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ABSTRACT

This paper is the first in a three-part study that examines the kinematic and microphysical evolution of Florida
cumulonimbus and focuses on the convective-to-stratiform transition of the storm. This first paper lays the
groundwork for the subsequent papers by defining the problem under study, delineating the setting for the storm,
and describing the spatial distribution of updrafts, downdrafts, and precipitation.

High-resolution radar data of a typical line of storms associated with the Florida sea breeze is the centerpiece
of this study. The high-resolution data reveal details of the internal structure of the squall line that were beyond
the resolution of previous squall-line studies. Radar refiectivity filled in between cells at upper levels as the
storm evolved. Reflectivity values were only weakly associated with updraft and downdraft magnitude. The
updrafts and downdrafts in the storm tended to be irregular in their three-dimensional shape and less than S km
in horizontal extent. At any given time, updrafts and downdrafts at a variety of strengths were present at all
levels throughout the storm. The stronger drafts were usually closer to the leading edge of the storm. Upper-
level downdrafts were often located alongside upper-level updrafts. Updrafts tended to drift upward from lower

levels and weaken as they aged.

1. Introduction

This paper is the first in a three-part study [ the sub-
sequent papers, Yuter and Houze (1995a,b), are re-
ferred to as YH Part IT and YH Part III] that examines
the kinematic and microphysical evolution of Florida
cumulonimbus and focuses on the convective-to-strat-
iform transition of the storm. This first paper lays the
groundwork for the subsequent papers by defining the
problem under study, delineating the setting for the
storm, and describing the spatial distribution of up-
drafts, downdrafts, and precipitation. The second and
third papers (YH Part II and YH Part III) will build on
this information to address the convective-to-stratiform
transition of the storm in a more comprehensive, sta-
tistical manner.

The Thunderstorm Project (Byers and Braham
1949) showed that thunderstorms usually consist of a
fluctuating ensemble of ‘‘cells.”” Each cell consists of
an updraft, a precipitation shower, and downdrafts.
Low-level downdrafts are driven by melting, evapora-
tion, and hydrometeor drag (Srivastava 1985, 1987,
Knupp 1988). Later observations revealed upper-level
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downdrafts' occurring at the sides of the upper portion
of updrafts (Heymsfield and Schotz 1985; Smull and
Houze 1987; Knupp 1987; Kingsmill and Wakimoto
1991; Raymond et al. 1991; Biggerstaff and Houze
1993; Smull and Augustine 1993).

The Thunderstorm Project showed that as a cell ages
its lower portion is taken over by a weak downdraft.
Early radar measurements indicated that the character
of the precipitation changes as the cell ages (Battan
1973). During its early, highly convective stage, the
radar echo is a vertically oriented maximum of reflec-
tivity,? while in its later stratiform stage, when the ver-
tical air motions are weaker, the radar echo may exhibit
a horizontal bright band (Battan 1973, 190-195;
Houze 1993, chapter 6) at the melting level.

Thunderstorms often conglomerate to form ‘‘meso-
scale convective systems.”” The precipitation pattern of
a mesoscale convective system typically contains both
active convective cells and stratiform precipitation,
much of which is composed of the remnants of older

! Downdrafts occurring at middle and upper levels will be referred
to as upper-level downdrafts in order to distinguish them from lower-
level downdrafts associated with precipitation.

2 For simplicity, we will use the terms radar reflectivity, reflectiv-
ity, or dBZ to refer to the equivalent radar reflectivity factor Z, in
decibel (dB) units with respect to 1 mm® m™>,
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cells (Leary and Houze 1979; Leary 1984; Houze
1989; Houze et al. 1990; Mapes and Houze 1992,
1993). The gross vertical air motion and radar reflec-
tivity characteristics of convective and stratiform
regions have been derived from Doppler radar data in
field projects such as PRE-STORM?® (Biggerstaff and
Houze 1991a, 1993) and EMEX* (Mapes and Houze
1993) and from single-Doppler and composite sound-
ing analyses in other locations around the world
(Houze 1989).

A pnmary limitation of previous studies mentloned
above is that the horizontal spatial resolution of the
radar data collected has been insufficient to reveal the
processes whereby a group of convective cells in a cu-
mulonimbus complex evolves from a highly convective
state to a more quiescent stratiform state. When
ground-based dual-Doppler radar data are obtained, a
primary factor in determining the spatial resolution of
the data is the distance (baseline) separating the two
radars (Davies-Jones 1979). In PRE-STORM, the
baseline was approximately 60 km. This baseline max-
imized areal coverage but resulted in coarse spatial res-
olution. In this study, we examine Doppler radar data
obtained during the Convection and Precipitation/
Electrification Experiment (CaPE). This project was
conducted in Florida during the summer of 1991. The
sea-breeze-triggered convection was similar to that ob-
served in the Thunderstorm Project. In CaPE, a 23-km
dual-Doppler baseline was used. In contrast to PRE-
STORM, this short baseline maximized spatial reso-
lution at the expense of areal coverage. This study
capitalizes on the high spatial resolution provided by
this short baseline to study the process of evolution of
cells from convective toward stratiform structure.

2. Convective versus stratiform

Since the goal of this study is to elucidate the pro-
cesses whereby a convective storm takes on a more
stratiform structure in its later stages, it is essential to
clarify the terms convective and stratiform. It is partic-
ularly important to clarify the term stratiform since it
is not defined in the Glossary of Meteorology (Huschke
1959) and several definitions of stratiform have been
used by different authors (e.g., Houghton 1968; Houze
1973; Leary 1984; Churchill and Houze 1984; Houze
et al. 1990). Some definitions are based on vertical
radar reflectivity structure, such as the presence of a
radar bright band. Other definitions include an area of
weaker and/or more uniform reflectivity values either
adjacent or subsequent to a convective region, and an

* PRE-STORM is the acronym for Oklahoma—Kansas Preliminary
Regional Experiment for the Stormscale Operational and Research
Program—Central Phase (Cunning 1936).

*EMEX is the acronym for Equatorial Mesoscale Experiment
(Webster and Houze 1991).
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area of weaker vertical velocities compared to those in
the convective region.

Most of the working definitions alluded to above re-
fer to the structure or pattern of precipitation. The un-
derlying reason for the different appearance of convec-
tive and stratiform precipitation, however, lies in the
different nature of the vertical air motions producing
them (Houghton 1968; Houze 1981, 1993, chapter 6).
The distinction of precipitation process based on ver-
tical air motion is the definition of convective versus
stratiform used here. Stratiform conditions are present
when

Iwl < |Viel s (1)

where w is the vertical air velocity, and V. is the ter-
minal fall speed of precipitation-sized ice crystals and
snow particles (~1-3 ms™'). When this condition
does not hold, that is, when

|Vieel (2)

conditions are defined as convective. The terms tran-
sition or intermediary have been used by some authors
(Biggerstaff and Houze 1991a, 1993; Mapes and
Houze 1993; Braun and Houze 1994 ) to describe areas
of mesoscale convective systems where vertical veloc-
ities are weakening toward the point where Eq. (1)
holds.

This stratiform definition, based on weak vertical air
motion, such that the precipitation-sized ice particles
fali relative to the ground, implies an associated refiec-
tivity structure. At upper and middle levels, the heavier
precipitation particles with their higher fall speeds are
not found. The lighter ice particles at these upper levels
fall slowly. The precipitation-sized ice particles grow
in size when they are falling within regions of weak
atmospheric ascent. These slowly falling ice particles
aggregate above the 0°C level to form highly reflective
large particles. They melt within a narrow layer, where
a radar bright band is produced. Thus, the associated
reflectivity structure of precipitation-sized ice particles
within stratiform precipitation exhibits nearly uniform
reflectivity at each level and increasing reflectivity with
decreasing height. The maximum value of reflectivity
within stratiform precipitation is attained at the bright
band. Since the vertical velocity structure causes the
associated reflectivity structure, a definition of strati-
form’ conditions in terms of vertical velocity (as first
suggested by Houghton 1968) is more fundamental
than definitions based solely -on the pattern of precipi-
tation.

lw| =

3. Observational setting
a. Data sources

CaPE was conducted in east-central Florida from 8
July to 18 August 1991 (Figs. 1a,b). The sensors used
for this study include the National Center for Atmo-
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spheric Research (NCAR) CP-2, CP-3, and CP-4 ra-
dars (Table 1), the NCAR Portable Automated Me-
sonet (PAM) (Brock and Govind 1977; Brock and
Saum 1983), NCAR Cross-chain Loran Atmospheric
Sounding System (CLASS) (Lauritsen et al. 1987),
and the South Dakota School of Mines and Technology
(SDSMT) T-28 research aircraft (Johnson and Smith
1980; Detweiler and Smith 1992). The CP-3 and CP-4
C-band (5-cm wavelength) radars scanned in coordi-
nated dual-Doppler mode. The shaded areas in Fig. 1b
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FiG. 1. (a) Map of southeastern United States centered on Florida;
square indicates location of radar analysis within the CaPE domain.
(b) Map of CaPE domain showing location of field observation in-
struments used in this study. The CP-3/CP-4 dual-Doppler lobes are
shaded. PAM mesonet stations are identified by number (24, 27, 28,
32).
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TABLE 1. Selected characteristics of NCAR radars during CaPE.

CP-2
CP-3 CP-4
S-band X-band C-band C-band
Wavelength (cm) 10.7 32 55 55
Average transmitted
power (dBm) 59 43 58.5 59.1
Beamwidth (deg) 0.91 0.95 0.9 09

are the dual-Doppler lobes: the areas where the wind
field can be calculated from the radial velocity data of
the intersecting radar beams. The S-band (10-cm wave-
length) portion of the CP-2 radar provided reflectivity
and differential reflectivity data, and the SDSMT T-28
supplied flight-level data from cloud penetrations.

On the afternoon of 15 August 1991, a line of con-
vection near Melbourne, Florida, was initiated by the
interaction of the sea breeze and an eastward-moving
outflow from a thunderstorm farther inland. The south-
ern end of the line of thunderstorms was in the southern
dual-Doppler lobe of the C-band radars (Fig. 1b),
which afforded the opportunity for radar coverage of
the development of the storm from initiation, through
mature convection, and toward a stratiform state. The
SDSMT T-28 fiew through the line of thunderstorms
during its early stages of development. In addition,
CP-2 scanned the region during the initial period of
storm development.

b. Synoptic situation

The 1200 UTC? synoptic-scale surface pressure and
500-hPa maps (Fig. 2) for 15 August 1991 reveal no
synoptic-scale disturbances affecting the region of the
Florida peninsula. The sea level pressure field (Fig. 2a)
shows that no fronts were present in the eastern United
States. A weak surface heat low was centered in north-
eastern Mexico, and the seasonal subtropical high over
the Atlantic Ocean was present. The low-level winds
(Fig. 2a) were west-southwesterly over most of the
peninsula, which is characteristic of development of
afternoon storms on the east coast of the peninsula
( Gentry and Moore 1954; Blanchard and Lopez 1985).
Winds backed to southerly with height (Fig. 2b).

Soundings taken at Deer Park, in the center of the
south lobe of dual-Doppler radar observations (Fig.
1b), are shown in Fig. 3. The afternoon 1956 UTC
sounding (Fig. 3b) taken just prior to storm develop-
ment exhibited stronger winds aloft and slightly
moister air below 700 hPa, with an associated increase
in convective available potential energy [CAPE;
Houze (1993) p. 283] compared to the morning 1653

® Times given in this study will be in universal time coordinated
(UTC). Local standard time is UTC — 4 h.
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FiG. 2. The 1200 UTC 15 August 1991 aviation model initializa-
tion synoptic maps centered in the Gulf of Mexico. (a) Surface pres-
sure (hPa) and 1000-hPa wind vectors. (b) 500-hPa heights (dam)

and wind vectors. Full wind barb is 5.m s™'.

UTC sounding (Fig. 3a). The 1956 UTC sounding was
characterized by weak vertical wind shear. Low-level
southeasterly winds indicate the ocean side of the low-
level sea-breeze convergence. The 1956 UTC Deer
Park sounding has CAPE = 614 J kg™, lifted index ¢
LI = —2.4, and bulk Richardson number (Ri) = 73.7
corresponding to the range (Ri > 40) that Weisman
and Klemp (1982) found to favor multicellular con-
vective structure. The 0°C level was at 4.4 km MSL
and the equivalent potential temperature §, minimum
was 325 K at 4.5 km. The prestorm environment shown
by these soundings is similar to that used in two-di-
mensional sea-breeze convection model runs of Nich-

¢ Galway (1956).
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olls et al. (1991), except that the 15 August 1991
sounding was slightly warmer at the surface and
slightly dryer at midlevels. The sounding taken at 2219
UTC (Fig. 3c) within the dissipating storm had a tem-
perature inversion just above the surface, consistent
with a cold pool at the surface.

c. Sea-breeze convection

The multicellular thunderstorm that occurred on 15
August 1991 in the southern dual-Doppler lobe was
typical of deep convection during the sea-breeze re-
gime in the Florida summer. According to Burpee and
Lahiff’s (1984 ) classification scheme derived from a
climatological study of Florida storms, days with less
than 30% high cloudiness at sunrise are classified as
sea-breeze days. These days exhibit strong diurnal vari-
ation of rainfall, with 91% occurring during the after-
noon to early evening (1400-0200 UTC). The clear
skies over the Florida peninsula at 1300 UTC (Fig. 4a)
thus classify 15 August 1991 as a sea-breeze day. Also
consistent with this classification, thunderstorm activity

.in the CaPE area on 15 August 1991 peaked in the

afternoon at roughly 2200 UTC (Fig. 4f) and was dis-
sipating by evening (2300 UTC 15 August 1991-0100
UTC 16 August 1991; Figs. 4g—i).

d. Satellite overview

The GOES infrared (IR) imagery shown in Fig. 4
reveals the development of the storm under study in
relation to other convective activity over the Florida
peninsula. Cloud-top temperatures between 235 and
208 K and less than 208 K are highlighted in the figure.
The satellite data show that convection developed on
the west and south coasts of the peninsula (Figs. 4b,c)
and that the storm on the west coast moved eastward
with the low-level wind, interacting with the east coast
sea breeze to trigger additional convection in the late
afternoon (2000-2100 UTC, Figs. 4d,e). The cirrus
cloud shield produced by storms on the southern tip of
Florida was advected northward by the prevailing
southerly upper-level wind. According to the area of
lowest IR temperatures (Fig. 4f), the area under study
contained one of the more intense storms of the day,
which was related to earlier intense storms centered to
the north (Fig. 4e).

e. Radar echo pattern

Radar reflectivity data from the 3° elevation angle
surveillance scans of the CP-4 radar illustrates the evo-
lution of the rainfall pattern associated with the storm
(Fig. 5). This study focuses on the area in the southern
dual-Doppler lobe indicated by the box in Fig. 5 during
the period between 2120 and 2240 UTC. Convection
was active north of the dual-Doppler lobes at 2000 (not
shown). Storm activity had moved south into the CaPE
domain by 2030 (Fig. 5a). By 2100 UTC (Fig. 5b), a
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line of strong cells had developed on the western edge
of the northern dual-Doppler lobe. Isolated cells de-
veloping in the southern dual-Doppler lobe behind an
eastward-moving surface outflow were augmented by
the collision of the outflow and sea-breeze convergence
lines at 2117 (not shown). Generally, newer cells
formed on the eastern (leading) edge and southern end
of the convective line, while the western (trailing) side
was occupied by older weakening convective cells. By
2123, some cells had reached heights greater than 10
km. At 2130 (Fig. 5¢), a line of cells had developed
in the center of the southern dual-Doppler lobe. The
squall line broadened, lengthened, and weakened as it
matured and moved eastward (2200 UTC, Fig. 5d). By
2230 (Fig. 5e), the main storm activity had moved out
of the southern dual-Doppler lobe, with new growth on
the southern end of the line outside the lobe. Only the
rear portion of the line remained within the dual-Dopp-
ler box. At 2300 (Fig. 5f), the last remnants of the
squall line still in the southern dual-Doppler lobe were
weak and dissipating.

f Rainfall

Rain-rate and total rain accumulation data on 15 Au-
gust 1991 are shown in Fig. 6 from PAM stations 24,

350

FiG. 3. Environmental soundings taken at Deer Park at (a)
1653 UTC—morning, (b) 1956 UTC—just prior to storm
development, and (c) 2219 UTC—after storm passage. Solid
curves show temperature and dewpoint. Wind barbs are at 50-
hPa intervals. Full barb is 5 m s~'. Short-dashed, dotted, and
long-dashed lines show dry adiabat, moist adiabat, and satu-
ration mixing ratio. Equivalent potential temperature 8, versus
height is plotted to the right of each of the three soundings.

27, 28, and 32 in the southern dual-Doppler lobe (lo-
cations in Fig. 1b). Sampling by rain gauges is very
sensitive to the position of individual storm cells rela-
tive to the gauge. The spikiness of the plot is partly an
artifact of the tipping-bucket measuring method. These
plots show brief periods of rain rates greater than 100
mm h™! at two stations. The movement of convective
activity eastward is also evident from the gauge traces.
PAM stations 27 and 32 began to record heavy showers
at about 2123 UTC. PAM station 28, to the east, does
not record rain until 2153. The pattern shows individual
heavy showers lasting approximately 30 min with rates
greater than 20 mm h~! shifting to a period of lighter
rain (<20 mm h™') lasting for about 50 min. These
records are consistent with the passage of the squall
line, with newer cells on its leading side, and weak-
ening cells on its trailing side. The four gauges aver-
aged an accumulation of 23 mm over the period 2120-
2300 UTC.

4. Data-processing methods

Eight volumes of radar data from the time period
2123-2237 UTC are used to characterize the storm
(Table 2). Between 2205 and 2235 equipment prob-
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FiG. 4. Time series of GOES IR imagery of the Florida peninsula resampled to 8 km X 8 km
resolution from 1300 UTC 15 August to 0100 UTC 16 August 1991. The cloud-top temperatures
colder than 208 K, between 208 and 235 K, and warmer than 235 K are color coded: white, gray,

and black, respectively.

lems prevented the collection of dual-Doppler data.
Five of the radar volumes’ contain dual-Doppler data
from the C-band radars (CP-3 and CP-4). The three
remaining volumes contain differential reflectivity Zpg

7 A single time used in association with a radar data volume cor-
responds to the beginning of the volume scan. For consistency, the
volumes of differential reflectivity data from CP-2 are referred to
according to the corresponding C-band radar data volume start times.
Exact volume times for the CP-2 volumes are given in Table 2.

data from CP-2. The processing and analysis of the
CP-2 differential reflectivity data are discussed in YH
Part II

Dual-Doppler analysis was performed on the C-band
radar volumes by adapting the procedures of Bigger-
staff and Houze (1991a) to this dataset. The NCAR
RDSS (Oye and Carbone 1981) software was used to
unfold (Rinehart 1991, p. 81) radial velocities and to
edit the radar reflectivity and radial velocity data to
remove apparently spurious data such as second-trip
echoes (Rinehart 1991, p. 83) and flare echoes (Wilson
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and Reum 1988). NCAR sPRINT (Mohr and Vaughn with 0.5-km spacing and 0—17.2 km MSL in the ver-
1979) was used to interpolate the two fields to a Car- tical with 0.4-km spacing. The limited size of the dual-
tesian grid covering 40 km X 39 km in the horizontal Doppler lobe (Fig. 1b) made it necessary to hold the



1928

MONTHLY WEATHER REVIEW

VOLUME 123

PAM station 24
Accumulation = 6 mm

T 1 T 1 1

PAM station 27
Accumulation = 30 mm

A A

1 T T L T

PAM station 28
Accumulation = 27 mm

T LI 1

A A_A

PAM station 32
Accumulation = 30 mm

T T T
2120 2130 2140 2150 2200

0 ‘ N VNaVaV ke V2V Y N

2210

1 ! T

2220 2230 2240 2250 2300

TIME (UTC)

FIG. 6. Rain rates (mm h™") for four PAM stations (24, 27, 28, 32) within the radar data analysis area
(Fig. 1b). Accumulated rainfall at each station between 2120 and 2300 UTC is also shown.

grid stationary, in reference to the earth, for all the vol-
umes, even though the line of storms moved through
the grid. Later volumes, especially at 2237 UTC, there-
fore contained only the trailing portion of the line of
storms. However, the movement of the line of storms
through the grid did not prevent the documentation of
a sequence of life cycle stages of a section of the line
of storms.

The radar reflectivity field was determined by taking
the maximum of the two C-band radar reflectivities at
each grid point. The minimum detectable reflectivity at
50 km was —18 dBZ for CP-3 and —15 dBZ for CP-4

(Wilson et al. 1994). Fall speeds of particles were com-
puted from reflectivity values with the empirical rela-
tionships for rain and snow used by Marks and Houze
(1987). A mixed ice—rain layer was used between 4.8
and 5.2 km. The height of the melting layer in a con-
vective storm is difficult to pinpoint. We used a com-
bination of the environmental sounding and close range
differential reflectivity data to estimate the melting-
level altitude. The vertical resolution of the CP-2 data
over the grid volume was insufficient to use the differ-
ential reflectivity data in the fall-speed calculation
(Steiner 1991). Expected errors in fall velocity are

TaBLE 2. Radar data volumes analyzed from 15 August 1991.

Volume label Time period (UTC) Radars Description
2123 Z and w 2123:30-2126:41 CP-3, CP-4 Early

2123 Zpe 2122:56-2125:56 CP-2

2139 Zand w 2139:31-2142:47 CP-3, CP4 Highly energetic
2139 Zpr 2138:21-2141:03 CP-2

2144 Z and w 2144:54-2148:13 CP-3, CP-4 Most vigorous
2144 Zpg 2144:47-2147:54 CP-2

2155 Zand w 2155:45-2159:32 CP-3, CP4 Mature

2237 Z and w 2237:44-2242:14 CP-3, CP-4 Fading
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highest within rain regions where the radar beam is
nearly horizontal and thus will have little effect on this
analysis.

The Doppler scans used in this analysis were opti-
mized for high-resolution calculation of the three-di-
mensional wind field (Burghart et al. 1989) and coor-
dinated such that the implied stationarity of the wind
field (time for beams from the two radars to intersect
at each grid point) was less than 30 seconds. On av-
erage, CP-3 scanned 35 elevation angles and CP-4
scanned 30 elevation angles during each 3—4.5 min of
simultaneous® Doppler volume collection.

Synthesis of radial velocities into horizontal winds
was performed using NCAR cepric (Mohr and Miller
1983). A two-step Leise filter (Leise 1981) was ap-
plied to the velocity data to remove horizontal wave-
lengths less than 2 km. Vertical velocities were calcu-
lated by vertical integration of the horizontal diver-
gence field using variational adjustment of the anelastic
mass continuity equation to both upper- and lower-
boundary conditions (O’Brien 1970; Ray et al. 1980;
Ray and Sangren 1983; Kessinger et al. 1987; Matejka
and Srivastava 1991; T. Matejka 1994, personal com-
munication). The lower boundary condition was set to
zero at the earth’s surface. The upper boundary con-
dition was conditional on the upper-level reflectivity
field. An upper boundary condition value (w at echo
top) of 0.25 m s~ was used where reflectivity within
the column above 14 km was greater than 10 dBZ;
otherwise, the upper boundary condition was set to
zZero.

The horizontal velocity error variance associated
with the scan geometry and radar baseline is smallest
at the center of the dual-Doppler lobe (where between
beam angle is 90°) and increases toward the edges of
the lobe (where between beam angle is 30°) (Davies-
Jones 1979). Although a number of authors (Davies-
Jones 1979; Wilson et al. 1984; Kessinger et al. 1988)
have methods to calculate velocity error variances, the
resulting values are highly dependent on the input val-
ues of the variance of radial velocity—a quantity that
is in itself difficult to measure accurately. The combi-
nation of a 23-km baseline between the sensitive
NCAR C-band radars, close scan coordination, and
computer optimization of elevation angle sequences
make the CaPE data extremely well suited for high-
resolution dual-Doppler processing. It follows that ap-
plication of established dual-Doppler processing tech-
niques to this data will result in a wind analysis with
an accuracy comparable to or better than previously
published dual-Doppler analyses.

Since the vertical velocity field cannot be measured
directly, absolute errors in vertical velocity cannot be

8 The start times of the dual-Doppler scanning sequences were co-
ordinated via radio.
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calculated. The appendices of Biggerstaff and Houze
(1991a) and Kingsmill and Wakimoto (1991) discuss
general sources of error associated with calculation of
vertical velocity from dual-Doppler data using meth-
odologies similar to the one used here. To assess the
sensitivity of the vertical velocity solution, a variety of
upper boundary conditions were tested. While different
upper boundary conditions produced slightly different
values of w at individual grid points, the pattern of the
vertical velocity field and its statistics remained essen-
tially the same. Thus, errors within the horizontal and
vertical wind fields will not affect the major conclu-
sions made in this three-part study.

5. Cross sections of a multicellular storm

At low spatial resolution, lines of storms associated
with the Florida sea breeze have a tendency to appear
two-dimensional (Nicholls et al. 1991). The overall
pattern for the 15 August 1991 storm was of a roughly
north—south line with new growth predominantly on
the east and south edges of the line. However, horizon-
tal and vertical cross sections of high spatial resolution
radar data obtained during the passage of the storm
(e.g., Figs. 7, 8, and 9) reveal a three-dimensional mul-
ticellular radar reflectivity pattern that contained a rap-
idly evolving, complex jumble of updrafts and down-
drafts. This three-dimensional structure cannot be re-
duced to a two-dimensional cross section, such as a
spatial composite (Biggerstaff and Houze 1991a,b,
1993), without losing the very detail that has been
gained by the high resolution of the measurements.

The high-resolution data of a Florida squall line pre-
sents an opportunity to extend previous squall-line
studies. Previous studies were limited by coarser res-
olution data and thus concentrated on the mean and
two-dimensional (line-normal) aspects of storm evo-
lution (Smull and Houze 1987; Biggerstaff and Houze
1991a,b, 1993). The three-dimensional evolution of
the intensities, spatial distributions, and interrelation-
ships of reflectivity cells, updrafts, and downdrafts in
the squall line is revealed in the high-resolution data of
this study. This information is important to understand-
ing how convective structures evolve to stratiform
structures. This first part of the study begins the process
of extracting this information from the high-resolution
data with a traditional case study analysis based on
cross sections.

a. Spatial variability

To illustrate some of the features of the spatial vari-
ability of the updrafts and downdrafts, four vertical
cross sections, all 20 km in length, are taken of the 2139
UTC volume (Fig. 7). The two vertical cross sections,
one north—south (A—A’ in Fig. 7b) and one south-
west—northeast (B1-B1' in Fig. 7¢), are centered on
the same updraft located at horizontal coordinates x
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FiG. 7. Horizontal and vertical cross sections of radar reflectivity and vertical velocity through
the analyzed 2139 dual-Doppler volume. Reflectivity is shaded at 10-dB intervals starting at —10
dBZ. Horizontal locations of individual upper-level downdrafts (ULD), lower-level downdrafts
(LLD), and transverse downdrafts (TD) are indicated along the bottom’ of each vertical cross
section. Height of horizontal cross section in (a) is indicated in the vertical cross sections by the
horizontal line at 3.2 km. (a) The 3.2-km altitude horizontal cross section. Four heavy lines, A—
A’,B1-B1’, B2-B2’, and B3—B3’, indicate vertical cross sections that are 20 km long. Contours
are of vertical velocity at —15, —9, =3, 3,9, and 15 m s~!, with negative values dashed. Cross
sections A—A’ and B1—B1’ are centered on the same updraft located at x = —14.5 km, y = —17
km. (b) North—south cross section indicated by A—A’; contours of vertical velocity at —9, —3,
3,9, 15,21, 27, and 33 m s~!, with negative values dashed. (c) Southwest—northeast cross section
indicated by B1-B1’; contours of vertical velocity at —9, —3, 3, 9,15, 21, 27, and 33 m s~ with
negative values dashed. (d) Southwest—northeast cross section indicated by B2—B2’; contours of
vertical velocity at —9, —3,3,and 9 m s~!, with negative values dashed. (¢) Southwest—northeast
cross section indicated by B3—B3’; contours of vertical velocity at —3, 3, and 9 m s7!, with
negative values dashed.
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FiG. 8. Time series of horizontal cross sections of radar reflectivity and vertical velocity at the
8-km altitude. Heavy line C—C’ indicates location of vertical cross sections in Fig. 9. Radar
reflectivity is shaded at 10-dB intervals starting at —10 dBZ. The missing region in the reflectivity
field in the northeast corner of the domain is an artifact of the dual Doppler scanning: (a) 2123
UTC, with contours of vertical velocity at —3, 3, 9, and 15 m s/, with negative values dashed;
(b) 2139 UTC, with contours of vertical velocity at —9, —3, 3, 9, 15, 21, and 27 m s~', with
negative values dashed; (c) 2144 UTC, with contours of vertical velocity at —15, -9, —3, 3, 9,
15, and 21 m s™', with negative values dashed; (d) 2155 UTC, with contours of vertical velocity
at -9, -3, 3, 9, and 15 m s™', with negative values dashed; (e¢) 2237 UTC, with contours of
vertical velocity at —5, —3, —1, 1, and 3 m s™’, with negative values dashed.
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= —14.5 km and y = —17 km from CP-4. Two more
southwest—northeast cross sections (B2-B2'’ in Fig.
7d and B3-B3’ in Fig. 7¢) show the variation along
the line of storms. The locations of all four vertical
‘cross sections are indicated in the horizontal cross sec-
tion at the 3.2-km altitude (Fig. 7a). In the north—south
cross section (Fig. 7b), the strong updraft centered at
x = —14.5km and y = —17 km is tilted slightly to the
north aloft and has two areas of maximum vertical ve-
locity, one centered at the 7-km altitude at greater than
30 m s ! and one centered at the 11-km altitude at 25
ms~'. In cross section B1-B1’ (Fig. 7c), the same
strong updraft appears more or less symmetric, cen-
tered at 7-km altitude, and has two smaller updrafts at
its sides, the eastern one centered slightly lower (5-km
altitude at 20 m s~') and the western one centered
slightly higher (9 km at 15 m s~'). The overall pattern
of reflectivity and vertical velocity in Fig. 7c grossly
resembles that of a vertical cross section perpendicular
to the leading edge of a typical multicellular squall line
(e.g., Figs. 4 and 5 of Smull and Houze 1987), though
this cross section is not quite normal to the line. On the
eastern side of the section, updrafts starting at low lev-
els coincided with the leading edge of the storm. In the
middle of the section, updrafts and downdrafts are in-
terspersed. The cross section to the north at B2-B2'
(Fig. 7d) shows a mixture of updrafts and downdrafts
from —5 to 15 m s~'. A downdraft of 15 m s ' at mid-
levels is near the edge of the radar reflectivity echo.
This downdraft is consistent with observations (Knupp
1987; Biggerstaff and Houze 1993) and modeling
(Fovell and Ogura 1988) of squall lines that show de-
scent just ahead of the convective line. The southern
cross section B3—-B3’ (Fig. 7e) has a vertical velocity
pattern that is weaker in magnitude but overall is
roughly similar to Fig. 7c.

As additional vertical cross sections (not shown)
were examined, the complexity of the pattern of up-
drafts and downdrafts (revealed by the high-resolution
data) became more apparent. Updrafts of a variety of
magnitudes generally were located at midlevels closer
to the eastern (leading) edge of the storm and at higher
altitudes farther west. At lower spatial resolutions, this
pattern (Figs. 7c,e) might be resolved as a slantwise
upward flow toward the rear of the system, similar to
the ascending front-to-rear flow documented in previ-
ous dual-Doppler analyses of squall lines (Smull and
Houze 1987; Roux 1988; Houze et al. 1989; Bigger-
staff and Houze 1991a, 1993).

Both low-level (e.g., at LLD in Figs. 7b—e) and up-
per-level downdrafts (e.g., at ULD in Figs. 7b,d,e)
were present. The downdrafts centered at TD near the
center of the cross section in Fig. 7c appear to have
been an upper-level downdraft and a lower-level down-
draft collocated horizontally and nearly connecting in
the vertical. Biggerstaff and Houze (1993) suggested
that the upper- and lower-level downdrafts form sepa-
rately and if located one above the other may then con-
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nect into a transverse draft that extends through the
depth of the storm.

In all four vertical cross sections (Figs. 7b~e) there
was a tendency for mid- and upper-level downdrafts to
be in areas of low reflectivity, while lower-level down-
drafts were associated with high reflectivity. The ten-
dency of the lower-level downdrafts to occur in the
zone of high reflectivity is further evident in the hori-
zontal cross section in Fig. 7a.

Examination of additional horizontal cross sections
(not shown) indicated that updrafts and downdrafts at
a variety of strengths were present at all levels through-
out the storm. Cross sections such as those in Figs. 7—
9 indicate that most drafts were somewhat spatially ir-
regular in shape, less than 5 km in horizontal extent
and of varying vertical extent. This visual impression
of the size was verified by measuring the horizontal
area of individual drafts at the 3.2- and 8-km levels.

The calculation of the area of individual updrafts and
downdrafts was done in several steps using horizontal
cross sections. In the initial step in the calculation of
updrafts, the contiguous areas of vertical velocity
greater than 2 m s ' were found. Since the threshold
defining the drafts is low, potentially several individual
updrafts may be connected into one conglomerate area.
These larger areas were often very irregularly shaped
and contained holes. The conglomerate areas would be
subdivided into individual updrafts associated with lo-
cal maximum in vertical velocity under the following
condition. In order to split a conglomerate area into
separate updrafts, the peak magnitude of the candidate
updrafts had to be at least 2 m s ' greater than that of
the minimum value between candidate peaks in all con-
nected directions. If this condition was met, the indi-
vidual candidate updrafts were split from the conglom-
erate area along the area of minimum vertical velocity
between drafts. Analogous steps for areas less than —2
m s~! were used in the calculation of downdraft areas.
Individual downdrafts were, for the most part, well de-
lineated by the —2 m s ' threshold and rarely occurred
in conglomerates. This definition of a draft is based on
changes in vertical velocity and does not assume a char-
acteristic shape or size of draft. The strict conditions
for splitting will tend to count flanking weaker drafts
as part of their neighboring stronger drafts and thus bias
the calculation toward larger areas. A 2 m s~ threshold
is suited for identifying the spectrum of individual
drafts occurring during the convective stages of the
storm. For consistency, the same threshold was used
for all five times examined even though a 2 ms™'
threshold captures only the stronger portion of the spec-
trum of drafts occurring at 2237 UTC.

The number of drafts of different sizes at the 3.2-
and 8-km altitudes for each of the five times are shown
in Fig. 10. The dimensions of the updrafts (obtained
by taking the square root of the measured area) were
typically less than 5 km (4 km for downdrafts). Since
the data were filtered to remove velocity features less
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F16. 9. Time series of vertical cross sections of radar reflectivity and vertical velocity along
line C—C’ (30 km long) indicated in Fig. 8. Radar reflectivity is shaded at 10-dB intervals starting
at —10 dBZ. Height of the horizontal cross sections in Fig. 8 are indicated in the vertical cross
sections by the horizontal line at 8 km. The horizontal position of the eastern-most (leading-
edge) updraft at each time in the first four figures is indicated by U1, U2, U3, and U4. Horizontal
positions of upper-level downdrafts in (a), (b), and (d) are designated by ULD suffix, where suffix
is a unique identifier. (a) Contours of vertical velocity at —9, —3, 3; and 9 m s™', with negative
values dashed. (b) Contours of vertical velocity at ~9, —3, 3, 9, 15, 21, and 27 m s~!, with
negative values dashed. (c) Contours of vertical velocity at —9, —3, 3, and 9 m s™*, with negative
values dashed. (d) Contours of vertical velocity at —9, —3, 3, 9, and 15 m s™', with negative
values dashed. (¢) Contours of vertical velocity at —3, —1, 1, and 3 m s™', with negative values

dashed.

than 2 km in horizontal extent (section 4), drafts
smaller than a 2-km square-root area were below the
resolvable resolution of this analysis and were not tab-

ulated. On average over the five times examined, 9 up-
drafts and 9 downdrafts were found at the 3.2-km level,
and 11 updrafts and 7 downdrafts at the 8-km level.
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FIG. 10. Time series of histograms of the square root of downdraft and updraft areas at the 8- and 3.2-km altitudes. Histogram bin width
is 2 m s™'. Individual drafts are defined according to definition in text. Drafts of area less than or equal to 4 km® were not tabulated. Within
each panel, the number of downdrafts are indicated by histogram with bar length increasing to the left, and the number of updrafts are
indicated by histogram with bar length increasing to the right. The vertical axis is the square-root area of drafts.

b. Temporal variability

Figure 8 is a time series of horizontal cross sections
at 8 km. As the storm evolved from an early (2123
UTC, Fig. 8a) to vigorous stage (2139 UTC, Fig. 8b),
the character of reflectivity at 8 km changed from a
very cellular pattern with a close association of strong
reflectivity and updrafts to a more contiguous reflectiv-
ity pattern as precipitation and, hence, reflectivity filled
in between the updrafts. Upper-level downdrafts are
present in these cross sections, and they appear to have
been associated with the stronger updrafts. Downdrafts
roughly encircled the updraft centered at x = —14.5
km, y = —17 km at 2139 in a manner somewhat anal-
ogous to chairs (downdrafts) surrounding a large table
(strong updraft). In an idealized storm, with a single
updraft, the surrounding upper-level downdrafts may
be arranged more symmetrically (M. Weisman 1992,
personal communication ). As the storm matured (2144
UTC, Fig. 8c and 2155 UTC, Fig. 8d), the overall pat-
tern of reflectivity weakened and began to lose its cel-

lular character, while individual drafts remained at the
same horizontal scale but weakened in magnitude. The
trailing portion of the line (2237 UTC, Fig. 8e) had
nearly homogeneous reflectivity at 8 km and a pattern
of very weak updrafts and downdrafts. The stronger
updrafts and downdrafts tended to be located toward
the east, closer to the leading edge of the storm.

The time resolution of the data is insufficient to fol-
low a convective element unambiguously from one vol-
ume scan to the next. However, some insight can be
gained by using the approximation that an updraft core
at one time has indeed become the updraft element near
that location at a subsequent time. This approximation
is aided by the low vertical wind shear of the environ-
ment (Fig. 3b), in which isolated updraft parcels rise
nearly vertically. Using the vertical cross sections (Fig.
9), we can coarsely follow the evolution of some up-
drafts. The roughly west—east line of the vertical cross
sections in Fig. 9 is indicated by the line C—C’ in the
corresponding horizontal sections in Fig. 8. For the first
four times, the position of the newest, most eastern up-
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draft in the cross section is indicated on the horizontal
axis. At subsequent times, the original position of the
updraft is indicated to facilitate comparison with what
is likely an updraft related to its original appearance.
Each of the updraft elements seems to have drifted up-
ward and eventually weakened. At 2123 UTC (Fig.
9a), an updraft of magnitude 10—15 m s !, centered
at 4.5 km in height, was at horizontal location U1. This
updraft likely became the upper-level updraft centered
near 11 km and U1 at 2139 (Fig. 9b). It subsequently
weakened in strength at 2144 (Fig. 9c) and 2155 (Fig.
9d). At 2139 (Fig. 9b), updraft U2 centered at 7 km
in altitude had peak vertical velocities of 30-35m s~'.
It weakened to 10—15 ms™' at 2155 (Fig. 9d) and
moved upward to become centered at 11 km. Updraft
U3, centered at 7 km in altitude at 2144 (Fig. 9c)
drifted upward to 10 km and intensified by 2155 (Fig.
9d). Although these cross sections are in one vertical
plane and the paths of the updrafts were not entirely
within that plane, a trend of bubbles forming, rising,
and weakening is indicated.

Lower-level downdrafts were located within the in-
terior of the storm and associated spatially with higher
reflectivities. Upper- and midlevel downdrafts were
present in both lower- and higher-reflectivity areas. At
2123 UTC (Fig. 9a), two midlevel downdrafts at
ULDI1A and ULDIB surrounded the midlevel updraft
at Ul and were centered near 5—-6 km in altitude.
Downdraft ULD1A was located near the western edge
of the reflectivity echo and ULDI1B near the eastern
edge. Downdraft ULD1B was the stronger of the two
and had a peak descent of —10 m s —'. Both downdrafts
had lower associated reflectivity than the updraft they
bracketed at Ul. At 2139 (Fig. 9b), an upper-level
downdraft centered at ULD2 and 13-km altitude was
at the same horizontal position as downdraft ULD1B
in the 2123 volume. Downdraft ULD?2 appears to have
followed upward what was originally the updraft at Ul
at 2123 UTC. At 2155 UTC (Fig. 9d), the level of peak
descent for downdraft ULD4 was at the same level (7
km) as the peak ascent of updraft U4. A tendency for
the mid- and upper-level downdrafts to be adjacent to
the stronger mid- and upper-level updrafts is thus in-
dicated.

At 2237 UTC (Fig. 9e), the vertical pattern of re-
flectivity is similar to that of a stratiform region of a
squall line with broad areas of nearly horizontally ho-
mogenous reflectivity. However, a pattern of weak up-
drafts and downdrafts remains at 2237. To bring out
the pattern of the drafts better, the vertical velocity con-
tours in this figure were drawn at finer intervals (2
m s~"') than in the cross sections for previous times.
The updrafts and downdrafts appear to have been
weakened remnants of drafts of the types seen earlier.

Flight-level data obtained by the SDSMT T-28 air-
craft from 2126 to 2136 UTC (Figs. 11 and 12) during
a roughly south—north pass through the higher-reflec-
tivity areas of the storm provide a useful check on the
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FiG. 11. Flight track of SDSMT T-28 aircraft along backbone of
the storm in southern dual-Doppler lobe. The flight track from 2126
to 2136 UTC is superimposed on the CP-4 3° scan from 2136 UTC.
White circles indicate plane’s position at whole minutes; center of
aircraft symbol at north end of track is position at 2136 UTC. Radar
reflectivity is shaded at 10-dB intervals starting at 20 dBZ.

magnitudes of vertical velocity derived from the radar
data. The flight altitude was between 5.4 and 5.7 km at
temperatures of —4° to —9°C (Figs. 12a,b). A —15
m s~! downdraft was encountered at 2129 UTC (Fig.
12c). This midlevel downdraft was near cloud edge
(indicated by the liquid water field in Fig. 12d) and
adjacent to an updraft encountered just a few seconds
earlier. The location and magnitude of this downdraft
are consistent with the upper-level downdrafts seen in
the radar data vertical cross sections (Figs. 8d and 9a).
Just after 2131 UTC, a series of updrafts of varying
magnitude and horizontal dimension was encountered
by the aircraft. These included a strong narrow updraft
with peak vertical velocity of 20 m s ' at 2131:30 UTC
and an updraft maintaining ascent rates of greater than
10 m s~ for roughly 5.4-km along-track distance be-
tween 2133 and 2134 UTC. The horizontal configura-
tions of these updrafts and their magnitudes are con-
sistent with those seen in vertical cross sections of the
radar data (Figs. 8b,c and 9a,b).

c. Association between reflectivity and vertical
velocity

Cross sections indicate the association between the
fields they display at the points in space within the cross
section. This association, for example, between the ra-
dar reflectivity and vertical velocity fields in Figs. 7—
9, may or may not be typical of the entire echo volume.
To examine these relationships in a statistical manner,
scatter diagrams of reflectivity versus vertical velocity
were plotted for two levels within the storm. These
plots relate reflectivity and vertical velocity directly.
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probe).

Selected scatter diagrams are shown in Fig. 13. To sim-
plify the reading of these plots, the density of points
was contoured. These plots are not normalized. The
scatter diagrams in Fig. 13 show results for one lower
level (3.2 km) and one upper level (8 km) at an early
(2139 UTC) and late (2237 UTC) stage of storm de-
velopment. In general, the correlation between reflec-
tivity and vertical velocity is weak. At best, particular
ranges of reflectivity values tend to be associated with
particular ranges of vertical velocity values. The weak
statistical association is a caution on how generally the
relationship between reflectivities and vertical veloci-
ties seen in the cross sections (Figs. 7-9) can be ap-
plied.

At 3.2 km within the 2139 UTC volume, higher re-
flectivities (>35 dBZ) tend to be associated with both
updrafts and downdrafts (Fig. 13a). Thus, it cannot be
said that at low levels heavy rain is exclusively con-
tained within downdrafts. Moreover, both weak up-
drafts and weak downdrafts are associated with a wide
range of reflectivity values at 2139 and 2237 UTC
(Figs. 13a,c). '

" The scatterplot for 8.8 km at 2139 UTC (Fig. 13b)
suggests that within the wide distribution of reflectivity
values at this level in the early stages of the storm,
lower reflectivities were associated with downdrafts. In

particular, reflectivity values centered near 18 dBZ
were associated with downdrafts of approximately —1
to —3 m s~'. Higher reflectivities tended to occur as
the vertical velocity increased. However, the associa-
tion was somewhat diffuse (Fig. 13b). Although higher
reflectivities tended to be in the stronger updrafts, these
reflectivity values were also found within downdrafts
(Fig. 13b). Later in the storm’s development, both up-
drafts and downdrafts were associated with the narrow
range of reflectivity values (Fig. 13d).

" The diffuseness of the correlation between reflectiv-
ity and vertical velocity is an indicator of the mishmash
of particle types, sizes, and concentrations contained in
both updrafts and downdrafts within the storm. A po-
tential explanation for the further weakening of the as-
sociation between reflectivity and vertical velocity as
the storm matured is that at later stages the heavier
particles have fallén out and particles left by previous
updrafts within the storm volume could have become
collocated with subsequent downdrafts and updrafts.

6. Discussion

To learn something new about precipitation pro-
cesses, we need to take full advantage of the high-spa-
tial-resolution data the radars have provided. Cross sec-
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FiG. 13. Scatterplots of radar reflectivity versus vertical velocity. The number of points in bins of 5 dBZ and 1 m s™*
are contoured: (a) 2139 UTC at the 3.2-km altitude, contoured starting at 25 points with contour interval of 25 points;
(b) 2139 UTC at the 8.8-km altitude, contoured starting at 25 points with contour interval of 25 points; (c) 2237 UTC
at 3.2 km, contoured starting at 25 points with contour interval of 50 points; (d) 2237 UTC at 8.8 km, contoured starting
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at 25 points with contour interval of 200 points.

tions of the high-resolution data reveal the complex
small-scale variability of updrafts, downdrafts, and
precipitation. However, it is evident from the cross sec-
tions just viewed that an attempt to characterize this
storm completely by conventional cross sections would
yield an unwieldy number of figures, and even a larger
number of cross sections than included here would only
partially show the storm structure.

Additionally, there is an inherent problem in taking
a two-dimensional cross section through a set of vari-
ously shaped three-dimensional objects such as drafts
in a multicellular storm. A vertical cut through the cen-
ter of any one object in the set may cut through the
center, graze the edge, or miss other objects com-
pletely. A graze along the edge of an updraft will make
it appear weaker than if the updraft had been cut
through its strongest point. The strongest magnitude
within an updraft may not be in the geometric center
of the draft. Thus, it is difficult, if not impossible, to
make a representative two-dimensional cross section
through a multicellular storm. It is also not clear from
selected cross sections alone whether the characteristics
observed are representative of the behavior of the entire
storm. Indeed, the association between the reflectivity
and the vertical velocity fields is statistically weaker
than the cross sections imply. The evidence contained

in these cross sections is inherently anecdotal. The in-
formation they contain is useful only as a piece in the
larger puzzle of what is occurring in the storm, and only
as long as it is taken in context.

Thus, while some interpretation of the kinematic and
microphysical structures for small areas can be made
using cross sections such as these, the three-dimen-
sional and highly variable structure of the storm as a
whole does not lend itself readily to comprehension
when represented by traditional horizontal and vertical
cross sections. A method is needed that will overcome
the limitations of cross sections, identify the salient en-
semble properties of the storm, and reveal how these
properties change as the storm evolves. A statistical
methodology that accomplishes these goals will be in-
troduced and exploited in YH Parts II and III.

7. Conclusions

This first part in a three-part study of the evolution
of Florida cumulonimbus has laid the groundwork for
the two subsequent papers by examining the storm set-
ting and the spatial distribution of vertical velocity and
precipitation. The centerpiece of this study is high-res-
olution dual-Doppler radar data collected during CaPE.
The high-resolution radar data are a rich source of in-
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formation on how the convective-to-stratiform transi-
tion of the storm occurred. Previous studies (Bigger-
staff and Houze 1991a, 1993; Mapes and Houze 1993)
have documented the convective and stratiform stages
of the storm, but their lower-resolution radar data con-
tained insufficient information to ascertain clearly the
method of storm evolution.

The storm under study is an example of ordinary,
typical sea-breeze convection with weak vertical wind
shear. High-resolution dual-Doppler radar data docu-
mented the evolution of a line of storms that developed
near the east coast of Florida and moved eastward.

This storm exhibited many of the typical line-normal
characteristics of multicellular squall lines documented
at lower resolutions. For example, updraft peak mag-
nitudes were found at successively higher altitudes at
increasing distance from the leading edge of the storm.
This study provides new insights into the structure and
evolution of the multicellular squall lines because of
the high resolution of the data, and thus gives the op-
portunity to examine. the detailed structure of the line
in three dimensions. The line of storms was revealed
by cross sections to have considerable along-line vari-
ation both spatially and temporally (Figs. 7—9). In de-
tail, the storm was very three-dimensional. The high-
resolution radar data revealed a complex jumble of up-
drafts, downdrafts, and precipitation. Although, by
definition, horizontal and vertical cross sections are not
necessarily representative of a complex three-dimen-
sional structure, examination of cross sections suggests
several trends in the structure and evolution of the
storm that will be examined further in the subsequent
papers.

* As the storm evolved, the radar reflectivity be-
came more contiguous as radar echo filled in be-
tween individual cells at upper levels.

¢ Most of the radar echo volume of the storm con-
tained irregularly shaped drafts less than 5 km in
horizontal extent and of varying vertical extent.

e At any given time, updrafts and downdrafts at a
variety of strengths were present at all levels
throughout the storm.

¢ The stronger updrafts tended to be located closer
to the leading edge of the storm.

* Upper-level downdrafts tended to be located at the
sides of the stronger upper-level updrafts.

¢ The evolution of updrafts indicated a tendency to

behave in a bubble-like fashion: forming at low
levels, rising within the echo volume, and even-
tually weakening at upper levels.

¢ The updrafts and downdrafts present in the later
periods of the storm appear to be the weakened
remnants of drafts of the types seen earlier.

* Scatterplots of reflectivity versus vertical velocity

" reveal only a weak association between reflectiv-
ity values and updraft and downdraft magnitudes
that become more diffuse as the storm ages.
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The high-resolution data have suggested these con-
clusions. However, traditional case study analysis,
based on horizontal and vertical cross sections, leaves
us only with impressions that are not rigorously shown.
It is evident from this first phase of the study that new
analysis methods are needed to take full advantage of
the high-resolution radar data. In YH Part IT and YH
Part I, the impressions gained from cross sections will
be tested quantitatively and put in context using a
method for statistically characterizing the entire vol-
ume of the radar data.
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