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ABSTRACT

The structure and evolution of a microburst-producing cell were studied using duat-Doppler data collected
in eastern Colorado during the summer of 1987. Eight volumes of multiple-Doppler data with a temporal
resolution of 2.5 min were analyzed. The radar data were interpolated onto a Cartesian grid with horizontal
and vertical spacing of 250 m and 200 m, respectively. The analysis of this dataset revealed that the 56 dBZ,
storm produced two adjacent microbursts with different kinematic structures. The first microburst, which de-
veloped a maximum velocity differential of 16 m s~ over 2.5 km, was associated with a strong horizontal vortex
(rotor) that developed near the surface at the precipitation edge. The second stronger microburst obtained a
velocity differential of 22 m s~} over 3.2 km and was associated with a strengthening downdraft and collapse
of the cell. Both microbursts developed ~ 14 min after precipitation reached the surface.

Trajectory and equivalent potential temperature (8,) analyses were used to determine the history of the
microburst-producing cell. These analyses indicate that the source region of air for the rotor-associated microburst
was below cloud base and upwind of the precipitation shaft. Air entered the cell from the west at low levels,
ascended over the horizontal rotor, and descended rapidly to the ground on the east side of the rotor. The
source height of the air within the second microburst was well above cloud base. As the cell collapsed and the
microburst developed, air accelerated into the downdraft at midlevels and descended to the surface. Features
associated with this microburst included a descending reflectivity echo, convergence above cloud base, and the
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development and descent of strong vertical vorticity.

1. Introduction

Microbursts associated with convective storms have
been identified as aviation hazards because of the strong
low-level wind shears they produce (National Research
Council 1983). Research projects, such as the Northern
Illinois Meteorological Research on Downbursts
(NIMROD) (Fujita 1979) and the Joint Airport
Weather Studies (JAWS) (McCarthy et al. 1982) were
initiated to examine the three-dimensional structure
and evolution of microbursts in the lowest 2 km of the
atmosphere using Doppler radar, aircraft, and surface
mesonet instrumentation. These observational studies
have provided a wealth of information about micro-
burst morphology, evolution, and precursors ( Wilson
et al. 1984; Fujita 1985; Wakimoto 1985; Mahoney
and Rodi 1987; Hjelmfelt 1988; Kessinger et al. 1988;
Lee 1989; Roberts and Wilson 1989). Microbursts have
been defined, using Doppler radar, as a precipitation-
induced divergent wind flow at the surface with a radial
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velocity difference (AV) = 10 m s™! over a distance
< 4 km (Wilson et al. 1984).

Studies of microburst-producing cell structure have
been limited due to the lack of detailed three-dimen-
sional data near or above cloud base where microburst
downdrafts are thought to develop (Roberts and Wilson
1984, 1989; Srivastava 1985; Knupp 1987; Mahoney
and Rodi 1987). One- and two-dimensional numerical
models have been used to study factors that generate
microbursts (Srivastava 1985; Krueger and Wakimoto
1985; Proctor 1985, 1988; Knupp 1989), but little high-
resolution, observational data exist above cloud base
to assess these modeling results. A recent observational
study using multiple-Doppler radar data (Lee 1989)
documented the kinematic and thermodynamic evo-
lution of microbursts associated with bow echoes. This
was one of the first observational studies documenting
microburst source height and evolution.

Numerous mechanisms have been proposed that
contribute to the development of microburst-producing
downdrafts. Hydrometeor evaporation or sublimation
is the dominant mechanism for driving intense down-
drafts, especially when the subcloud lapse rate ap-
proaches the dry adiabatic value (Kamburova and
Ludlam 1966; Mahoney and Rodi 1987; Srivastava
1985, 1987). Ice melting has also been identified as an
important downdrafi-generating process (Rasmussen
et al. 1984; Hjelmfelt 1987; Srivastava 1987), and pre-
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cipitation loading contributes when a large quantity of
hydrometeors are present (Byers and Braham 1949;
Clark and List 1971).

Misocyclones and miso-anticyclones' have been
observed within downdrafts, but their role in micro-
burst formation remains unclear (Fujita 1985; Hjelm-
felt 1987; Kessinger et al. 1988). Fujita (1985) sug-
gested that misocyclones concentrate and strengthen
downdrafts by increasing the concentration of hydro-
meteors available for evaporation. Klemp and Rotunno
(1983) suggested that vertical pressure gradients in-
duced by these rotations produce strong downdrafts.
The latter hypothesis was supported by Kessinger et
al. (1988), who provided evidence that downdrafts are
enhanced as they become collocated with misocy-
clones.

The presence of horizontal vortex circulations (ro-
tors) within microburst outflows has been documented
by Forbes and Wakimoto (1983), Fujita (1985, 1986),
Hjelmfelt (1988), and Kessinger et al. (1988). Forbes
and Wakimoto (1983) noted that microbursts are often
associated with vortex circulations about horizontal
and vertical axes. Rotors often develop along the lead-
ing edge of nonmicroburst outflows and are hypothe-
sized to develop from baroclinicity generated at the
cold air interface (Rotunno et al. 1987). Multiple rotors
may be caused by shearing instabilities that form on
the interface between the two fluids ( Droegemeier and
Wilhelmson 1987; Mueller and Carbone 1987) or by
the occurrence of additional downdrafts and outflow
surges (Wakimoto 1982). Mahoney (1988) showed
that when vortex circulations are strong, downdrafts
to the rear of the rotor can produce surface divergence
patterns similar to microbursts.

Many studies have been performed to determine
where downdrafts form within clouds. Downdraft gen-
esis from entrainment near cloud top was proposed by
Squires (1958). Emanuel (1981) showed that down-
drafts initiated from entrainment above cloud base
could not descend below cloud base without the aid of
precipitation. Observational and modeling analyses of
High Plains cumulonimbi indicated that downdrafts
originate from several locations including storm top,
cloud edge, midlevel, and near the surface; however,
only precipitation-associated downdrafts reach the
surface (Knupp 1987, 1988).

Roberts and Wilson (1989) studied precursors to
microburst development within a number of clouds
using single-Doppler radar. They identified four major
features that generally occur 2-6 minutes before mi-
croburst occurrence: 1) a descending reflectivity core,
2) increasing radial convergence near and above cloud
base, 3) reflectivity erosion along the storm edge, and

! Fujita (1981) defined misocyclones ( miso-anticyclones) as cy-
clones (anticyclones) having a horizontal wind field dimension of
40-4000 m.
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4) rotation about a vertical axis. They argued that a
descending reflectivity core and echo dissipation aloft
suggest the presence of a downdraft. These downdrafts
are likely initiated within the cloud by precipitation
drag and accelerate by evaporation as environmental
air entrains into the downdraft. Convergence near
cloud base is likely in response to accelerating down-
drafts, and eroded reflectivity regions are locations of
rapid evaporation. Rotation is believed to be the result
of vortex stretching and/or tilting by the downdraft.

In this study, dual-Doppler data are used to examine
the history of a high radar reflectivity (~56 dBZ,) mi-
croburst-producing cell. On 17 July 1987, a thunder-
storm developed east of Denver, Colorado, producing
two microbursts, a downdraft miso-anticyclone, and
numerous horizontal vortex circulations. The two mi-
crobursts had different kinematic structures. One was
associated with a strong horizontal rotor and the other
with the rapid collapse of the cell. The three-dimen-
sional structure and evolution of these features are pre-
sented using multiple-Doppler radar analyses from near
the surface to 6 km above ground level (AGL). Tra-
jectory and equivalent potential temperature (6,) anal-
yses are used to determine the history and origin of the
microburst downdrafts.

2. Data sources and analyses

Data were collected during the Convection Initiation
and Downburst Experiment (CINDE) (Wilson et al.
1988) between 22 June and 7 August 1987 near Den-
ver, Colorado. The scientific objectives of the project
included studies of the boundary layer, wind conver-
gence lines, and downburst initiation and forcing
mechanisms.

Facilities used in this study included the National
Center for Atmospheric Research (NCAR) C-band
Doppler radar (CP-3), the National Oceanic and At-
mospheric Administration (NOAA ) X-band Doppler
radars (NOAA /C and NOAA /D), five NCAR Cross-
chain Loran Atmospheric Sounding System (CLASS)
stations, three mobile sounding systems, and 46 NCAR
Portable Automated Mesonet (PAM-II) surface sta-
tions (Fig. 1). The CINDE radar network was specif-
ically designed to obtain high-resolution dual-Doppler
data. The NOAA X-band Doppler radars were sepa-
rated by 15.9 km and had a range resolution of 150
m. Volume scans were completed every 2.5 min. PAM-
II stations recorded 1-min averages of temperature,
pressure, wet-bulb temperature, wind speed and direc-
tion, and rainfall accumulation (Brock and Govind
1977). The stations were placed =~ 10 km apart.

The CLASS soundings provided an estimate every
10 s of temperature, pressure, relative humidity, and
the u and v components of the wind. The vertical res-
olution of the data was ~50 m. The mobile sounding
systems obtained temperature, pressure, and relative
humidity data at 5-s intervals, resulting in a vertical
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FiG. 1. CINDE experimental network surrounding Denver’s Sta-
pleton Airport. The stippled region, “A” and “B”, and curved solid
line represent microburst, mobile soundings, and surface convergence
line locations, respectively.

resolution of 20-25 m. Winds were measured, using a
theodolite, at 30-s intervals. Soundings were taken at
various times and locations in support of particular
experiments.

Eight dual-Doppler analyses were performed be-
tween 1710-1725 MDT (all times are mountain day-
light time). Single-Doppler data from CP-3 were used
to trace cell evolution prior to 1710. Vector wind fields
were derived from dual-Doppler analyses using the
NOAA /C and NOAA /D radars. Doppler radar data
were edited to remove second-trip echoes and ground
clutter using the NCAR Research Data Support System
(RDSS) interactive computer system (Oye and Car-
bone 1981).

. Wind fields were calculated from the radial velocity
data using the Custom Editing of Reduced Information
in Cartesian space (CEDRIC) software developed at
NCAR (Mohr et al. 1986). A Cressman weighting
function (Cressman 1959 ) was used to interpolate the
data from radar to Cartesian space. The Cartesian grid
had 250-m horizontal and 200-m vertical spacing and
used a 300-m horizontal and a 250-m vertical influence
radii. The analysis grid origin was 18.25 km east and
16.0 km north of the CP-3 radar; the x and y axes were
oriented positively towards the east and north, respec-
tively. The grid extended vertically from 0.1 km to 6.1
km AGL (all heights are AGL). Two passes of a two-
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step Hanning filter (Haltiner 1971) were made through
the u and v fields prior to integration. Filtering was
necessary to remove small-scale noise from the data
allowing us to control the spacial scale retained in the
analysis. Two passes of this filter will remove a sufficient
amount of 4s energy, where s is the grid spacing, with-
out removing excessive energy from larger scales. The
resolvable scale of the analysis is ~1.4 km. Vertical
velocities were computed using the anelastic form of
the continuity equation. Because scanning did not ex-
tend to echo top (~10.4 km), convergence was inte-
grated upward, starting with the boundary condition
w = 0 at the surface. At 0.1 km, w was estimated
by assuming constant divergence from the surface to
0.1 km.

Errors and biases in multiple-Doppler radar wind
field recovery have been covered extensively in the lit-
erature (Doviak et al. 1976; Clark et al. 1980; Gal-
Chen 1982; Ray and Sangren 1983; Nelson and Brown
1987; Wilson et al. 1984; Kessinger et al. 1988; Lee
1989). Storm motion was estimated to be <1 m s™!
during the analysis period. Antenna side-lobe contam-
ination, which may affect vertical velocity estimates
near the top of the domain, was minimal. Because of
the short baseline and close proximity of the radars to
the storm, low-altitude divergence was well sampled.
This fact coupled with gentle terrain variations help
alleviate concerns about excessive errors in upward in-
tegrated vertical velocities due to sampling and bound-
ary errors near the surface. Typical horizontal velocity
errors lie within +2 m s™!. Although local bias errors
in horizontal winds will effect w, and these effects may
increase the magnitude of w with z when integrating
upward, overall velocity patterns will remain intact.
Some error will be introduced due to storm evolution
over the 2.5 min required to complete each volume
scan.

Using the dual-Doppler equations (CEDRIC), an
error variance analysis over the dual-Doppler domain
was performed. Two analyses were performed, one us-
ing 02pouna = 0.25 m? s72, ¢, = 2.0 m? s72, o3,
=0.013 m® s72, and the second case using oZvoung
=1.0m?s2, 6% =50m?s72, 6%, = 0.013 m?s72,
where ¢%, is the error variance in terminal velocity,
02 bouna 1S the error variance in w at the lowest analysis
level, and ¢%, is the error variance in radial velocity as
determined by radar wavelength and dwell time (Bohne
and Srivastava 1975). Under the first conditions, ¢,2
+ 0,2 reaches a maximum at the top of the analysis
domain (6.1 km AGL) of 2.5 m? s in the extreme
lower right hand corner with a minimum value of 0.25
m? s~ in the upper left-hand corner. The quantity o,
has a maximum value at the top of the analysis grid
of 8.25 m? s 2, also in the lower right-hand corner. ¢,
has a minimum value of 3.6 m? s™2 near x = 18.25
km and y = 24.75 km. For the second set of conditions,
o2 + o, has an identical pattern, but with values of
5.75 m® s~? in the lower right-hand corner and 0.75
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m? s~2 in the upper left-hand corner. Again, a similar
distribution exists for ¢, except with a maximum value
of 16 m? s and 7.9 m? s™2, respectively. Errors of
these magnitudes will not appreciably affect the findings
presented here.

3. Storm environment

The microburst-producing cell evolved along a sta-
tionary convergence zone that developed in the CINDE
network before noon (Fig. 1). A description of storm
initiation along this convergence line is given by Wilson
etal. (1988). A weak cold front moved into the network
from the northwest and collided with the convergence
zone at 1445 further enhancing the local convergence.
Between 1630 and 1730, several 55-65 dBZ, storms
rapidly developed along the convergence zone and
produced three small tornadoes and numerous down-
bursts. The surface wind observations and cell locations
at 1700 are shown in Fig. 2. The microburst-producing
cell rapidly developed to 56 dBZ, reflectivity between
1647 and 1710 and produced two microbursts with
velocity changes of 16 m s™! over 2.5 km and 22 m
s~! over 3.2 km at 1714 and 1720, respectively. This
study focuses on the downdraft development within
this cell, not on cell development.

17 JULY 1987 ITOOMDT CP3 45°
036° . NC.¢\I3I PAM
Convergence v Sms
Zone
40 :
> 060°
Main Cell B 3
Lo
- 20° &2 .>
- A S -
R L S
cP3 090
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Fi1G. 2. Area map showing the locations of the surface convergence
zone, cell locations, and PAM winds at 1700 MDT. Cell contours
are every 10 dBZ, beginning at 25 dBZ,. The cell studied here is
located within the box, which represents the dual-Doppler domain.
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FIG. 3. Mobile soundings “A” (solid line} and “B”’ (dotted line)
taken at 1636 and 1638 MDT, respectively. (Note: sounding B only
extends to 65.0 kPa.) Wind barbs are in m s~ and aircraft observed
cloud base is 64 kPa (2.2 km AGL).

Soundings were taken from mobile platforms at 1636
and 1638 when the convective line of storms began
developing (sounding locations are shown in Fig. 1).
Soundings A and B were on the west and east side of
the convergence boundary, respectively. Sounding A,
shown in Fig. 3, indicates a dry adiabatic layer between
the surface (83.0 kPa) and 68.0 kPa. There are no data
above 65.0 kPa for sounding B, but data below 65.0
kPa indicate that the dry adiabatic layer and moist layer
on the east side of the boundary are deeper than on
the west side. The surface mixing ratio for both sound-
ings is 8.6 g kg ™!, and the LFC for soundings A and
B are 60.0 and 63.0 kPa, respectively; however, research
aircraft reported cloud base to be near 63.0 kPa (2.2
km) indicating that sounding B may better represent
the storm environment at low levels. The equilibrium
level, based on temperature and moisture variables
from sounding A, is 23.0 kPa (11 km), and the 0°C
level is ~55.0 kPa (3.2 km). Echo top is approximately
10.4 km. Soundings A and B were combined to esti-
mate local properties of the environment. The lifted
index (LI) is —2.5, CAPE is 487 J kg™!, and the Ri is
52. These values are lower than expected considering
the storms exhibited rapid development suggesting that
the environment within the convergence zone was
more unstable than the proximity soundings indicate.
An aircraft analysis of the environment within the
convergence zone (Wilson et al. 1988) indicates that
the mixing ratio within the zone was between 9 and
10 g kg~! corresponding to a LI closer to —5. Both
soundings show a deep, dry adiabatic layer conducive
to dry microburst development (Wakimoto 1985).

The hodograph for sounding A, shown in Fig. 4,
indicates weak vertical shear from the surface to 55.0
kPa, where wind data cease. The horizontal wind ve-
locity was <5 m s~! from 83.0 to 55.0 kPa. The cell
of interest moved at <1 m s™' between 1700 and 1730
and is considered stationary during the analysis period.
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F1G. 4. Wind hodograph determined from the 1636 MDT mobile
sounding “A”. Pressure levels (kPa) are labeled.

4. Storm characteristics

A summary of cell characteristics is provided in Ta-
ble 1. The cell reflectivity maximum develops rapidly
from 14 dBZ, at 1647 to 40 dBZ, at 1657. A time-
height plot of maximum radar reflectivity from CP-3
shown in Fig. 5 indicates that between 1657 and 1701,
reflectivity near the ground increases from O to 37 dBZ,
and peaks at 55 dBZ, at 1716. The cell maximum (56
dBZ,) develops over a 20-min period (1647-1706) and
decreases almost immediately after that time. Between
1706 and 1725, the top of the 50-dBZ, region descends
from 6 km to 1 km. The >55-dBZ, area decreases and
descends from ~2 to 1 km between 1706 and 1716.

The three-dimensional reflectivity structure between
1712 and 1718 is shown in Fig. 6. The isosurface
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bounds reflectivity > 45 dBZ,; the viewer is facing
northeast. The 45-dBZ, isosurface on the south side of
the cell rapidly descends with time, while more general
decay occurs in the central and northern regions. Mi-
croburst 1 (MB1) develops at 1714 near the center of
the cell (24.3, 24.5), and at 1718 microburst 2 (MB2)
develops at the southern end of the cell (26.0, 22.0)
under the collapsing reflectivity region.

Dual-Doppler radar analyses are available during
mature and dissipating stages of the cell. Figure 7 shows
horizontal cross sections of horizontal wind vectors,
reflectivity, divergence (at 0.1 km), and vertical velocity
values (at 2.1 km) for four periods between 1710 and
1723.

At 1710 (Fig. 7a), the maximum reflectivity at 0.1
km is 52 dBZ,. The convergence zone that triggered
the convection is on the western side of the analysis
marked by the dashed line. Winds on the western side
and eastern side of the convergence line are generally
from the west and southeast, respectively. At 2.1 km
(Fig. 7b), the main updrafts (hatched regions) are lo-
cated in a north-south line through the center of the
storm. Convergence into the updrafts is occurring in
a layer between 2.5 and 4.0 km (see Table 1), and
updraft velocities at 2.1 km are generally 2to4 ms™',
except for a 12 m s~! updraft in the northern part of
the cell where new growth is occurring. The main
downdrafts are developing east of the updrafts
throughout the cell. A miso-anticyclone is developing
between 2.5 and 3.7 km in the shear region between
the main updraft and downdraft (25.5, 22.0). The
maximum vertical vorticity value of —15.1 X 1073s™!
is located at 3.1 km, and only an area of weak (—6.0
X 1073 s71) vertical vorticity is located at 2.1 km.

Between 1710 and 1714, the surface reflectivity re-
mains constant at 52 dBZ,, but the >50-dBZ, region
shifts southward (Fig. 7c¢). The maximum reflectivity
within the cell remains constant at 56 dBZ,, and it

TABLE 1. Cell characteristics—maximum values, 17 July 1987.

Downdraft Vertical Vertical Divergence
dBZ, dBZ. at 2.1 km vorticity vorticity at 0.1 km Convergence Convergence

Time dBZ, height value MBI1/MB2 (MB2) height MBI1/MB2 value height
(MDT) value (km AGL) at 0.1 km (ms™) (X107357Y) (km AGL) (X1073s7) (X1073s7h) (km AGL)

1647 14 6.5 none

1652 29 6.5 none

1657 40 5.0 none

1701 47 4.5 37

1706 56 20 52

1710 56 2.1 52 4/6 —15.1 3.1 4.9/3.5 17.1 3.9
1712 56 1.8 52 8/8 —17.4 33 7.7/44 14.0 37
1714 56 1.1 52 9/9 -17.3 2.3 13.0/7.7 11.4 2.7
1716 56 0.9 55 9/11 —18.8 2.3 14.3/8.0 124 2.3
1718 53 0.9 53 10/12 —18.7 1.7 15.7/12.0 14.5 3.1
1720 50 1.1 50 9/15 —18.3 1.5 10.6/10.0 15.5 2.3
1723 50 1.1 47 9/16 ~-15.8 1.3 15.5/12.7 149 1.7
1725 50 09 47 13/13 -17.6 1.7 13.7/10.2 9.7 2.7
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FIG. 5. Time-height profile of maximum radar reflectivity within
the main cell (see Fig. 2). Radar reflectivity (dBZ,) is labeled.

descends from 2.1 to 1.1 km. The velocity differential
on the northern end of the cell slowly strengthens dur-
ing this period to 13 m s™! over 2.2 km, reaching mi-
croburst threshold (MB1) at 1714. Expanding outflow
on the northeastern side of the storm enhances low-
level convergence in that area. At 2.1 km (Fig. 7d),
the updraft and downdraft velocities are similar, in-
dicating that the storm is beginning to decay. Conver-
gence into updrafts is decreasing above 3.1 km while
convergence into downdrafts is increasing. The updrafts
have moved west of the cell core while downdrafts have
remained coincident with maximum reflectivity. The
maximum downdraft magnitude at 2.1 km increases
to 9 m s~', but the overall maximum value is 12 m
s™!at 5.3 km. A 6 m s~! updraft/downdraft couplet
forms at 2.1 km centered at (23.0, 25.0). This couplet
identifies the vertical wind components of a strong
horizontal rotor that is developing along the reflectivity
gradient on the northwestern side of the storm. This
rotor, and its association with MB1, will be described
in more detail in section 5a. The miso-anticyclone is
increasing in strength and depth throughout the cell.
At 2.1 km (25.5, 22.5), the vertical vorticity magnitude
has strengthened from —6 to —16.8 (X103 s7!), and
the maximum value within the cell (—17.3 X 103s™!)
has descended from 3.3 to 2.3 km.

Between 1714 and 1718, the entire storm begins de-
caying, but surface reflectivity values remain nearly
constant at 54 dBZ,. At 1718 (Fig. 7e), the velocity
differential for MB1 increases to 16 m s’ over 2.5 km.
MBI has moved ~1 km to the northeast, and it is
evolving into a 4-km long divergence line that is ori-
ented north-south. South of MB1, MB2 develops rap-
idly, reaching a maximum velocity differential of ~ 18
m s~ ! over 3.5 km, with the strongest winds blowing
toward the south-southwest out of the precipitation
core. At 2.1 km (Fig. 7f), updrafts are weakening;
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however, downdrafts are increasing in magnitude and
extent throughout the cell. Downdraft magnitudes as-
sociated with MB1 and MB?2 increase to 10 and 12 m
s~!, respectively. The main downdrafts are oriented
north—south in a 4-km long line coincident with the
reflectivity core. The strongest downdraft within the
cell increases from 12 to 18 m s™! and descends from
5.3 to 4.1 km directly above MB2. The miso-anticy-
clone, which now has a vertical vorticity value of —18.7
X 1073 s~ ! at 2.1 km, is collocated with the downdraft
of MB2. Maximum vorticity associated with the miso-
anticyclone develops between 1716 and 1720 and de-

REFLECTIVITY 245

17 JuLy 87 @/r _
[[p—

1714

1712 MDT

mB2

16 18

FIG. 6. Evolution of the storm reflectivity structure between 1712
and 1718 MDT. The isosurface bounds reflectivities > 45 dBZ,. The
approximate locations of microbursts MB! and MB2 are indicated
by arrows and the view is toward the northeast.
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FiG. 7. Horizontal cross sections of ground-relative wind vectors (scale vector at lower right), reflectivity, and divergence at 0.1 km
[Panels (a), (c), (e), and (g)], and vertical velocity at 2.1 km [Panels (b), (d), (f), and (h)] for four periods between 1710 and 1723
MDT. Reflectivity is contoured each 10 dBZ, beginning at 0 dBZ,, divergent regions (shaded) are contoured each 6 X 10~ s™! beginning
at 6 X 1073 s, and vertical velocity is contoured each 4 m s~ beginning at 4 m s~' (downdrafts shaded ). The surface convergence line is
marked by the dashed line at 0.1 km, and the “X” represents the location of the miso-anticyclone at 2.1 km. Winds from PAM station 9
are plotted (full barb = 10 m s™').

scends from 2.3 to 1.5 km during the same period (see anticyclone develops from the stretching of vorticity
Table 1). The increase in magnitude and areal extent as discussed by Kessinger et al. (1988).

of the miso-anticyclone coincides with strengthening During the interval from 1720 to 1725, reflectivity
and descent of the downdraft, suggesting that the miso- throughout the storm decreases in both areal extent
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FIG. 7. (Continued)

and magnitude as the surface outflow expands. The
height of the 45-dBZ, isosurface descends from 4 to 2
km on the south side of the cell (Fig. 6). MBI and
MB2 consolidate into a divergent line with two centers
(Fig. 7g) located at (26.5, 27.0) and (26.3, 22.5), re-
spectively. At 1723, the velocity differential for MBI
and MB2 are 14 m s~ ! over 3.0 km and 22 m s~! over
3.2 km, respectively. At 2.1 km (Fig. 7h), the down-

draft magnitude associated with MBI decreases slightly
from 10 to 9 m s~!; however, the downdraft magnitude
for MB2 increases from 12 m s~ to its maximum value
of 16 m s~'. By 1725, the reflectivity, surface velocity
differential, and downdraft magnitudes throughout the
cell have decreased. The miso-anticyclone, which re-
mains located in the shear region between the updraft
and downdraft, also dissipates.
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PAM STATION 9 17 JULY 1987
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FIG. 8. Surface data measured at 1-min intervals by PAM station
9. Fields shown are temperature and dewpoint (°C), wind speed (m
s~!) and direction (°), equivalent potential temperature (6,) (K),
pressure (kPa), and accumulated rainfall (mm).

The PAM station 9 is located on the southern side
of the cell at the edge of the precipitation core ~1.5
km away from the center of MB2. Surface parameters
measured and derived by PAM-9 when it is influenced
by MB2 are shown in Fig. 8. The outflow arrived at
PAM-9 =~ 3 min after MB2 developed. The outflow is
marked by a wind speed and pressure jump of 12 m
s”! and 0.12 kPa, respectively. The temperature drops
slowly from 24° to 19°C, and the dewpoint tempera-
ture drops rapidly from 7° to 2°C. Between 1715 and
1730, 10 mm of rainfall is recorded, and the peak rain-
fall rate (not shown) is 60 mm h~!. The 6, slowly de-
creases from 349 to 335 K between 1650 and 1718;
however, at 1719, 6, drops rapidly from 335 to 329 K.
Since 6, is conserved for moist processes, this ther-
modynamic variable can be used as a tracer of down-
draft air. The vertical profile of 8., derived from sound-
ing A, is shown in Fig. 9. Environmental 4, decreases
from 344 K near the surface to 326 K at 56.0 kPa
where it begins to increase. Assuming that some en-
trainment may have occurred, the surface 6, value of

329 K corresponds to environmental values between -

65.0 and 55.0 kPa (=~2-3 km), suggesting that MB2
air originated within those levels. The source heights
of MB1 and MB2 air will be examined in more detail
in the next section.

S. Microburst evolution

a. MBI kinematic structure

MBI was associated with a horizontal rotor that de-
veloped at the northwest edge of the precipitation core.

MONTHLY WEATHER REVIEW

VOLUME 119

The kinematic structure of MBI is illustrated using
vertical cross sections oriented east-west (location
shown in Fig. 7c) for four periods between 1710 and
1723. The cross sections, which are perpendicular to
the axis of maximum horizontal vorticity, are presented
in Fig. 10.

At 1710, most low-level inflow is on the western side
of the cell. Below 1.5 km, the maximum radar reflec-
tivity (54 dBZ,) is at the center of the cell. The main
updraft is concentrated in a narrow north—-south-ori-
ented band in the center of the storm at x = 25 km
(also see Fig. 7b), and the maximum updraft is 26 m
s~! at 5.5 km. Two small downdrafts > 6 m s~ (hashed
areas in Fig. 10) are observed: one is above 4.5 km,
east of the updraft core, and the second is between 3
and 4 km in the westcentral part of the cell. Both are
located in regions where the reflectivity is >40 dBZ,.

A horizontal rotor with a maximum vorticity value
of —19.1 X 1073 s~! develops on the west side of the
storm core along the 40-50 dBZ, gradient, but no ad-
ditional information is available on its formation. The
vertical velocity values at 1.3 km on either side of the
rotor are +4 and —3 m s™!, respectively. Air between
the surface and ~1.0 km on the western side of the
cell accelerates over the vortex into the main updraft.
The rotor delineates the region between strong inflow
and weaker outflow.

At 1714 (Fig. 10b), the 40-dBZ, region descends to
6 km, the cell begins decaying as downdrafts replace
updrafts below ~ 3.5 km, and the main updraft is now
located above 3.5 km. The strongest updraft remains
at 5.5 km but decreases from 26 to 17 ms~!. Air enters
the storm from the west at midlevels and descends in
the precipitation. A region of eroded reflectivity on the
western side of the cell at 1.0 km marks the location
where subcloud inflow is occurring due to air moving
around the rotor. Air below 2 km is accelerating over

17 JULY 1987 8¢ ANALYSIS
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F1G. 9. Equivalent potential temperature (6,) profile measured by
mobile sounding “A” at 1636 MDT on 17 July 1987.
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FiG. 10. Vertical cross sections through microburst MB1 at (a) 1710, (b) 1714, (¢) 1718, and (d) 1723. Fields shown are reflectivity
(dBZ,) (solid lines), downdrafts > 6 m s~ (shaded), and ground relative wind vectors (scale vector at lower right corner). Rotor centers
are labeled “R1” and “R2”, and the cloud-base height is indicated. Estimates of gust front kinematic boundaries are boldly lined. Cross-

section location is shown in Fig. 7c.

the gust front into the core of the storm. Rotor Rl
strengthens and now has a maximum vorticity value
of —25.8 X 1073s~!, Rotor R1 is ~4 km in horizontal
extent and is oriented north-south along the reflectivity
gradient. Vertical velocities at 1.3 km on the western
and eastern side of the rotor intensify to +5 and —7 m
s~!, respectively. Near the surface, an area of divergence
(labeled “MB1”’) develops that meets microburst cri-
teria. There is a split in the flow between air circulating
up and around the rotor and descending to the surface
and moving westward, and air descending in the cell
core and spreading out horizontally eastward. The
strongest surface winds are located beneath the rotor
center, which is 1 km in height. Air leaving the cell to
the east rises over the low-level southeasterly flow, en-
hancing surface convergence in that area (Fig. 7c).
At 1718, the cell continues decaying as the area of
40 dBZ, decreases (Fig. 10c). Updrafts are generally

located above 4.0 km, and downdrafts dominate the
cell below; the strongest downdraft (—7 m s~! at 2.2
km) is located near cloud base in the cell core. The
gust front has exited the main precipitation area and
is moving slowly westward. Rotor R1 has weakened
but remains on the reflectivity gradient, and a second
rotor, R2 develops within the gust front head. The hor-
izontal vorticity values associated with R1 and R2 are
—19.2 and —13.3 (X1073) s, respectively. Air to the
west of the cell accelerates above the outflow and into
the precipitation. As air flows through the storm core
at midlevels, it descends to the surface and exits east.
MBI is located between the easterly winds under the
rotor and the descending westerly winds exiting the
storm core. Although the rotor is less organized now
than at 1714, the maximum velocity differential across
MBI has increased from 13 to 16 m s~ over 2.5 km.
This increase appears to be due to an increase in west-
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