combine information from both satellite-carried and ground-
based sensors. By doing so, it is possible that a really complete picture of Tightning
occurrence distribution will be available within the next several years. Immediate and
practical applications, as well as whole new fields of research are possible. Aviation and
agricultural interests are likely to be the immediate beneficiaries, but the whole field of
thunderstorm meteorology will eventually benefit from such observations.

Some exciting preliminary results are already available (e.g., Lopez et al., 1983;
Orville et al., 1983). Such studies have the potential to relate CG Tlightning occurrence,
frequency, and type to Targe-scale environmental conditions, as well as to details about
the storm (s) producing the activity. It should be anticipated that much new material will
result from the new Tlightning occurrence data. For example, Jjust having reliable,
complete data about Tightning could have a profound effect on thunderstorm forecasting,
since verification of thunderstorm forecasts has been keyed to questionable data (or
hypotheses about the data --e.g., thunder is uniquely associated with some threshold
radar reflectivity) in the past. Clearly, the future in this area Tooks very exciting.
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VIII. Concluding Remarks

The mark of the true professional 1in any field is a rich vocabulary of
patterns, developed through years of formal education and especially
through years of practical experience....The vocabulary-of-patterns notion
ought to...encourage all of wus to think hard about the value of
experimenting as opposed to merely detached study.

-- T.J. Peters and R.H. Waterman, Jr., In search of Excellence

This volume, Tike the preceding one, has dealt primarily with fundamental aspects
of convective meteorology. In order to present storm-scale meteorology, a wide range of
topics has been considered. Certain subjects, Tike precipitation physics, have been
examined at some length in order to provide the basic physical understanding of how
thunderstorms work. A classification scheme has been introduced for convective storms
-- this scheme allows the reader to make certain physical distinctions in the way storms
are organized. Hopefully, this allows one to infer how the storms behave.

It should be emphasized that convective storms the world over are governed by the
same basic physics. Since the reasons for a particular storm's organization depend on
Tocal conditions, the frequency of storm types varies considerably over space and/or
time. Nevertheless, the processes which occur 1in thunderstorms and the resulting
organization do not recognize any artificial boundaries. If conditions warrant, a
supercell which develops in a region where supercells are infrequent retains the basic
characteristics of a supercell. In fact, the supercell concept was first developed in Great
Britain, where such storms are decidedly rare.

Storm-scale analysis hinges predominantly on remote sensing, since conventional
networks don't provide the density of observations needed to define storm-scale
structures. The key to using conventional data for storm-scale analysis is basic physical
understanding -- the sparse conventional data provide checks and clues about how the
storm is organized. These should be compared with remotely-sensed data, keeping in
mind the models of storm structure we have developed.

The final step of operational meteorology is to put the material contained in these
first two volumes into a coherent picture, applicable to the current weather events. Do
not be deceived into thinking that that picture is going to be complete, or that the
process of blending the science with the data is effortless. Many aspects of how the
scales interact remain mysterious. Nevertheless, it is possible to integrate these ideas
into the operational forecast/analysis routine. It is to this end that Volume III,
Applications and Case Studies, is directed.
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APPENDIX
LOGGING PROCEDURES

I. The following events will be considered as "severe weather events" and will be coded
and lTogged on the activity chart by sequential number:

A. Hail

1. Any report of hail 3/4" in diameter or larger occurring either at the surface
or aloft [e.g., 1 1/2" HAIL or 1 1/2" HAIL ALF]

2. Hail breaking out windows or windshields, or damaging roofs [e.g., HAIL
DAMAGE]

3. Hail the size of the following objects:

Penny - 3/4" diameter

. Dime - 3/4" diameter

Nickel - 1" diameter

Quarter - 1" diameter

. Anthony dollar - 1 1/4" diameter
Half dollar - 1 1/4" diameter
. Walnut - 1 1/2" diameter

. Golfball - 1 3/4" diameter
Hen egg - 2" diameter

. Tennis ball - 2 1/2" diameter
Baseball - 2 3/4" diameter

. Tea cup - 3" diameter

. Grapefruit - 4" diameter

. Softball - 4 1/2" diameter

S 3 —RxRG@Q. = SQ DO QOO oW

4. Hail the size of any object that has an estimated diameter of 3/4" or greater
B. Wind (Convective)*
1. Official convective wind gusts of 50 kt or greater

2. Estimated convective wind gusts of 50 kt (58 mph) or greater

* For Togging purposes, a convective gust is defined as any gust of 50 kt or greater that
is associated with thunderstorm activity and is (1) accompanied by thunder at the station
or (2) occurs at the station at the same time that lightning is being observed, or (3)
thunder occurs at the station within 1/2 hour after the gust occurs. Post-storm depression
winds are not logged unless one of the above criteria is met.
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3. Specific wind damage (convectively induced), including:

. Trees down

. Large Timbs (branches) down (more than one)

. Power Tines down from wind

. Roof damage

. Man-made structures (house, barn, shed, circus tent, etc.) damaged or
destroyed

. Windows broken by wind

Permanent signs blown down

. Radio tower or large antenna blown down

. Home TV antenna blown down (more than one)

© o 0O T o

— S Q —+h

C. Tornadoes, including:

1. Any waterspout that moves ashore
2. Any tornado that is called a "waterspout" because it happens to be over a
water body

II. The following events will be Togged on the activity chart (without a sequential
number) but will not be coded for archiving:

A. Funnel cloud
B. Any waterspout associated with warm water sources (i.e., Gulf of Mexico in
summer; Great Lakes in fall and winter)

IITI. The following events will not be logged or coded:
A. Hail

. Hail smaller than 3/4" in diameter

. "Large" hail (no size given)

. Mothball-size hail (considered 1/2")

. Marble-size hail (considered 1/2")

Hail Targer than marbles (considered less than 3/4")
Hail damage to crops (no size given)

DO WN =

B. Wind (Convective)

. Official convective wind gusts less than 50 kt

. Estimated convective winds Tess than 50 kt (58 mph)
. Wind damage (non-specific)

. Damaging winds (non-specific) **

. Estimated winds of 50 to 60 mph

. Limbs (branches) down

Tree damage

NO TP WN =

C. Funnel Clouds

1. "Unconfirmed" funnel cloud
2. "Possible" funnel cloud

**

When considering a range of estimated wind speeds, take an average estimated speed
(i.e., 50 to 60 mph = 55 mph avg).
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D. Tornado -- "Indicated by radar"
IV. Space and time density of logged severe weather events:

In general, a severe weather event should not be Togged within 10 miles of a
previously Togged event of the same type, if the second event has occurred within 1/2 hour
of the previously logged event. Exceptions to this rule would include:

A. Tornadoes documented as separate events (multiple suction vortices should be
Togged as one event).

B. Significant severe weather events involving injuries, deaths, and/or spectacular
damage should be Togged regardless of time and distance of earlier event. This may be done
by replacing earlier event with more significant event or by adding the significant event
notations to the previously logged event.

C. A1l official convective wind gusts exceeding 50 kt should be logged regardless
of space density.

SMOOTHING THE SELS LOG

The object of "smoothing" the NSSFC severe weather data record is to add reports
that are not already included in the record, to weed out duplicate and/or erroneous
reports, and to correct errors in time of occurrence, location, or type of event.

Starting with the June 1979 data please follow these procedures to "smooth" the
severe weather record for the station -- you need to cross-check the following:

SELS rough log summary sheets (Tists SELS cards)
SELS activity chart

Storm Data sheets (from WSFOQ)

FPP Tornado Data Sheet (from WSFO)

Radar Charts

Use the SELS rough Tog summary sheets as work sheets for changes and comments as you go.

1. The SELS rough log summary sheets should include all reports listed on the
activity chart. CROSS CHECK.

2. The FPP Tornado Data Sheets are usually only a partial listing of the reports
listed in the states' corresponding Storm Data entries. However, the reports that are
listed on the FPP Tornado Data Sheets should agree with the entries in Storm Data. CROSS
CHECK.

3. The FPP Tornado Data Sheets should include all tornadoes Tisted in Storm Data.
CROSS CHECK!!! The Storm Data entries are the final authority on verifying tornadoes. The
SELS cards must agree with Storm Data concerning tornadoes. If the SELS rough Tog Tists
a tornado and Storm Data does not verify it, the SELS card must be either discarded or
changed to wind damage -- depending on the evidence at hand (i.e., if damage was indicated
at that location either by the activity chart entry or by an entry in Storm Data, then
the tornado report should be changed to wind damage).
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5. Concerning wind damage and hail reports: As a general rule widespread wind damage
reports from a single storm should not be logged denser than a ten mile or 20 minutes
spacing between reports (similarly for hailstorms). In cases where Storm Data gives a
Tist of counties with wind damage (or hail) log a report at each county seat. The western
states with Targe counties would necessitate a different method to approach more clo
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