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1. INTRODUCTION

“Downbursts”, first discovered by Dr. T.
T. Fujita, are small intense downdrafts at very
low altitudes which impact the surface and
cause a divergent outflow of wind. They can
occur under a variety of meteorclogical con—
ditions as was demonstrated during the JAWS
1982 field experiment which took place in the
vieinity of Stapleton airport in Denver, CO.
Many downbursts wers detected but most of them
were of the type now being called "dry"” or
"eumulus” or "virga" downbursts. A distinction
must be made between these and the “wet" or
“thunderstorm” downbursts which are the subject
of this study. The two phenomena are very dif-
ferent. They are easy to distinguish: the
former come from benign looking cumulus clouds
and fall through a very deep and dry subcloud
layer and the latter are associated with thun-—
derstorms. Thunderstorm downbursts have been
detected throughout the Great Plains and the
Midwest, on the east coast, and in Florida,
while the virgs downbursts have been detected
mainly over the high plains east of the Rockies.

The word "downburst” was first introduced
by Fujita (1976) after the investigation of a
plane crash at JFX airport, to describe the
gituation in which a thunderstorm downdraft
becomes hazardous to the operation of jet
aircraft on take-off or landing. At first,
Fujita (1979) thought that the downburst and
the well known thunderstorm downdraft were
essentially the same but that, in the same way
a funnel cloud aloft is not called a tornado, a
mid~level downdraft in a thunderstorm would not-
be called a downburst. The concept was later
must induce "an outburst of damaging winds on
or near the ground” (Fujita and Wakimoto, 1981)
where "damaging winds" refers to winds that can
be estimated on the F-scale (for which the
minimum threshold is 18 m/s). These damaging
winds can be either straight or curved but they
must be highly divergent (Fujita, 198l). Thus,
even in its most recent and more meteorclogical
definition, the term downburat is meant to
signify a potential human hazard. Whether or
not it also signifies a dynamically distinct
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phenomenon in thunderstorms is a matter of some
debate and one which will be investigated in
the current work.

2. RADAR ECHOES

Much effort has been spent relating speci-
fic radar echoes to ground damage and reports
of gevere weather. In the course of his
investigation of the JFK aceident Fujita (i976)
assoclated damaging downburst winds on the
ground with a "radar echo with a pointed appen—
dage extending toward the direction of the echo
motion” which he called a "spearhead" echo.
"The appendage moves much faster than the
parent echo which is being drawn into the
appendage. During the mature stage, the appen—
dage turns into a major echo and the parent
echo loses its identity.”

After further observational work a more
general type of echo with which downbursts were
assoclated was identified by Fujita (1978) as
the "bow” echo which then takee the shape of a
spearhead echo during the strong downburst
stage and which sometimes develops a "weak echo
channel” in the area of strongest winds. There
is some question as to whether the downburst is
simply assoclated with or actually causes
these distinctive echo configurations. An
extensive survey of the ground damage caused by
a bow echo thunderstorm in Tllinois by Forbes
and Wakimoto (1983) revealed many downbursts,
microbursts (downbursts with dimensions less
than 4 km), and tornadoes. Their results con-
sistently show the strong cyclonle curvature
and tornade paths to be on the north side of
the diverging wind pattern of the downbursts.

The lLine Echo Wave Pattern (LEWP), defined
by Nolen (1959) as a “configuration of radar
echoes in which a line of echoes has been sub-
jected to an acceleration along one portion
and/or a deceleration along that portion of the
line immediately adjacent, with a resulting
sinugoidal mesoscale wave pattern In the line,”
is quite similar to the bow echo and has also
been associated with reports of high winds and
tornadoes, Hamilton (1970) was able to deduce
a meso-low surface pressure area assoclated
with the crast of the LEWP from the ghape of
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the squall line as depicted on radar.

Fujita (1978) has documented downbursts
associated with hook echoes, a distinctive con—
figuration known to be a good indicator of at
least 8 mesocyclone and often a tornado. He
has documented a series of downbursts which all
occurred on the south side of a mesocyclone



" moving from northwest to southeast across the
Kansas—Missouri horder, he has documented many
twisting downbursts which show rotational as
wall as divergent wind patterns, and he has even
inferred the existence of a downburst from the
damage pattern left by a hurricane ovar land.

It is difficult to ignore these coincidental
occurrences of downbursts with stroag cyclonic
rotation. Yet most explanations for the down-—
burst do exactly that.

3. PROPOSED THEQRETICAL EXPLANATIONS

Fujita (1976) and Fujita and Byers (1977)
developed a model of the downburst which
accounted for the spearhead echo. They proposed
that the downburst is caused by the collapse of

an overshooting top on a large tall cell. The

potentizl energy of the cloud top is converted

into kinetic energy of the descending air which,
by virtue of its large horizoatal momentum,
moves faster than neighboring parts of the same
echo, The downward motion 13 accelerated by
the evaporation of water droplets into the dry
air that must be entrained along the way.

The main downdraft in a mature thun-
derstorm is a result of the cooling of dry mid-
level air within the storm and/or the cooling
of sub—cloudbase air by evaporation. The -
downdraft produces an outflow of alr bemeath
.the storm but the vertical velocitlies are weak
when the cooled air reaches the surface. There
is often a gust front at the edge of the
outflow with associated wind shear and a drama-
tic temperature drop. The similarity between
Fujita's proposed mechanism for downbursts and
the mechanism known to produce the thunderstorm
downdraft led some sclentists to the conclusion
that Fujita was observing ground damage caused
by the gust front itself. As observations
accumulated, it became clear that the gust
front was one of the key ingredients but that
the downburst was a smaller scale, separate
phenomenon. Caracena (1978) suggests that a
large downdraft may naturally contain an
ensemble of small impulsive components of
various intensities, and that downbursts and
nicrobursts may simply be the stronger ones of
these., He also notes that they may occur more
commonly than one might expect from the relati-
vely few published case studies.

A study was done by Caracena and Mailer
(1979) of a microburst associated with a thun=-
derstorm which passed over the Florida Area
Gumulus Experiment surface mesonetwork. They
concluded that the spearhead echo was
"gymptomatic of strong boundary layer forcing
and moigsture flux convergence”. This, however,
did not explain why or how microburstas
occurred, The authors noted that a technique
by Poster (1958), based on moist adiabatic
descent of downdraft alr consisting of a mix-—
ture of midlevel air and updraft air, failed to
account for the strength of the observed winds.
They suggest that the necessary additiomal
sources of negative buoyancy might be "the
unmixed entrainment of environmental air into
the rain shaft and/or the melting of a large
quantity of precipitation™.

Although downbursts come in many different
sizes (Caracena, 1978; Fujita and Wakimeto,
1981) ranging from 1l km to 40 km with extremes

of 0.1 km and 200 km, most documented down—

bursts are on the order of 5 km across and are

much smaller and stronger than the umain
downdrafts. This discrepancy led Emanuel
(1981) to speculate that downbursts may be due
to a dynamically distinct mechanism. He

suggests that downbursts are manifestations of

the “penetrative dowmdraft” which could account
for their strength and small scale. The poten—
tial for penetrative downdrafts inside a thun=-
derstorm exists when cool dry alr overlies
¢loudy air of high liquid water content. The
updraft-downdraft configuration in a supercell
thunderstorm may provide this setting. Emanuel
is the first theoreticlian to suggest some con-—
nection between the storm rotation and the
downburst although, in his scenario, the rota-
tion serves only to trap air of high liquid
water content and small vertical velocity
directly below a reglon of inflowing poten-
tially cold alr, thus setting up a conduclive
environment for penetrative downdrafts.

None of the aforementioned mechanisms have
been demonstrated to be the actual cause of
downbursts although they are all plausible.
They do provide some suggestion of what to look
for in the observations.

In summary, the recurring parts of the
puzzle appear to be: a particularly strong cell
within a line of thunderstorms; a bow echo or
LEWP in the mature stage of the cell; a gust
front; some small scale rotation; decay of the
parent ¢ell as the echo shape begins to
resemble a spearhead; strong surface winds, the
downburst, and maybe a tornado; and a possible
weak echo trench in the viciaity of the
strongest winds. In these latter stages, the
storm is decaying rapldly. The rest of this
work will be concerned with trying to recognize
these phenomena in the radar observations of an
Oklahoma thunderstorm and with understanding
just how they combine to produce the downburst.

4. OVERVIEW OF THE SYNOPTIC SITUATION

On 13 April 1981 during the N3SL Spring
Program a warm humid southerly airflow was pre-
sent over Oklahoma, with a cold front oriented
southwest to northeast moving into the state
from the northwest. Surface and upper alr ana—
lyses can be found in the more detailed descrip-
tions by DiStefano (1983) and Wolfson (1983).

A sounding taken at Tuttle, OK (Tuttle is
marked with a triangle in figure 2) shows warm,
moist surface ailr, a slight capping inversion
at 850 mb and an approximately dry adiabatic
lapse rate up to 500 mb {(figure 1}. This
sounding was taken at 2005 CST, an hour before
the thunderstorm arrived, and is representative
of the pre—storm environment. The surface
winds are light from the southwest but at
slightly higher levels a southerly low level

jet is present., The winds turn gradually to

become more westerly and stronger with height.
5. DOPPLER RADAR DATA ANALYSIS

Much information can be galuoed by exa-
mining the reflectivity and radial velocity
fields observed by the Norman, OK Doppler radar
(NRO) while the downburst was occurring. Ten
tilt sequences were recorded during the fifty



minutes between 2045 and 2135 CST and the
rapidly changing nature of this storm required
that all of them be analyzed. Both the
Cartesian and radial coordinate systems cen—
tered at NRO, as well as the location of the
storm at various analysis times are shown in
figure 2, A series of maps showing the evolu-
tion of the reflectivity and Doppler velocity
fields at 1.0 km above the ground 1s presented
in figure 3. Negative values of Doppler velo-
city signify radial motion toward the radar.

The storm 1s very strong at 2047 CST and
2050 CST when reflectivity values greater than
55 dBZ can be found. Based upon analyses of
much larger extent (not shown here) it is clear
that there 1s a very well defined gust front
oriented in approximately the east-west direc-
tion, as evidenced at 2047 by the east-west
iine or arc of enhanced reflectivity which
intercepts the right border at y=35. The gust
froat curves to become more parallel with the
cold front slightly farther to the east. It is
not clear which thunderstorm cell has produced
the outflow responsible for this east-west
oriented gust front but it is probably a cell
to the northeast of the one depicted at 2047,
or perhaps it is a number of different cells
along the front whose outflows have merged.
There 1s another gust front present which is
definitely due to the outflow from the depicted
cell. It is orlented northeast to scuthwest
and is evidenced by the tight reflectivity gra-
dient from 15 to 40 4BZ (Wakimoto, 1982) on the
southeast side of the high reflectivity core.
In the following discussion I refer to these
cell evolves, this distinction becomes somewhat
artificial.

At 2047 CST there 1s a closed 15 dBZ con-
tour on the east-west gust front. By 2050 this
has grown to a 25 dBZ closed contour and at
2057 CST there is no longer any dlstinction
between this reglion and the main echo. The
main echo has, however, changed shape con-—
siderably. The rapid growth of this cell was
probably due te the increased convergence of
inflowing alir near the junction of the gust
fronts., In a less detailed view, this behavior
might suggest the formation of a spearhead echo
with the parent echo being drawn into the
appendage. At the same time there is a south-
ward protrusion and a suggestion of cyclomic
turning of the outflow alr behind the north-
south gust front. This motion 1s particularly
evident is the =25 m/s isodop (line of constant
Doppler velocity) and in the increasing velo-
city gradient between 2047 and 2057.

By 2102 GST the cell looks very differeat.
The east-west gust front is still present and a

new closed 15 dBZ contour has appeared. A “hole”

has developed in the 45 dBZ contour behind the
north=south gust front close to the increased
area of maximum Doppler velocity. The eastern
portion of the -25 m/s isodop has become more
rounded and extended southeastward while the
northern edge has been deflected strongly
southwestward suggesting a substantial increase
in the cyclonic rotation. Note that the reflec-
tivity field is less than 20 dBZ at the westerm
edge of the depicted domain around y=25 and that
a cell of greater than 45 dBZ is evident on the
southern edge of the domain around x=—63.

) At 2106 the "hole" in the 45 dBZ contour
is still evident but the 40 dBZ contour has now
protruded southeastward and a small bullet
shaped region of high radial velocities has
developed in the same place. The east-west
gust front is characterized by a reflectivity
cell of greater than 25 dBZ. The outflow air
behind the gust fronts appears to be merging,
suggesting an occlusion process. The weak
reflectivity region at the southwestern side of
the picture has grown and curved in an anti-
cyclonic semse, although this does not appear
clearly in the Doppler velocity field. ©Notice
also the anticyclomic hook inm the 40 dBZ com-
tour.

The downburst, characterized by low
equivalent potential temperature (EPT) and
maximum wind gusts, is known to have hit the
gurface mesonet station just south of CIM (-30,
25) at 2110 CST (DiStefano, 1983). I suggest
that the velocity maximum and 40 d4BZ protru-
sion at 2106 are due to the downburst. The
reflectivity minimum or "hole" at 2102 appears
to be related to the downburst and may be an
indication of a newly formed updraft. Note
that these features are quite distinct horizon-—
tally from the dry region in the southwest.

At 2112 CST there is continued dry intru-
sion from the west and a suggestion of a "weak
echo trench” or "“spearhead trench” with the
spearhead being the deflection of the reflec-—
tivity contours probably due to the downburst.
It is not at all clear that the dry alr to the
west and the spearhead are causally connected.
The storm has weakened greatly and even the 50
dBZ region is breaking up and shrinking in
gize. The lobe of high reflectivity extending
southeastward with dry air behind it is the
old east-west gustfront. There may actually be
another downburst occurring at this time at
x==33, y=35 where the reflectivity minimum
exists in approximately the same place relative
to the core of the storm and the gustfronts as
did that at 2102 CST.

In the series of pictures from 2117 to
2132 not shown here (see Wolfson, 1983) the
main echo continues to elongate and curve,
developing into a bow shape while increased
cyclonie rotation is evident in the Doppler
velocity field. This cyclonic rotatiom is con-
firmed in the wind field from a 2-Doppler ana-
lysis at 2130 CST. The weak reflectivity
region in the west continues to infiltrate in
an anticyclonic manner what was the main core
of the cell and the gustfront structure
gradually disintegrates.

RHI's constructed from sector scans of the
storm taken while the downburst was occurring
clearly show the low level (below 2.5 km) high
speed outflow current, a strong gradient of
Doppler veloctly across the gustfront, and a
leading patch of high speed air at the head of
the cutflow which corresponds to the downburst.
Dry air entering the storm from the rear above
6 km is also evident.

b A NEW HYPOTHESIS
In this section I present a unew hypothesis,

developed using the preceding Doppler radar
observations as a4 guideline, for thunderstorm
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downbursta., It is different from previous hypo-
theses in that dynamic rather than thermodynamic
processes are proposed to be responsible for

the downbursts. This new hypothesis accounts
well for the rotational characteristics of down-
bursts reported in other observatiomal studies
which have not been explained by the earlier
proposals and it makes the connection between
the LEWP, the bow and spearhead echoes, the
¢yclonic rotation to the north and the anti-
cyclonic rotation to the south, the gust front,
the hook echo, and the tornmado. The proposed
mechanism differs little from the mechanism
determined, in a fine mesh (.25 km) numerical
similation by Klemp and Rotunno (1983}, to pro-
duce a small scale "occlusion downdraft® near
the tornadic region in a supercell thunderstorm.
This new hypothesis is simply stated below and
not proved, for although diagnostics may be per—
formed, they are beyond the scope of this work.

The basic premlse is that when a cell along

a line or front becomes very strong and organized

it begins to take on some supercell characteris—
tics, particularly in its post-mature stage.
Horizontal vorticity, which is present in the
low level environmental shear and which is
generated by the horizontal buoyancy gradients
in the storm, is tilted into the vertical near
the main updraft. Strong low level convergence,
caused by the downdraft outflow from the col-
lapsing cell, forces stretching of the now ver-—
tically oriented vortex tubes. Significant
eyclonic rotation begins at low levels and, as
a result, the gust front begins to occlude.
Anticyclonic vorticity 1s also generated but
the cyclonic vortlcity appears to be favored.
The horizontal curvature of the flow resulting
from the cyclonic rotation promotes downndraft
intensification aleng the backside of the gust~
front, especially near the eirculation center,
by dynamically inducing a vertical pressure
gradient. This acts to rapidly accelerate air
downward causing the downburst. The downburst
might even form first at low levels and then
extend upward as the flow adjusts to the dyna-
mic pressure gradient. A schematic diagram
depicting the proposed mesoscale clirculation
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inducing the downbursts is presented in figure 4.

Fig. 4. Proposed circulation inducing down-—
bursts. Dashed contours indicate downdrafts,
golid contours, updrafts and the stippled area
represents reflectivity greater than 30 dBZ.
The small scale downdraft near the center of
¢irculation is the dowmburst., After Klemp and
Rotunno, 1983.

The configuration of the gustfront, marked
by the cold front boundary in figure 4, is very
much like that shown at 2102 CST. There is an
updraft denoted by a solid contour near the
occlusion point of the gustfront in 4 which is
in a region of strong convergence. It was in a
comparable region of the 13 April storm that
cells ahead of the mailn storm cell were growing
and subsequently merging with the main cell.

It was also in this reglon that an updraft was
inferred from the observations. The downburst,
denoted by the small clrcular dashed contour in
figure 4, i{s close to but south and west of the
updraft and is behind the north-south oriented
portion of the gustfront, just as in the analy=-
sia at 2106, Notice also the cyclonic cur-
vature of the flow around the updraft-downburst
area and the anticyclonic curvature south and
west of there.

The potentially cool and dry air (low EPT)

- thought to characterize the downburgst may well

be a property of the entire thunderstorm
outflow. It is likely that the low EPT air is
already in the boundary layer when the down-
burst oceurs.

In summary, I view the thunderstorm down-—
burst as an inherently low level phenomenon,
with essentially all of the important ingre-—
dients contained in the lowest 3 to 4 km of the
atmosphere. It will appear in the post-—mature
to collapsing phase of the cell's evolution.
Dynamic vertical accelerations could well be an
order of magnitude larger than thermodynamic
(buoyancy) accelerations at low levels. It is
apparently misleading to look for the source
height of the downburst. It is induced by a
horizontal mesoscale circulation at low levels
which nearly, or actually does, become tor-
nadic. Although commonly thought to be mainly

-divergent, the downburst is really a rotational

phenomenon. It is also apparently misleading
to use conserved properties such as EPT or
horizontal momentum to trace the downburst air;
those properties only help indicate the source
height of the ocutflow air from the whole storm.

This is a novel view of the thunderstorm
downburst and it has not been proved. Tt does
account for the observations and link phenomena
which were known to occur simultaneously but
were thought to be disconnectad. Calculations
must be done before its real relevance can be
determined.

7 CONCLUSIQNS AND FUTURE WORK

The major thrust of this work has been the
analysis and presentation of detailed Doppler

derstorm 1n which downbursts developed. The
distinctive bow or wavelike radar echo asso-
clated with this type of thunderstorm was
determined to be caused by the low level cyclo-
nic rotation. The gpearhead echo, identified
as a pointed appendage 1la the direction of
motion, was determined to be a cell growilng
along an occluded gust front ahead of the main
storm cell. The growth of this cell is an
indication of the increased convergence in the
region of gust front occlusion.



Caraful examination of the data at dif-
ferent times has led to the identification of
low level convergence and vorticlty as major
factors in downburst development. A new
hypothesis was presented which ldencifies
tilting of horizontal vorticity into the ver-
tical and a subsequent iIncrease in cyclonic
rotation as the cruclal elements In creating
the dynamic pressure gradient proposed to be
responaible for the downburst.

Since most observations to date have
been viewed with thermodynamic mechanisms in
mind as the cause of the downbursts, I believe
it would be fruitful to review them in light
of this new hypothesils., Estimates need to be
made of the rate of vorticity productiom, the
curvature of the flow, the vertical gradients
of vorticity and dynamic pressure, and the
total vertical acceleration in the vicinity of
the downburst. A detailed, general scenario
needs to be developed for the evelution of the
thunderstorm downbursts for, although the thun-
derstorms themselves are fairly predictable and
easy to track, the accurate prediction of the
downbursts has eluded meteorologists.

The theoretical work on thunderstorm down-
bursts has barely begun. Although the analogy
ig not complete, it may be possible to exploit
some of the work which has been done on super-
cell storms, mesocyclones, and tornadoes, with
a few modifications, to help understand the
line c¢ell ¢irculation. Once the downburst pat—
tern is well recognized, future data gathering
experiments can be designed specifically to
obgerve them. I caution the meteorological
community against drawing sweeping conclusions
about downbursts in all parts of the country
from the results of the JAWS experiment. The
virga microbursts observed there are hazardous
and very difficult to predict but they are
perhaps characteristic of that local environ-—
ment, Theoreticians mist not channel all of
thelr efforts into understanding virga micro-
bursts while the more common and equally hazar=-
dous thunderstorm downbursts go unexplained.
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