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PROJECT SUMMARY

The main objective of this proposed research project is to improve our understanding of
the kinematics and dynamics of severe convective storms and tornadoes, and of their
formation. It is anticipated that this project will ultimately lead to a more accurate
prediction of severe weather events. The objective will be met primarily through an
analysis of data collected in both previous and continuing field experiments, including
IHOP (International H20 Project), and through numerical simulation experiments.

Mobile Doppler-radar datasets from field experiments will be analyzed to detail the
structure and evolution of tornadoes and their parent vortices, and the vertical
circulation associated with the dryline, a feature along which severe convective storms
are often initiated. In particular, why some supercell storms produce tornadoes, while
others do not, will be investigated. The dynamics of convective-storm interaction and the
role of the intersection of a dryline with a baroclinic boundary in triggering convective
storms will be investigated using controlled numerical-model simulation experiments.

In addition, it is proposed that two new radar systems be tested for use in severe
storm/tornado research: One is a mobile, military, rapidly scanning, phased-array Doppler
radar that is being converted for meteorological use; the other is an existing system that
it is proposed be fitted with a spaced antenna, which could provide transverse-wind
measurements in addition to line-of-sight wind measurements. If the new radar systems are
successful, then much higher quality datasets will be available for analysis. Our proposed
efforts involve collaborative technology development with engineers at another
institution.
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1. Results from Prior NSF Support

a. NSF award number: ATM-9912097
Amount: $489,057
Period of support: 1 June 2000 — 31 May 2003
Project title: Studies of Severe Convective Storms and Tornadoes

¢. Summary of results:
Work on the prior NSF grant included studies carrying over from the previous grant in addition to
the new work proposed using mobile W-band and X-band Doppler radars. Ongoing studies
consisted mainly of the analysis of airborne Doppler radar data from VORTEX (Verification of
the Origins of Rotation Experiment) (Rasmussen et al. 1994). Also supported by the grant were a
few studies of opportunity not anticipated at the outset of the project.

1.

ii.

iil.

v.

A mobile W-band Doppler radar developed at the Microwave Remote Sensing Lab.
(MIRSL) at Univ. of Mass. (Amherst) was used to probe a number of tornadoes and
their parent vortices during small field programs conducted by graduate students and
the P. 1., in collaboration with engineers and graduate students at the Univ. of Mass.
The experiment was held in the Plains during the springs of 1999-2002. The purpose
of the experiment was to determine tornado structure and document tornado
formation. From ground-based velocity-track display (GBVTD) analyses of a
tornado on 5 June 1999, it was found that the radius of maximum wind
decreased/increased as the tornado intensified/dissipated. Evidence was found that
the tornado was two-celled when it was most intense. The azimuthal wind
component was dominated by wavenumber-two disturbances. Cyclonic vortices only
100-200 m across were common along what is thought to be the leading edge of the
rear-flank downdraft; during tornadogenesis, one of the vortices was located at the
nose of the gust front along a bow-shaped echo. This project also involved
collaboration with personnel at NCAR.

Airborne Doppler radar data collected by ELDORA (Electra Doppler Radar) on 8
June 1995 during VORTEX continued to be analyzed and the work was completed;
the analyses documented, in detail, cyclic tornado formation. It was found that the
rear-flank gust front appears to play a major role in determining the location of the
next vortex in the series. The relative motions of the updraft and vorticity maxima
(produced by the tilting of low-level horizontal vorticity) were most important; the
cyclic tornadogenesis process was associated with a mismatch between the
horizontal motion of successive tornadoes and the horizontal velocity of the main
storm-scale updraft and downdraft. Low-level updraft-relative flow seemed to be the
most important factor in determining tornado motion. This work supported a
graduate student who received a Ph. D.

ELDORA data collected on 22 May 1995 during VORTEX continued to be analyzed
and the work was completed; the analyses documented a nontornadic supercell that
produced large hail. It was found that the storm exhibited a few unusual features: an
elevated jet flanked by strong cyclone-anticyclone couplet and a deep convergence
zone. The formation and potential importance of these features were investigated
using numerical simulation experiments. This work supported a graduate student
who received an M. S.

ELDORA data collected on 3 June 1995 during VORTEX were analyzed and the
work was completed; the analyses documented clear-air motions in and around the
intersection of the dryline and a surface baroclinic boundary (triple point). A
transverse secondary circulation was found; a maximum in rising motion was found
at the western edge of the dewpoint gradient. The Doppler analyses were
corroborated by in situ data collected aboard the aircraft. North of the triple point a
residual dryline secondary circulation (RDSC) was found elevated above the cold
pool. This work supported a graduate student who received an M. S. and who is now
working on his Ph. D.



V1.

Vii.

Viii.

iX.

xi.

A numerical simulation experiment was carried out that demonstrated that the
evolution of supercells in a homogeneous environment depends upon the orientation
of the vertical-shear profile with respect to the orientation of the line along which
convection is initiated. It was found that shear oblique to the line of forcing is most
apt to support neighboring cyclonic supercells within the line, but also supports an
anticyclonic supercell at the downshear end of the line; shear normal to the line of
forcing is favorable for the maintenance of a squall line with isolated supercells at
either end; shear parallel to the line of forcing is favorable for isolated supercells
only on the downshear end of the line. The process of storm collision was examined
in detail. This work involved collaboration with a colleague at NCAR.

On 24 May 1998 a mesocyclone associated with a tornadic supercell passed almost
directly over a Doppler wind profiler in Oklahoma. This serendipitous event allowed
the analysis of the vertical wind component, and at some times, the horizontal wind
component, as a function of height in and just outside the storm. A technique was
developed to remove hydrometeor fall-speed contamination. An updraft near and in
the mesocyclone, as strong as 50 m s, was flanked by weak downdrafts at low
levels. Evidence was found of significant modification of the horizontal wind
structure away from the updraft and of storm-generated buoyancy waves in the
surrounding environment. This work supported a graduate student who received an
M. S.

The wind and temperature profiles composited with respect to each quadrant in
surface cyclones and anticyclones were computed for the eastern two-thirds of the U.
S. Hodographs and soundings were also composited with respect to season,
geographic region, time of day, and, for cyclones only, intensity. Vertical profiles of
the static-stability parameter were also composited with respect to season and
quadrant for both cyclones and anticyclones. A diurnal variation in hodographs was
found, which showed up in both cyclones and anticyclones as a rotation in the
counterclockwise direction between 00 and 12 UTC, above the boundary layer. The
variation was hypothesized to be in part due to a tidal oscillation and in part due to
radiative-thermal effects. In the mean, a well-pronounced equatorward-directed low-
level jet was resolved in the northwest quadrant of surface cyclones. This work was
done in collaboration with a former M. S. student, supported in small part by this
grant, who is now at the Storm Prediction Center.

A new, mobile X-band radar was developed by engineers at MIRSL and tested in the
springs of 2001 and 2002. Doppler and dual-polarization datasets were collected in
tornadic and nontornadic supercells in 2002. The tracking radar echoes by
correlation (TREC) technique was used to determine the wind field in the “owl horn’
radar-echo signature, which was found in several developing supercells. It was found
that the “horns” are related to outflow boundaries. Graduate students at OU,
engineers and graduate students at the Univ. of Mass., and the P. I. collaborated on
this work. This work is supporting an OU graduate student who is working on his M.
S.

The mobile W-band radar was used to collect boundary-layer, clear-air data in a
vertical plane across the dryline during IHOP (International H,O Project) in spring,
2002. Graduate students at OU, engineers and graduate students at the Univ. of
Mass., and the P. I. collaborated on this work. The mobile W-band radar was also
used briefly in Arizona in 2002 to probe dust devils during an experiment conducted
by a colleague at Univ. of Arizona. Data were collected on several dust devils at
close range.

The P. I. organized a ground-based mobile instrument workshop at NCAR for NSF.
A summary of the findings and recommendations were published.

El

The P. I. collaborated with colleagues at other universities and at NSSL on various
other studies and review papers. The studies are summarized in papers listed below.
They included a review of mobile radar observations for the Atlas Symposium, a
review of the accomplishments of the late T. Fujita on tornadoes and severe
thunderstorms for the Fujita Symposium, a review of tornadoes for an Amer. Meteor.



Soc. Monograph, a case study of storm development related to dryline structure on
16 May 1991, and a simple theory for the maximum wind speeds expected in
waterspouts. Other publications listed below resulted from work mostly completed in
a prior NSF grant.

d. Publications resulting from the NSF award

Bluestein, H. B., 2000: A tornadic supercell over elevated, complex terrain: The Divide,
Colorado storm of 12 July 1996. Mon. Wea. Rev. , 128, 795-809.

Crawford, T. M. and H. B. Bluestein, 2000: An operational, diagnostic surface energy budget
model. J. Appl. Meteor., 39, 1196-1217.

Bluestein, H. B., and M. L. Weisman, 2000: The interaction of numerically simulated supercells
initiated along lines. Mon. Wea. Rev. , 128, 3128-3149.

Bluestein, H. B., and A. L. Pazmany, 2000: Observations of tornadoes and other convective
phenomena with a mobile, 3-mm wavelength, Doppler radar: The spring 1999 field experiment.
Bull. Amer. Meteor. Soc., 81,2939-2951.

Forbes, G. S., and H. B. Bluestein, 2001: Tornadoes, tornadic thunderstorms, and
photogrammetry: A review of the contributions by T. T. Fujita. Bull. Amer. Soc., 82, 73-96.

Bluestein, H. B., B. A. Albrecht, R. M. Hardesty, W. D. Rust, D. Parsons, R.
Wakimoto, and R. M. Rauber, 2001: Ground-based mobile instrument workshop summary,
23-24 February 2000, Boulder, Colorado Bull. Amer. Meteor. Soc., 82, 681-694.

Renno, N. O., and H. B. Bluestein, 2001: A simple theory for waterspouts. J. Atmos. Sci., 58, 927-
932.

Lehmiller, G. S., H. B. Bluestein, P. J. Neiman, F. M. Ralph, and W. F. Feltz, 2001: Wind
structure in a supercell thunderstorm as measured by a UHF wind profiler. Mon. Wea. Rev., 129,
1968-1986.

Hane, C. E., M. E. Baldwin, T. M. Crawford, R. M. Rabin, and H. B. Bluestein, 2001: A case
study of severe storm development along a dryline within a synoptically active environment. Part
I: Dryline motion and an Eta Model forecast. Mon. Wea. Rev., 129, 2183-2204.

Bluestein, H. B., and S. G. Gaddy, 2001: Airborne pseudo-dual-Doppler analysis of a rear-inflow
jet and deep convergence zone in a supercell. Mon. Wea. Rev., 129, 2270-2289.

Davies-Jones, R. P., R. J. Trapp, and H. B. Bluestein, 2001: Tornadoes. Severe Convective Storms,
Meteor. Monogr., 28, no. 50 (C. Doswell II1, ed.), Amer. Meteor. Soc., 167-221.

Bluestein, H. B., and P. C. Banacos, 2002: The vertical profile of wind and temperature in
cyclones and anticyclones over the eastern two-thirds of the United States: A climatology. Mon.
Wea. Rev., 130, 477-506.

Hane, C. E., R. M. Rabin, T. M. Crawford, H. B. Bluestein, and M. E. Baldwin, 2002: A case
study of severe storm development along a dryline within a synoptically active environment. Part

II: Multiple boundaries and convective initiation. Mon. Wea. Rev., 130, 900-920.

Weiss, C. C., and H. B. Bluestein, 2002: Airborne pseudo-dual Doppler analysis of a dryline-
outflow boundary intersection. Mon. Wea. Rev., 130, 1207-1226.

Dowell, D. C., and H. B. Bluestein, 2002a: The 8 June 1995 McLean, Texas storm. Part I:



Observations of cyclic tornadogenesis. Mon. Wea. Rev. (in press)

Dowell, D. C., and H. B. Bluestein, 2002b: The 8 June 1995 McLean, Texas storm. Part II:
Cyclic tornado formation, maintenance, and dissipation. Mon. Wea. Rev. (in press)

Bluestein, H. B., and R. M. Wakimoto, 2002: Mobile radar observations of severe convective storms.
Atlas Symposium Monograph, Amer. Meteor. Soc. (accepted)

Bluestein, H. B., C. C. Weiss, A. L. Pazmany, W.-C. Lee, and M. Bell, 2003: Tornadogenesis and
tornado-vortex structure in the Bassett, Nebraska supercell of 5 June 1999: W-band Doppler-radar
observations. Mon. Wea. Rev. (to be submitted)

Wakimoto, R. M., H. Murphey, D. C. Dowell, and H. B. Bluestein, 2003: The Kellerville tornado
during VORTEX: Damage survey and Doppler radar analyses. Mon. Wea. Rev. (to be submitted)

2. Introduction

a. Motivation and major scientific issues

Severe convective storms and tornadoes can destroy lives and property. Two major
scientific questions concerning severe convective storms and tornadoes are as follows:

1. Why do some storms produce tornadoes while others do not? In particular,
since supercell storms account for much of the severe weather associated
with convective storms, why do some supercells produce tornadoes, while
others do not?

2. What determines whether or not a storm forms? If it does, what controls
the mode of storm organization?

In order to answer the above questions, tornado formation in supercells and
convection initiation must be documented by observing systems and replicated by
controlled numerical simulation experiments. The main objectives of this proposed
research project are to analyze existing datasets, collect new ones, test new instruments
that may be used to collect improved datasets, and to conduct numerical simulation
experiments for idealized situations.

Much of what we know about tornado formation and tornado structure comes from
Doppler-radar analyses interpreted in the context of highly idealized laboratory and
numerical simulations (e.g., as summarized in Davies-Jones et al. 2001; Bluestein and
Wakimoto 2002). Doppler radar observations have been collected and analyzed at fixed
sites (e.g., Brandes 1978: Dowell and Bluestein 1997), from aircraft (Wakimoto et al.
1998: Wakimoto and Liu 1998: Zeigler et al. 2001; Dowell and Bluestein 2002a,b), and
from ground-based mobile platforms (Bluestein et al. 1996; Bluestein and Pazmany 2000;
Wurman and Gill 2000; Wurman 2002; Bluestein et al., 2003). Unfortunately, it is
relatively rare that tornadogenesis is documented by networks of fixed-site radars, since
the likelihood is low that tornadogenesis will occur close to the small areas resolved in
multiple-Doppler networks. Even when tornadogenesis has been documented, the spatial
resolution is usually limited to storm-scale features and motions near the ground are not
resolved owing to the curvature of the earth.

Airborne Doppler radars have documented tornado formation, but the instruments are
incapable of documenting what happens in the lowest several hundred meters (where
important interaction of the tornado vortex with the ground occurs) owing to ground-
clutter contamination, and the spatial and temporal resolutions (~300 m, passes by the
storm every 5 min) are more appropriate for storm-scale motions.



Mobile, ground-based systems have been successful in documenting tornadoes and
tornadogenesis on numerous occasions. The advantages of mobile radars are that they can
be brought close enough to tornadoes that high-resolution datasets are collected, motions
in the lowest few hundred meters can be resolved, and the likelihood of data collection is
increased over what is possible with fixed-site radars. The main disadvantages of ground-
based mobile systems are that is sometimes difficult to keep up with storms long enough
to be able to document the entire tornadogenesis process.

Our understanding of convection initiation, like our understanding of tornado
formation, has been limited in large part by our ability to observe meteorological fields
on small enough time and space scales. During IHOP (International H,O Project), wind,
temperature, and moisture data were collected on short time and space scales by many
different platforms along boundaries along which storms sometimes formed
(http://www joss.ucar.edu/ihop). The datasets collected offer opportunities to observe
instances in which storms were initiated and instances in which they were not.

It is proposed to continue our studies of supercells, their formation and organization,
and tornado structure and formation using mobile Doppler radars and controlled
numerical experiments. Continuing studies of data collected in previous experiments,
new field experiments conducted on a very small scale (i.e., inexpensively with few
participants) and the testing of new radar techniques in collaboration with a group of
engineers at the University of Massachusetts (Amherst), along with new numerical-
simulation experiments are proposed. Some of the data to be analyzed will come from the
IHOP. This proposal is closely related to another NSF proposal submitted by Dr. Andrew
Pazmany at the University of Massachusetts.

b. Tornado formation and structure

Tornado formation sometimes occurs aloft in a supercell and then builds down to the
ground; other times it forms in a column at all altitudes simultaneously, depending on the
vertical profile of convergence (Trapp and Davies-Jones 1997; Trapp 1999; Trapp et al.
1999). The source of tornado vorticity in supercells is thought to be horizontal vorticity in
the boundary layer that is tilted and subsequently stretched (e.g., as described for storm-
scale vortices by Rotunno and Klemp 1985; Wicker and Wilhelmson 1995). While tilting
can occur across an updraft alone, tilting between an updraff and downdraft, or across a
downdraft may be more significant because the vorticity is not advected upward as
quickly early on while it is being stretched (Davies-Jones and Brooks 1993; Walko
1993)). Supercell tornadoes are related to storm-scale mesocyclones. However, there
does not seem to be much difference between the structure of tornadic and nontornadic
mesocyclones (Trapp 1999; Wakimoto and Cai 2000). Wicker and Wilhelmson (1995)
found numerical evidence that tornadogenesis can be initiated by an upward-directed
perturbation pressure force that occurs when mesocyclone strength increases above cloud
base. It has been suggested, however, that secondary vortices forming along a ring of
higher shear in the mesocyclone may form when the swirl ratio is high, and become
tornadoes (Wakimoto et al. 1998). The role of solenoidally generated horizontal vorticity
as air parcels follow the edge of an evaporatively cooled pool of air has not been
conclusively established (Markowski 2002; Markowski et al. 2002). Using data from the
W-band Doppler radar, in the only case of tornadogenesis “captured” to date, a small-



scale vortex, on the order of 100-200 m across, coincided with the leading edge of a bow-
shaped echo along what appeared to be the rear-flank downdraft of the storm (Bluestein
et al. 2003). Such vortices seem to be common along the rear-flank downdraft, and might
become the seeds for tornadoes within the mesoyclone (Bluestein et al. 1996). Thus,
tornado formation could involve an interaction between small-scale vortices and the
mesocyclone. How the small-scale vortices propagate with respect to the main updraft in
the supercell could determine whether or not a vortex grows to tornado intensity,
undergoes cyclical development, or becomes a long-lived tornado (Dowell and Bluestein
2002b). In the case of the latter, there is some evidence that storm interactions might play
a role in matching the updraft velocity to the velocity of the small-scale vortices that
might grow into tornadoes. From an observational perspective, observations are needed
to test the aforementioned theories on both the scale of the tornado vortex (100-500 m)
and the mesocyclone (2-5 km). A narrow-beam W-band radar can provide the former,
while an X-band or C-band radar can provide the latter.

Tornado structure in laboratory and numerical simulation models is controlled
primarily by the swirl ratio, a measure of the relative amount of rotational flow to updraft
in the vortex (Rotunno 1984; Davies-Jones et al. 2001). When the swirl ratio is low, the
tornado is one-celled, with an updraft in the center and a downdraft surrounding the
updraft; when the swirl ratio is high, the tornado becomes two-celled, as air is sucked
downward in the center, an updraft encircles the central downdraft, and a downdraft is
found at larger radii from the center. In high-swirl vortices, multiple vortices appear.
Radar observations have only begun to reveal the character of tornado vortices in nature.
Many more are needed to piece together the variety of structures in real tornadoes and
how they relate to their environment, and to assemble a climatology of tornado
properties. The use of a narrow-beam W-band radar is particularly advantageous because
it can resolve the 10-m scale features in 100-m scale tornadoes that characterize the
vortex. Finally, a narrow-beam is essential to resolving the flow of the tornado near the
ground, in the lowest 10 m, where turbulent friction plays a dominant role. It is thought
that the highest wind speeds occur just above the surface (Lewellen et al. 1997; Wurman
and Gill 2000).

c. Convective-storm initiation and storm organization

When a capping inversion or stable layer produces significant convective inhibition
(CIN), heating in the boundary layer and/or lifting along a boundary along which there is
low-level convergence, are/is necessary to lift air to its level of free convection (LFC)
and trigger convection (Crook and Klemp 2000). Convergent boundaries are made visible
on radar when insects collect along the convergence zones (Wilson and Schreiber 1986;
Wilson et al. 1994).

Severe convective storms sometimes form along the dryline, a surface boundary
separating moist, marine air capped by a stable layer, from dry, warmer, well-mixed
continental air. They seem especially likely to form when the dryline intersects a
baroclinic boundary at the surface. The vertical circulation about a dryline has been
likened to an “inland sea breeze”(Sun and Ogura 1979). Discussions of issues pertaining
to convective intiation along the dryline are found in numerical (e.g., Ziegler et al. 1997)
and observational (Ziegler and Rasmussen 1998; Hane et al. 1997) studies. A residual



dryline circulation (RDSC) may be found above the cold pool associated with an outflow
boundary that interects the dryline (Weiss and Bluestein 2002).

Once storms are triggered, there are a number of modes that organized convection in
strong shear can take place (e. g., Bluestein and Jain 1985; Bluestein and Parker 1993).
Bluestein and Weisman (2000) demonstrated how even when convective cells are
initiated along a line, the ultimate mode of convective organization can depend upon the
orientation of the vertical shear vector with respect to the line of forcing.

d. Summary of problems to be addressed

It is proposed that the following scientific problems be addressed:

L.

ii.

1il.

1v.

What is the sequence of events that precedes tornadogenesis in a supercell on
short time and space scales?

What is the detailed wind structure in a tornado throughout its life cycle?
Especially, what is the wind field on a fine scale below 500 m?

What is the nature of vertical circulations about the dryline on very fine
spatial scales?

What controls the nature of vertical circulations near the intersection of a
dryline and a baroclinic boundary at the surface?

What controls the organization of convective storms once they have been
triggered?

3. Research Plan and Methodology

a. Analysis of existing data

Datasets from recent field experiments will be analyzed. The following datasets have
been selected for analysis from a large sample of possible datasets, based upon their
quality, completeness, and potential for yielding significant results:

1.

The Stockton, KS tornado: W-band Doppler radar data documented most of
the life history (the first few minutes of tornadogenesis were missed while the
radar was being set up) of a tornado near Stockton, KS on 15 May 1999
(Bluestein and Pazmany 2000). This dataset is similar to that of the 5 June
1999 tornado in Nebraska, the analysis of which has just been completed and
a manuscript describing it has been submitted to Mon. Wea. Rev. Sector scans
at low elevation angle were collected every 10-20 s. The temporal continuity
of the dataset is excellent. The advantage of this dataset is that a rich array of
features such as an “umbilical”’cord of reflectivity connecting the tornado to
the rest of the hook echo, spiral bands, and occasional multiple vortices were
visually evident. Our focus will be on applying the GBVTD (ground-based
velocity track display) technique, used

on tropical-cyclone Doppler radar data, to determine properties of the mean
tornado vortex and the contributions from higher-wavenumber disturbances
(Lee et al. 1999). A discussion of how the center of the (tornado) vortex is



1l

1il.

1v.

located and effects of errors in doing so on the resultant analysis are found in
Lee and Marks (2000). This work will be carried out by M. Kramar.

The Happy, TX tornado: W-band Doppler radar data documented some of
the mature stage and part of the dissipation stage of a tornado as it passed
through Happy, TX on 5 May 2002. This dataset is significant in that not only
were sector scans taken at low elevation angle, but some vertical cross
sections (RHIs — range-height indicators) were taken through the tornado.
With boresighted video documentation available, it should be possible to
determine how far above the ground the highest wind speeds were located,
and what the relationship was between reflectivity, the Doppler wind field,
the debris cloud, and the condensation funnel. GBVTD analyses of the sector-
scan data will also be applied to determine properties of the mean vortex and
contributions from higher-order wavenumber disturbances. This work will be
carried out by M. Kramar and/or the P. L.

Dust devils: On 25 May 1999 near Tell, TX dust devil data were collected in
conventional pulse-pair mode with the W-band radar at close range (within
1.5 km). Donut-holes in reflectivity and spiral-band features were resolved. In
addition, on 30 and 31 May 2002, W-band data were also collected in dust
devils near Eloy, AZ. The radar was brought to Arizona to participate in a
dust-devil experiment conducted by Nilton Renno and others, during a brief
time-period when severe-storm activity was not expected in the Plains region.
GBVTD analyses of the sector scan data will be applied to determine
properties of the mean vortex and contributions from higher-order
wavenumber disturbances. Although dust devils are not as intense as
tornadoes, it is believed that analysis of the properties of the former will
provide insight into the interaction of any small-scale vortex with a boundary.
This work will be carried out by the P. 1.

Supercells on 23 May 2002 and 4 June 2002 near Borger, TX and Matador,
TX, respectively: Datasets were collected of volume scans of dual-
polarization, conventional reflectivity, and Doppler velocity data. The former
storm had a tornado reported while the radar scanned it, but was not visible
from the vantage point of the radar, about 10-15 km away. The dataset is
unique in that dual-polarization data are available while there was a tornado
reported. The P. 1. is aware of work in progress at NSSL on correlating
tornadoes with dual-polarization signatures. Dual-polarization data can help
characterize the nature of the particles in a convective storm (e.g., Zrnic and
Ryzhkov 1999). In this study, the data were collected at very close range.
Both storms appeared to be high-precipitation supercells. The latter storm hit
the radar with golfball-to-baseball size hail shortly after data collection. It is
proposed that TREC be used in conjunction with the Doppler data to
determine the two-dimensional wind field. M. Kramar (a graduate student on
the project), with help from J. Tuttle at NCAR, was successful in applying
TREC (tracking radar echoes by correlation) (Rinehart and Garvey 1978;
Tuttle and Gall 1999) to supercell data from the 2001 storm-season archive
and in obtaining a storm-scale horizontal wind field exhibiting temporal and
spatial continuity, and which appeared to be



vi.

physically reasonable. This work will be carried out by M. Kramar.

Vertical circulations along the dryline: Clear-air W-band Doppler-radar data
were collected in the Oklahoma Panhandle, in the boundary layer, on 22 May,
9 June, and 10 June 2002 in conjunction with [HOP. On 3 June 2002 data
were collected across a front with [HOP. The data were collected while the
radar truck was driven back and forth across the dryline (or front) and the
antenna scanned in the vertical plane. The speed of the truck was matched to
the scanning rate of the radar so that it will be possible to analyze the data
using pseudo-dual Doppler analysis techniques (Jorgensen et al. 1996) in the
vertical plane. The position and orientation of the radar beams is known via
the GPS (global positioning system) data recorded along with the Doppler
data. These datasets will be meshed with airborne, pseudo-dual Doppler data
collected by the ELDORA, downward-looking W-band radar data aboard the
Wyoming King Air aircraft, mobile mesonet data, and S-pol data, whenever
possible (see http://www.joss.ucar.edu/ihop for a detailed description of the
IHOP platforms and the data they collected). We will collaborate with Pls in
charge of the other instruments whenever possible. This work will be done
mainly by C. Weiss as part of his Ph. D. thesis research. (The other
component to his research is numerical, as discussed below.)

R. Tanamachi, a new graduate student who has worked at the Univ. of
Wisconsin, Madison and in the field during IHOP with the Atmospheric
Emitted Radiance Interfermometer (AERI) (Feltz et al. 1998), will analyze
the temperature and water-vapor data retrieved from the instrument during
IHOP. The initial objective of her work will be to quantify the
thermodynamic variability near boundaries and convective storms.

b. Numerical simulations

ii.

C. Weiss, as part of his Ph. D. research, is using the Advanced Regional
Prediction System (ARPS), a three-dimensional, nonhydrostatic, storm-scale
model (Xue et al. 2000), to simulate the vertical circulation about the
intersection of the dryline with a baroclinic boundary oriented normal to the
dryline. Observational work had indicated that the dryline vertical circulation
produced solenoidally may have been advected up and over the low-level cold
pool associated with the intersection of the dryline and an outflow boundary
(Weiss and Bluestein 2002). This elevated circulation, named the residual
dryline secondary circulation (RDSC), is thought to be responsible for the
triggering of convective storms. Having successfully reproduced the
numerical dryline experiments of Peckham and Wicker (2000), C. Weiss is
now incorporating a cold pool into the simulation. Sensitivity experiments
will be conducted to determine what controls the intensity and location of the
RDSC in the simulations.

The P. I. will continue his collaboration with M. Weisman at NCAR on
studying convective organization using numerical simulation experiments.
Preliminary work has been done with the Klemp-Wilhelmson model (Klemp
and Wilhelmson 1978) in setting up convection-interaction experiments.



Bluestein and Weisman (2000) have shown how neighboring storm
interactions can affect convective organization. Dowell and Bluestein (2002b)
have speculated that the timing of the collision of outflow from a nearby
storm can affect tornadogenesis. Numerical experiments in which a new cell is
triggered near an old cell can be done. It is proposed that the timing between
cells, their spacing, etc. be varied and the resulting behavior noted and
explained. Since the old Klemp-Wilhelmson model will no longer be available
on a CRAY at NCAR after Sept. 2002, it will be necessary to continue the
experiments on a new machine; M. Weisman has not tested out completely the
operation of the old model on the new machine. The possibility of working
with another model (e.g., WRF — Weather Research and Forecast Model) will
be considered. However, it may take a considerable amount of effort to
develop model diagnostics that already exist with the old model, whose
physics are sufficient for our purposes. This work will be initiated by the P. I.
and then transferred to a future graduate student such as R. Tanamachi.

c. Small field experiments

It is proposed that relatively inexpensive field experiments involving only a handful
of participants (about 6-9) be conducted each spring ( mid to late April- mid to late June)
in the Southern Plains, as in past years. The main expenses are gasoline and lodging for
out-of-town particants. The P. I. has over 25 seasons of field experience in nearly annual
field storm-intercept field experiments. On a typical day, a decision is made in the
morning whether or not to operate; if the necessary conditions for tornadoes are present
or forecast to occur within about 300 km from home base, the storm-intercept teams
travel to a target area of approximately 100 km X 100 km (Bluestein 1999). Information
from local radio and television stations, NOAA weather radio, and obtained online using
a laptop computer connected to the internet, is used to pinpoint our target storm or area.
A nowcaster is helpful when available, but not absolutely necessary.

Operations can be moved farther north and west if necessary, especially during early
June when severe activity typically migrates to Kansas, Nebraska, Colorado, and far west
Texas. It is advantageous to continue annual field operations because there are significant
variations in the frequency of occurrence of tornadoes and supercells that make it very
difficult to ensure the success of the experiment in any given year. If the yield is low on
severe activity, and the storm intercepts teams miss an event or two as a result of, for
example, forecasting error, an incorrect choice of routing, lack of roads, or instrument
failure, then continuing field operations increase the chance for success. By operating
mostly from our home base in Norman, OK, most of the participants can save on living
expenses. Operating ground-based mobile systems is much less expensive than operating
airborne platforms and very much less expensive than conducting large field experiments,
while still maintaining productivity.

Participants will be, as in the past, mainly graduate students and the P. 1. The students
gain valuable field experiments each year. With the yearly turnover of students, it is also
desirable to include a mix of experienced participants and new participants, who need to
gain field experience.



It is proposed to continue the core of our studies using the truck-mounted, W-band
Doppler radar designed and built at the University of Massachusetts by A. Pazmany and
his group. This radar system has been field tested and successfully used in its current
configuration since 1999 (Bluestein and Pazmany 2000). The main advantage of the radar
is its narrow-beamwidth antenna (0.18° half-power beamwidth), which allows for cross-
beam resolution on the order of 10 m at 3.2 km; along the beam resolution determined by
the pulse length is 15 m. In polarization-diversity pulse-pair mode (PDPP) (Pazmany et
al. 1999), the maximum unambiguous Doppler velocity is +79 m s™, which allows for
easier processing of high-speed data at tornadic wind speeds. The range of the radar is 10
km; when targets are within 1.5 km, only conventional pulse-pair processing is possible.
Efforts will be undertaken to remain beyond 1.5 km of tornadoes anyway for safety
reasons.

Data are post-processed at University of Massachusetts and archived in universal
format for easy viewing and editing using NCAR’s SOLO software. A limited real-time
display of Doppler velocity and of reflectivity are available on an A scope and as B-
scans, to enable the operator to monitor data quality and confirm vortex signatures, etc.
The W-band radar is used mostly to probe tornado structure. Sector scans at the lowest
elevation angle possible are first collected, usually every 10-20 s, depending on the
angular width of the sector selected. A boresighted video camera on the antenna and
video monitor facilitate accurate scanning. Range-height (vertical) cross sections are also
collected if the tornado visually appears to be relatively steady. An important advantage
of the W-band radar system over that of lower resolution (i.e., having 1° beamwidths) X-
band systems, is the ability to resolve motions near the ground, in the important surface
layer (Lewellen et al. 1997). A disadvantage is that when a tornado is embedded in very
heavy precipitation, attenuation can be a significant problem unless the tornado is at very
close range. In the past, attenuation has not usually been a problem. Velocity-azimuth
displays are also taken to determine the boundary-layer wind hodograph in the vicinity of
the area upstream from the updraft region in supercells (Bluestein and Pazmany 2000). In
clear air, the scatterers are presumably insects (Wilson et al. 1994).

Data from the primary W-band system will be augmented by data collected in a
truck-mounted X-band system. The first reflectivity-only system was completed by the
University of Massachusetts group and tested in 2001 by our group. Built using an
inexpensive marine radar as its core and leveraged with funds from other projects, the
radar system was upgraded to include Doppler velocity and dual-polarization
measurements (Zpr and Kpp) (Zrnic and Ryzhkov 1999). Differential reflectivity Zpr can
provide information about the shape of scatterers; specific differential phase Kpp can
provide information about information about liquid water and rain rate along the
propagation path. Using an antenna having a half-power beamwidth of 1.25° and a range
resolution in the along-beam direction of 150 m, the system has proven to be valuable for
surveillance, thereby allowing us to navigate to the updraft region of a supercell more
easily, especially when it is too far away to see. The radar has been successfully used at
ranges beyond 100 km. In addition to its use in guiding the W-band radar, it can be used
to obtain dual-frequency measurements in tornadoes and mesocyclones, which can
provide estimates of the sizes of water droplets (Pazmany et al. 2001). To the best of the
P. I.’s knowledge, this radar system is one of two mobile, dual-polarization, X-band



radars (Bluestein et al. 2001), and the only one being used primarily to probe severe
convective storms.

In addition to using the W-band and X-band systems as in the past, it is proposed
that our group test a rapid-scan X-band system currently being modified and a to-be
modified version of the existing mobile X-band radar. The rapid-scan radar is a mobile,
X-band, phased-array system (AN/MPQ-64) developed by the U. S. Army and now
supported by the Office of Naval Research (ONR). This radar system is truck mounted
and has a range resolution of 150 m; the effective half-power beamwidth is 2°, which
allows for storm-scale spatial resolution. A. Pazmany at the University of Massachusetts
(Ambherst) is participating in equipping the radar with a weather data processor that can
record volume images of the reflectivity and Doppler velocity fields. The antenna
mechanically rotates every 2 s (at 30 rpm) and can scan 90° in elevation electronically
and backscan in azimuth 5.2° to be able to dwell and eliminate beam smearing. It is
anticipated that the full 90° elevation range will not be needed; so, after averaging
independent samples, twelve beams in the radar system will be used to cover elevation
angles from 0-24° around a circle every 10 s (a minimum of five independent samples
will be averaged; it is necessary to average over a number of samples to reduce Rayleigh
fading and converge to a precise reflectivity and Doppler velocity estimate in each
sample volume). At a range of 20-40 km from a storm, the storm can be probed from the
ground up to 8-16 km. Thus much of the storm will be sampled.

The rapid-scan radar has a number of advantages over that of the conventional,
mechanically scanning radar. First, the tornadogenesis process, which takes place on very
short time scales (a few min or less), can be resolved, at least on the storm scale. With the
currently used W-band radar, scans at only one elevation angle take 10-20 s; with the
rapid-scan radar, much of the entire volume of the tornado’s parent vortex will be
resolved every 10 s. Secondly, there will be no smearing of the beam, owing to the
electronic scanning in elevation and electronic backscanning in azimuth. Thirdly, owing
to rapid updates in the Doppler velocity field, it might be possible to retrieve the full
three-dimensional wind field using various techniques (e.g., Gao et al. 2001). Data from
the radar system could be used to initialize numerical cloud models. Others are active in
these efforts and we would certainly make our data available to those requesting them. A
recent National Research Council report supports the development of phased-array
techniques for possible use in future operational radar systems (Smith et al. 2002). The
National Severe Storms Laboratory (NSSL) is modifying a larger, fixed-site, S-band
phased array system. Collaboration with engineers with their system is proposed, with
intercomparisons and the possible setting up of a mobile, dual-Doppler network when a
storm is nearby. It is therefore suggested that testing out a mobile, phased array system to
map out the wind field in supercell storms, hopefully while a tornado is forming, would
not only lead to an increased understanding of tornadogenesis, but also could be used to
improve tornado forecasting. Operating in clear air, it may also map out the boundary-
layer winds when clear-air scatterers (bugs) are present, as they usually are in the plains
during the spring. An alternative version of a mobile, rapid-scan, X-band Doppler radar
(Rapid DOW) is being designed and built by J. Wurman and collaborators (Bluestein et
al. 2001).

A second technological development that we would like to test is that of spaced
antenna radars (Holloway et al. 1995; Lataitis and Doviak 1995). Spaced-antenna



profilers have been used to estimate the three-dimensional wind in the atmosphere. The
technique makes use of the turbulent properties of the air and the assumption that the
statistical properties of the wind field are carried downstream by the wind, at least for
very short distances, on the spatial scale of the antenna. It is proposed that the transverse-
wind component (normal to the beam) be estimated using this technique on storm data.
A. Pazmany and his group will modify their existing mobile, X-band radar by installing
at smaller, 1 m antenna, which has a beamwidth of 2.2°. The along-beam resolution will
still be 150 m. Questions remain about the accuracy of the retrieved cross-beam wind
component (Lataitis and Doviak 1995). It is proposed that we conduct an intercomparison
of the spaced-antenna radar data with mobile, dual-Doppler data. If the technique works,
then it will be possible to determine the three-dimensional wind field more easily than by
setting up mobile dual-Doppler networks; having to position only one radar rather than
two will simplify data collection and increase the chance of success in capturing
tornadogenesis. The cost of adding on spaced antenna technology is relatively small
because the mobile radar already exists. The X-band radar could be converted back and
forth, over night, from a dual-polarization, conventional Doppler system to a spaced-
antenna system.

It is envisioned that future tornado observational work might make use of the
spaced-antenna X-band system to document storm-scale evolution, while the W-band
system is used to document tornado structure; the W-band radar data would be nested
within the larger-scale domain of the X-band radar. The relative merits of using a rapid-
scan radar vs. a spaced-antenna, mechanically scanning radar need to be assessed. Our
proposed field experiments will be the preliminary step in doing so. It may also be
possible to combine two rapid-scan X-band systems to collect rapid-scan dual-Doppler
data. It is suggested that continued development and testing of new radar techniques and
the refinement of existing ones is a prerequisite to any future large tornado field program
involving many components, of which mobile radars is but one.

d. Serendipitous case studies and sub-projects

As in the past, the P. I. and his students may analyze other cases (e.g., Lehmiller et al.
2001, studying dust devils in Arizona for a few days in 2002) and work on other sub-
projects, not noted explicitly in this proposal. Such work adds to the output of the
planned work and allows for spontaneously stimulated ideas to be tested.

e. Tentative work schedule

The following is an estimate of the three-year research plan:

Year 1
» Complete analysis of Stockton, KS tornado and Borger, TX and Matador, TX
storms. M. Kramar will finish his M. S. thesis. Manuscripts will be prepared for
Mon. Wea. Rev.
» Complete analyses of dust devils; P. 1. will prepare a manuscript for Mon. Wea.
Rev.
* C. Weiss will continue to analyze IHOP data for his Ph. D. thesis; in particular,
he will do pseudo-dual Doppler analyses of W-band data across the dryline for



several cases; he will analyze data from other IHOP sources when appropriate; he
will also continue his numerical simulations of the intersection of a dryline with a
baroclinic surface boundary using the ARPS model.

* R. Tanamachi will work with AERI data to identify temporal and spatial

changes in

also

and

the thermodyamic profile of near-storm environments; she will also learn to use a
three-dimensional cloud model (ARPS, WRF, or Klemp-Wilhelmson). She will

use other data sources from IHOP when necessary.
* C. Weiss, M. Kramar, R. Tanamachi, the P. 1., personnel from Univ. of Mass.,

OU student volunteers will participate in spring 2003 field experiments with the
mobile W and X-band Doppler radars, with the objective of collecting tornado
data. (If the rapid-scan radar is available, it will be field tested for 2-3 weeks.)

* The P. I. will continue to work on storm-interaction numerical experiments with
M. Weisman at NCAR, possibly passing them on to R. Tanamachi.

* The P. I. will finish analyses of the Happy, TX tornado and prepare a manuscript
for Mon. Wea. Rev..

Year 2

« [f M. Kramar decides to take his Ph. D. qualifier exam, and passes, he will be
looking for a Ph. D. research topic; otherwise, a new student will be hired, who
will work to acquire expertise in working with the TREC and GBVTD software
packages. If there is a new student, he/she will continue analyses of the best
datasets

collected in spring 2003. M. Kramar and the P. 1. will prepare a manuscript based
on his M. S. thesis for Mon. Wea. Rev.

* C. Weiss will finish his thesis research.

* R. Tanamachi will continue her numerical simulation experiments and work
with

the AERI datasets and other data from IHOP.

» C. Weiss, M. Kramar/new graduate student, R. Tanamachi, personnel from
Univ.

of Mass. and NRL, the P. ., and OU student volunteers will participate in a field
experiment in spring 2004, with the mobile W and X-band radars and the rapid-
scan radar. If possible, efforts will be coordinated with NSSL activities. Data will
be collected in supercells and tornadoes. If the spaced-antenna is available, the
mobile, conventional-scanning, X-band radar will converted so that the spaced-
antenna can be tested.

Year 3

* C. Weiss’s thesis work will be summarized in a few manuscripts and submitted
to Mon. Wea. Rev.

* M. Kramar’s/new graduate student’s work on data analysis of mobile radar data
will be continued (if M. Kramar continues on for a Ph. D.) or completed (if the
new

graduate student is working on an M. S. degree)

* When C. Weiss leaves, a new graduate student will be hired to work on mobile



Doppler radar data analysis.

* Robin Tanamachi will complete her M. S. and consider working on a Ph. D.

* The P. I.’s three graduate students, the P. L., personnel from Univ. of Mass. and
NRL, and OU student volunteers will participate in a field experiment during the
spring of 2005, involving the mobile X-band radar (with a spaced-antenna
system), the mobile W-band radar, and the rapid scan radar. The objectives will
be to capture tornadogenesis with all three radars. Efforts will be made to
coordinate with NSSL activities, if possible.

* The P. I. will continue to work on data analyses of the mobile radar data and
numerical simulation experiments in collaboration with M. Weisman at NCAR.
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Budget Justification Page

A. Support is requested for two summer months and two academic months for the PI. The
latter are required so that the PI can extend his one-semester sabbatical leave (fall

2002) to two semesters (the PI is a visiting scientist at NCAR/MMM until 1 April 2003).
The additional two months of support will allow the P. 1. to participate in field

operations, continue data analysis, and begin numerical simulations (by collaborating at
NCAR). During years 2 and 3, only one academic month support is requested each year to
enable the P.I. to spend more time on the project. In year 3 the P.I."s 9-month salary

will go up by $10K (in addition to other possible merit increases) owing to a transfer of
funds from a professorship to his base pay.

B. Support is requested for one month for a programmer to assist with computer and
computer network related issues. Support is also requested for three graduate students:
Continuing Ph. D. student C. Weiss; continuing M. S. student M. Kramar, who may become a
Ph. D. student; new M. S. student R. Tanamachi, who is female, and whose gender is
underrepresented in atmospheric sciences. Support is also requested for a new student in
year 2 if M. Kramar does not pursue a Ph. D. Student salaries are assumed to increase 5%
each year, which is more than the rate assumed for the increase of most other items (3%),
because students will be moving up in pay level independent of inflation.

D. Upgrades to the current computer equipment will be needed; in particular, additional
data storage devices will be purchased (an old disk is failing and massive amounts of new
Doppler data will need to be stored). The equipment is spread out over three years in
anticipation that storage units will decrease in price and increase in capacity with time.
Also, a new laptop (dedicated to the GPS on board the W-band radar truck) is needed to
make full use of GPS software and a small TV/VCR is needed to play back videos from the
boresighted video camera on the W-band radar.

E. Support is requested for domestic travel by the P. 1. and three graduate students to
scientific conferences and workshops and for travel support (gas, lodging while away from
home) during storm-intercept field operations. Support is also requested for gas, lodging,

and per diem for one NRL employee who will operate the rapid-scan radar. Expenses
associated with the U. Mass. mobile W-band and X-band trucks, and their personnel expenses
will be borne by the U. Mass. grant.

G. Support is requested for tapes, CDs, film, videotapes, cell phone time, and other
expendable supplies. Publication costs (page charges) for three publications/year @
$2500/publication. Other direct costs include tuition for the fall, spring, and summer
semesters (5.11% of salary during the fall and spring semesters; the Graduate College cost
shares the additional 22.09 %), the project phone, maintenance fees, research data costs
(WSR-88D data CDs, satellite data, etc.) weather data line fees, and software licensing
fees.




Current and Pending Support

(See GPG Section 11.D.8 for guidance on information to include on this form.)

The following information should be provided for each investigator and other senior personnel. Failure to provide this information may delay consideration of this proposal.

Other agencies (including NSF) to which this proposal has been/will be submitted.
Investigator: Howard Bluestein

Support: B Current [OPending [OSubmission Planned in Near Future 0O *Transfer of Support
Project/Proposal Title: Studies of Severe Convective Storms and Tornadoes

Source of Support: National Science Foundation
Total Award Amount: $ 489,057 Total Award Period Covered:  06/01/00 - 05/31/03
Location of Project: Norman, OK

Person-Months Per Year Committed to the Project. Cal:0.00  Acad:0.50 Sumr: 2.00

Support:  OCurrent & Pending O Submission Planned in Near Future 0O *Transfer of Support
Project/Proposal Title: Severe Convective Storms and Tornadoes

Source of Support: National Science Foundation
Total Award Amount: $ 692,400 Total Award Period Covered:  02/01/03 - 02/28/06
Location of Project: Norman, Oklahoma

Person-Months Per Year Committed to the Project.  Cal:0.00  Acad:1.00 Sumr: 2.00

Support:  OCurrent OPending 0O Submission Planned in Near Future 0O *Transfer of Support
Project/Proposal Title:

Source of Support:

Total Award Amount: $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project.  Cal: Acad: Sumr:

Support:  OCurrent [OPending O Submission Planned in Near Future 0O *Transfer of Support
Project/Proposal Title:

Source of Support:

Total Award Amount: $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project.  Cal: Acad: Sumr:

Support:  OCurrent [OPending O Submission Planned in Near Future O *Transfer of Support
Project/Proposal Title:

Source of Support:

Total Award Amount: $ Total Award Period Covered:
Location of Project:
Person-Months Per Year Committed to the Project.  Cal: Acad: Summ:

*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding period.
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FACILITIES, EQUIPMENT & OTHER RESOURCES

FACILITIES: Identify the facilities to be used at each performance site listed and, as appropriate, indicate their capacities, pertinent
capabilities, relative proximity, and extent of availability to the project. Use "Other" to describe the facilities at any other performance
sites listed and at sites for field studies. USE additional pages as necessary.

Laboratory:

Clinical:

Animal:

Computer: Sun Ultra 1 workstation with 675 MB internal memory and 38 GB of external memory
HP Color Laserjet 4550
Toshiba Satellite laptop PC with 5 GB of memory
Maclntosh Powerbook G4 laptop

Office:

Other:

MAJOR EQUIPMENT: List the most important items available for this project and, as appropriate identifying the location and pertinent
capabilities of each.

SLR cameras (Nikon FM and FM-II, Pentax 67) with various lenses
Sony TRV50 mini-DV camcorder

tripods

voice microtape recorder

OTHER RESOURCES: Provide any information describing the other resources available for the project. Identify support services
such as consultant, secretarial, machine shop, and electronics shop, and the extent to which they will be available for the project.
Include an explanation of any consortium/contractual arrangements with other organizations.

Computer facilities (other workstations and printers) in the School of Meteorology at
the University of Oklahoma; real-time access to data from the network of WSR-88D
radars, the Oklahoma Mesonet, NOAA wind profilers, meteorological satellites, surface
data, upper-air data, and various computer models. Copying facilities at the Univ. of
Oklahoma.

Secretarial and computer support.




FACILITIES, EQUIPMENT & OTHER RESOURCES

Continuation Page:

COMPUTER FACILITIES (continued):

Maclntosh Powerbook G4 with 40 GB/384 MB memory
Epson scanner
Lexmark printer
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