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ABSTRACT

A statistical technique is employed to examine the evolving properties of the ensemble small-scale variability
of high-resolution radar data collected in a multiceilular Florida thunderstorm. This paper examines vertical
mass transport and mass divergence and synthesizes these observations with results from the first two parts of
the study into a self-consistent conceptual model that describes the convective-to-stratiform transition of the
storm.

Vertical mass transport distributions indicate that the more numerous weak and moderate-strength upward
and downward velocities, not the few strongest, accomplished most of the vertical mass transport in the storm.
Hence, most of the mass of precipitation is condensed outside the areas of intense upward motion. These data
thus suggest a change in the way we think about convection. Although the few regions of strongest vertical
motion play a part in the overall storm evolution by dispersing particles throughout the depth of the storm, it is
the more prevalent weak and moderate-strength upward velocities that are the more important determinants of
the precipitation processes.

An extension of bubble-based conceptual models of convection is proposed to account for the convective-to-
stratiform transition. Bubbles of positively buoyant air produced at low levels are weakened by varying amounts
of entrainment and slowed down by pressure gradient forces as they rise. Thus many bubbles are slowed and
stopped at mid- and upper levels. The weakened parcels flatten, encompass more area and, in the process, laterally
spread their associated hydrometeors. As the weak updraft parcels congregate at mid- and upper levels of the
storm, they create the region of weak mean ascent that is characteristic of stratiform mean vertical velocity
profiles. Below the 0°C level, precipitation-associated downdrafts dominate the ensemble of smaller-scale drafts

and create mean weak descent at low levels.

1. Intreduction

This paper is the third of a three-part study (the pre-
ceding papers, Yuter and Houze 1995a,b, are referred
to as YH Part I and YH Part II) that addresses the
evolution of cumulonimbus and focuses on the con-
vective-to-stratiform transition of a multicellular thun-
derstorm. The purpose of this study is to shed light on
how the convective-to-stratiform transition is accom-
plished. High-resolution radar data observations made
on 15 August 1991 during the Convection and Precip-
itation Electrification Experiment (CaPE) project in
cast central Florida are the primary data for this study.
(The experimental setting and weather situation for the
15 August 1991 storm under study are described in YH
Part I.) A statistical tool introduced in YH Part I, called
a contoured frequency by altitude diagram (CFAD),
aids in the analysis of radar data volumes by displaying
the distribution with height of the ensemble small-scale
variability of several observed and derived variables.

The character of precipitating convective clouds
changes as a storm evolves (Battan 1973; Houze 1977;
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Zipser 1977). The stages of storm evolution are called
convective, transition or intermediary," and stratiform’
(Houze 1993, chapters 6 and 9). Figure 1 conceptualizes
the sequence of events seen in radar reflectivity vertical
cross sections as a convective region evolves into a strat-
iform region. If there is low or no vertical wind shear in
the environment, the decay of a succession of groups of
convective cells leads to the formation of a stratiform
region. Precipitation-size ice particles carried rapidly up-
ward in the growing convective cells settle out as the
vertical air motions in the cells weaken; the trajectory of
each particle is vertically downward in the coordinate
system moving with the cloud. The radar reflectivity
then takes on a stratiform structure, with a bright band
at the melting layer. A structure similar to that in Fig.
1¢ can also occur in strong shear, in which case positions
3, 2, and 1 indicate successive points along the trajectory

! Transition and intermediary are terms that describe a region or
stage of the storm between convective and stratiform (Biggerstaff
and Houze 1991, 1993; Houze 1993; Mapes and Houze 1993; Braun
and Houze 1994). See YH Part I, section 2 for further explanation).

2 Stratiform is defined in terms of the vertical velocity structure
such that 0 < |w| < V,, where w is the vertical air velocity and V,
is the fall speed of precipitation particles (see YH Part I, section 2 or
Houze 1993, chapter 6 for further explanation).
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F1G. 1. Conceptual model of the development of nimbostratus (Ns)
associated with deep convection in a coordinate system moving with
the clouds. Panels (a), (b), and (c) show vertical cross sections
through a developing storm at three sequential times. Radar echo
boundary is indicated by heavy line and strong echo is indicated by
hatched areas. The visible cloud boundary is sketched. Asterisks trace
the fallout of three ice particles. Letters correspond to storm relative
positions. Adapted from Leary and Houze (1979) and Houze (1993).

of a single particle that is transported left to right while
falling (Houze 1993, 211-213).

The shapes of mean vertical profiles of radar reflec-
tivity, vertical velocity, and divergence grossly char-
acterize the stages of storm evolution (Fig. 2). We refer
to these mean vertical profiles in order to tie our results
back to those of previous studies. We gain new insights
by interpreting the evolution in the shape of such mean
vertical profiles in terms of the evolving statistical dis-
tributions for the entire storm. [ As discussed in YH Part
II, the shapes of vertical profiles of the mean vertical
air motions and radar reflectivity characteristics in con-
vective and stratiform regions are roughly consistent
across different storms in different regimes. To illus-
trate the typical shapes of these profiles in convective
and stratiform regions, examples from the well-docu-
mented 10—11 June 1985 PRE-STORM? case observed

* Oklahoma—Kansas Preliminary Regional Experiment for the
Stormscale Operational and Research Program—Central Phase
(Cunning 1986).
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in Kansas are used (Rutledge et al. 1988; Biggerstaff
and Houze 1991).]

YH Part II analyzes the evolution of mean profiles
of reflectivity (Fig. 2a). In this paper, we further ana-
lyze the kinematic evolution of the storm as represented
by typical profiles of mean vertical velocity and diver-
gence in convective and stratiform regions (Figs. 2b
and 2c). The profile of mean vertical velocity (Fig. 2b,
solid line) from a convective region typically shows
positive values of w for all heights, with a midlevel
maximum. In contrast, the stratiform profile of mean
vertical velocity (Fig. 2b, dashed line) is weaker over-
all and characterized by mean descent below the en-
vironmental 0°C level and mean ascent above. The
mean mass divergence profile undergoes a related evo-
lution (Fig. 2c). Mean vertical profiles of mass diver-
gence in convection (Fig. 2c, solid line) exhibit con-
vergence at low levels, with the peak convergence el-
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FiG. 2. Characteristic mean profiles of vertical velocity and mass
divergence in convection (solid line) and stratiform (dashed line)
regions in the 10—11 June 1985 mesoscale convective system ob-
served in Kansas during the PRE-STORM project. (a) Mean reflec-
tivity, (b) vertical velocity, (c) mass divergence adapted from Rut-
ledge et al. (1988). Horizontal line at 4 km indicates the 0°C level.
Data for (a) and (b) provided by S. Braun.
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FiG. 3. Time series of vertical-mass-transport-weighted CFADs of vertical velocity (left column) and net vertical mass transport upward

and downward (right column). Vertical mass transport is contoured in the CFADs at 25 X 10° kg s™' intervals and the £50 X 10° kg s~
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contours are highlighted. One-meter-per-second bins are used in construction of CFAD.

evated above the surface. Convergence weakens above
this peak and the profile becomes divergent at mid- and
upper levels. The characteristic stratiform mass diver-
gence profile (Fig. 2c, dashed line) is divergent at the
surface, has a relatively strong peak in convergence
near the 0°C level, and is divergent at upper levels. The
first objective of this part of the study is to understand
how the kinematic structure of a storm evolves from a
state represented by the convective curves to that rep-
resented by the stratiform curves in Fig. 2. We ap-
proach this problem by examining the ensemble small-
scale variability of the vertical mass transport and hor-
izontal mass divergence (sections 2—4). Our second
objective is to integrate the results of YH Parts I-III
into a model of the self-consistent mechanisms by
which the characteristic observed properties of reflec-
tivity, differential reflectivity, vertical velocity, vertical
mass transport, and horizontal mass divergence within
the entire storm evolve from their convective to strat-
iform states (section 5).

2. Vertical mass transport

The vertical mass transport of air differs from the
vertical velocity in that vertical velocity indicates how
rapidly the air is moving while vertical mass transport

(kg s') indicates how much air is moved and, there-
fore, how much water is condensed, which is key to
understanding precipitation processes.

a. Mass-transport-weighted CFADs of vertical
velocity

Information on the vertical transport of mass is in-
herently present in the CFADs of vertical velocity (Fig.
3 of YH Part IT); however, it is not easy to see in those
plots since they are dominated by vertical velocities
close to zero, which have little effect on the mass trans-
port. This fact led us to plot CFADs of the mass-trans-
port-weighted vertical velocity* (Figs. 3 and 4). These
plots are similar to the CFADs of vertical velocity ex-
cept for the value that is contoured. In the case of the
vertical-mass-transport-weighted CFADs of vertical
velocity, the contours are of the vertical mass transport
of air (M), accounted for by all the drafts where w;
= w = w; + Aw within the height interval z; < z = gz
+ Agz. This quantity is expressed as

* The presentation of the vertical mass transport data via a con-
toured frequency by altitude diagram is similar to the spectral distri-
butions of mass flux used by Tao et al. (1987) to present results from
a three-dimensional numerical cloud ensemble model.
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FiG. 4. Vertical-mass-transport-weighted CFAD of vertical velocity (a) and net vertical mass transport upward and downward (b) from a
stratiform volume observed to the rear of a Kansas squall line at 0345 UTC 11 June 1985 during the PRE-STORM project. CFAD bin size

for w = 0.2 m s~', contoured at 50 X 10° kg s™' intervals.
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where N is the frequency distribution function defined
such that [°N(w, z)/070w]dzdw is the number of
observations of vertical velocity in the range w to w
+ dw at heights z to z + dz, p is the density of air, and
a is the horizontal area of the Cartesian grid element
(0.25 km?).

In Fig. 3, a contour interval of 25 X 10° kg s ™' is
used to bring out the pattern of vertical mass transport
topography and the 50 X 10% kg s™' and —50 X 10°
kg s~' contours are highlighted to emphasize the
regions of large mass transport upward and downward.
These plots permit easy comparison of the vertical mass
transport contributed by drafts of a particular magni-
tude at different levels and vertical mass transport con-
tributed by drafts of different magnitudes at the same
level. The changing pattern of the distribution of ver-
tical mass transport with time reveals the evolution of
mass transport within the storm. Note that since the
contoured field is not normalized by the number of data
points, the values for the contours are dependent on the
size of the volume containing the data.

The net (or total) mass transport for updrafts and
downdrafts at each level My, is shown in the right col-
umn of Figs. 3 and 4. These were computed according
to

2
O°N(w, 2) wpadwdz,

0
oz0w (D)

My; = Ywip(z)a, (2)
k

where k is an index to grid points with vertical velocity
values in the x—y plane. The units of My; are kilograms
per second, and the summation has been done sepa-
rately for positive and negative vertical velocity. In
Figs. 3b.d, f ,h, j, and 4b, the area between the net pos-
itive (negative) vertical mass transport curve and the z
axis is proportional to the net upward (downward)
mass transport for the storm.

Since My, is proportional to density, area, and ver-
tical velocity, the profiles of net vertical mass transport
M;; (Figs. 3b,d,f ,h,j, and 4b) are helpful in quantifying
only certain gross characteristics of vertical mass trans-
port, such as: Was more air going up than down? At
what levels was the most air moving? And how did the

net mass transport change as the storm evolved? They
do not distinguish what magnitudes of drafts were pro-
ducing the vertical mass transport.

The vertical-mass-transport-weighted CFADs of
vertical velocity M; (Figs. 3a,c.e,g,i, and 4a) distin-
guish several factors contributing to net vertical mass
transport. The left-to-right variation of the vertical mass
transport distribution topography in the CFAD shows
the frequency distribution of vertical velocity produc-
ing the mass transport. The up-and-down-the-page
variation of the vertical mass transport distribution in
the CFAD shows the distribution of updrafts and down-
drafts with height. The amplitude of the topography
shown by the contours in the CFAD shows the growing
area of the storm (increasing number of points) at each
level. The changes in these aspects of the statistical
distribution of vertical mass transport shown by Figs.
3 and 4 are important clues that we use below to de-
cipher changes associated with the storm’s convective-
to-stratiform transition.

b. Distribution of vertical mass transport in the
storm

1) DOMINATION OF MODERATE VERTICAL VELOCITIES

The spacing and location of the contours in the ver-
tical-mass-transport-weighted CFADs of vertical ve-
locity (Fig. 3) indicate that the valleys (strong down-
ward mass transport, inside the —75 X 10¢kg s ™! con-
tour) and the peaks (strong upward mass transport,
inside 75 X 10°® kg s~ contour) in the vertical-mass-
transport distribution topography were produced al-
most entirely by downward velocities between —1 and
—5 ms~' and upward velocities between 1 and 6
m s~'. Thus—in a manner analogous to the middle-
income tax burden—the majority of the mass transport
in the volume was produced primarily by velocities of
moderate strength. The many points close to zero ver-
tical velocity (the low-income bracket) could not con-
tribute much to the mass transport (tax revenue) de-
spite their large numbers. The strong (absolute value
greater than 10 m s™') upward and downward veloci-
ties (the high-income bracket), although they produced
strong mass transport individually (large tax pay-
ments), were not numerous enough to make a large
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contribution to the net. This left the moderate strength
velocities (the middle-income bracket) to carry the
burden of moving the majority of mass around in the
storm. Thus, the strongest upward velocities (> 10 m
s~') were not the primary agents in the upward vertical
transport of mass in the storm. As a result, most of the
condensation occurred outside the regions of the most
intense upward motion.

2) EVOLUTION OF NET VERTICAL MASS TRANSPORT -
INTERPRETED VIA CFADs

In the convective stages of the storm, net upward
mass transport exceeded net downward mass transport
at all levels (Figs. 3b,d,f,h). Net downward mass
transport was greatest at low levels and net upward
mass transport was greatest at midlevels. The maxi-
mum net downward mass transport at a level (=570
X 10® kg s™' at the 2-km altitude) occurred at 2144
UTC (Fig. 3f), the same time as the maximum net
upward mass transport at a level (808 X 10° kg s ' at
the 6-km altitude ). As the storm aged further, the mag-
nitude of total upward and downward mass transports
for the storm decreased. The difference between the net
upward and net downward mass transports in the storm
became smaller, until at the intermediary stage (as de-
fined in YH Part I, section 2), net upward and net
downward vertical mass transports were of nearly equal
magnitude, though the peaks were offset in height
(2237 UTC, Fig. 3j).

During the early convective stages of the storm
(2123 and 2139 UTC, Figs. 3b,d), the net downward
mass transport increased at every level. At both 2123
and 2139, the shape of the downward mass transport
distribution topography (Figs. 3a,c) was characterized
by a sharp peak at the lowest levels corresponding to
vertical velocities near —1 m s ~'. The downward mass
transport from downdrafts stronger than —5 m s ' and
the overall magnitude of the contours of the topography
increased between 2123 and 2139 (Figs. 3a,c). The
increase in net downward mass transport can be related
both to an increase in the area of the storm at each level
and the development of a few strong downdrafts at low
levels.

The total upward mass transport also increased at
each level between 2123 and 2139 (Figs. 3b and 3d).
The upward mass transport distribution topography
was concentrated below 5 km (Fig. 3a), and the peak
upward mass transport was centered near the 1-km al-
titude and associated with updrafts of 1 m s™'. As the
storm grew (2139 UTC), the peak upward mass trans-
port remained centered near 1 km and 1 m s™! vertical
velocity (Fig. 3c). Between 2123 and 2139, the con-
tours of upward mass transport had spread apart in the
vertical while remaining in roughly similar positions in
the horizontal (Figs. 3a,c). Increases in the magnitudes
of the upward mass transport distribution topography
(Fig. 3c) at all levels (i.e., increased areal coverage,
Fig. Al of YH Part IT) contributed to the increase in
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net upward transport (Fig. 3d). The changes in the dis-
tribution of positive vertical velocity occurring above
10 km between 2123 and 2139 (Figs. 3b,d of YH Part
IT) had a relatively small effect on upward mass trans-
port (Figs. 3a,c). Thus, it was likely that an increase
in the area of the storm at all levels was the primary
source of the increased net upward mass transport be-
tween 2123 and 2139.

At 2144 UTC, the outlier contour (=25 X 10°
kg s™') of the downward mass transport distribution
topography moved inward toward lower downdraft
magnitudes (Fig. 3e). Otherwise, the downward mass
transport topography remained concentrated at low lev-
els and at weak vertical velocity. Despite the decreasing
contribution from extreme downdrafts (w < —8 to —10
ms~!'), the increase in the frequency of moderate
downdrafts of about —2 to —4 m s ' (Fig. 3h of YH
Part IT) was sufficient to maintain the net downward
mass transport at each level (Fig. 3f) to values close to
or greater than those occurring at 2139 (Fig. 3d).

At the time of most vigorous convective activity in
the storm (2144 UTC), most of the upward mass trans-
port was still from the weaker velocities (<5 ms™")
and at lower levels (Fig. 3e). The increase of total up-
ward mass transport at upper levels (Fig. 3f) is seen
from the CFADs of mass transport in Fig. 3e to have
been due to the increased frequency of stronger upward
velocities at upper levels, which were also seen in the
outliers of the frequency distribution of vertical veloc-
ity (Fig. 3f of YH Part II). The overall peak in upward
mass transport, however, remained at lower levels and
was associated with updrafts of moderate strength. This
low-level maximum had shifted to a slightly higher al-
titude (2.5 km), and its topography had become less
sharp as indicated by the increased spacing between the
contours (Fig. 3e). This change marked the beginning
of a trend of a redistribution of the area of updrafts in
the vertical that is reflected in the upward mass trans-
port distribution topography of the CFAD and in the
net upward mass transport profiles.

At 2155 UTC, the shape of the downward mass
transport distribution topography (Fig. 3g) was similar
to what it had been at 2144, except that at altitudes
above 5 km the contoured area of less than —50 X 10°
kg s~' was broader (roughly extending from —8 to —1
m s~ '). At lower levels, net downward mass transport
(Fig. 3h) had decreased, while above 5 km, net down-
ward mass transport had slightly increased. The low-
ering of the level of the strongest upper-level down-
drafts (YH Part II, sections 3c,d), compared to previ-
ous times, increased the contribution of upper-level
downdrafts to net downward mass transport since the
decrease in altitude was accompanied by an increase in
the density of the air. Thus, the decreasing altitude of
upper-level downdrafts was related to the broader con-
toured area in the downward mass transport distribution
topography above 5 km (Fig. 3g) and the correspond-
ing increase in net mass transport above 5 km (Fig. 3h).
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At 2155 UTC, the peak upward mass transport in the
upward mass transport distribution topography shown
by the contours in the CFAD was now centered at 5—
6 km in altitude and 2—6 m s ' vertical velocity (Fig.
3g). As well as the increased altitude of the center of
the peak, there was also a distinct change in the shape
of its topography, as indicated by the pattern of con-
tours of the CFADs. The topography of upward mass
transport had changed from a high, sharp peak at 2139
UTC (maximum greater than 125 X 10° kg s™' sur-
rounded by closely spaced contours in Fig. 3b), to a
shorter, more rounded peak at 2155 UTC (maximum
greater than 75 X 10° kg s~' surrounded by widely
spaced contours in Fig. 3g). The CFAD changes thus
indicate a shift from a high concentration of vertical
velocities in a narrow range of intensities at one level
to a somewhat broader distribution of intensities and
heights.

In the intermediary stage of the storm (2237
UTC), the frequency distribution of vertical velocity
had weakened considerably compared to previous
times (Fig. 3j of YH Part II). The change in the fre-
quency distribution of downdraft velocity is reflected
in the narrow, sharply peaked shape of the downward
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FiG. 5. Time series of vertical profiles of horizontal mass
divergence. Total mean indicated by solid line, mean com-
puted where corresponding vertical velocity is positive (up-
drafts) indicated by triangles, and mean computed where cor-
responding vertical velocity is negative (downdrafts) by
squares.

mass transport distribution topography (Fig. 3i) con-
centrated near 1 km and —1 m s~'. The predomi-
nately weak downdrafts produced a correspondingly
weak profile of net downward mass transport (Fig.
3j), which had its maximum value at low levels.

The upward vertical mass transport at 2237 UTC was
of a much different character (Fig. 3i), and much re-
duced (Fig. 3j), in comparison to previous times. The
peak in the upward vertical mass transport topography
shown by the CFAD was now shaped like a ridge cen-
tered near 1 m s~ vertical velocity and extending from
near 4 to roughly 10 km in altitude. The narrow range
of updraft velocities in the storm (Fig. 3j of YH Part
IT) is reflected in the narrow distribution of upward
mass transport between 1 and 4 m s~'. In order to ob-
tain a ridge in the distribution topography at a roughly
constant upward mass transport value (M; ~ 75 X 10¢
kg s~') and a constant vertical velocity w = 1 ms ™!,
the area covered by 1 m s™' updrafts must have in-
creased exponentially with height in order to offset the
decrease in density with height.

Changes in the topography of the distribution of
downward vertical mass transport seen in the CFADs
of mass transport in Fig. 3 were primarily related to an
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increase in the area of the storm and changes in the
frequency distribution of vertical velocity at each level.
Overall, a general chardcteristic of the downward mass
transport distribution topography was that the distri-
bution remained concentrated at low levels throughout
the storm evolution. In contrast, the peak in the upward
mass transport distribution topography shifted upward
in altitude as the storm matured. Thus, in addition to
changes in storm area and the frequency distribution
of vertical velocity at a given height, the evolution of
the upward mass transport distribution was related to
the changing distribution of upward velocities with
height.

The vertical mass transport in a stratiform echo vol-
ume from the 10-11 June 1985 PRE-STORM case
(Fig. 4, note change in vertical velocity scale and con-
tour interval from Fig. 3) indicated a continuation of
trends seen in the CaPE volumes (see also YH Part I,
section 3). The radar echo volume of this storm was
much greater than that of the CaPE volumes, so the
magnitudes of vertical mass transport are much greater.
Similar to the CaPE volumes (Fig. 3), the distribution
of downward mass transport in the PRE-STORM strat-
iform region was concentrated at low altitudes. The
CFAD of vertical mass transport in the PRE-STORM
stratiform region (Fig. 4a) shows a sharp peak in down-
ward vertical mass transport from downdrafts of near
—2 to 0 m s™! centered near 2.5 km. The net profiles
(FFig. 4b) show that most of the vertical mass transport
for this stratiform region was downward, with the max-
irnum net downward mass transport at 2.5-km altitude.
The pattern of contours in the upward vertical mass
transport distribution for the PRE-STORM stratiform
region -(Fig. 4a) exhibited two concentrations of up-
ward vertical mass transport. The stronger peak in the
upward mass transport distribution topography was at
mid- to upper levels of the storm, produced by upward
velocities about 0.5 m s™!, and was centered near 7-
km altitude. The location of this peak is consistent with
the trend seen at 2155 and 2237 UTC in the CaPE
volumes for the peak in the upward mass transport
topography to be at midlevels as the storm began to
take on stratiform characteristics. Another weaker lo-
cal maximum in upward mass transport in the PRE-
STORM stratiform volume was centered at low levels
near 1.5 km and was also a product of upward veloc-
ities close to 0.5 m s~! in magnitude. The local max-
imum in the net upward mass transport curve (Fig.
4b) at 7 km is only slightly stronger than the local
maximum at the 1.5-km altitude. The information
from both the CFAD of vertical mass transport (Fig.
4a) and the net upward mass transport profile (Fig.
4b) indicates that the area of updrafts near 7 km with
w = 0.5 m s~! magnitude was more than double that
of the area with w = 0.5 m s~ at low levels. Thus,
similar to the CaPE intermediary volume, there was
much more area at midlevels exhibiting weak ascent
than at low levels.
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3. Horizontal mass divergence associated with
vertical motions

The vertical mass transports discussed in section 2
imply associated fields of horizontal mass divergence.
The conversation of mass under anelastic conditions is
expressed by the continuity equation '

d(pow)
0z

where V is the horizontal wind vector, V, is the hori-
zontal gradient operator, and p, is the base-state density
(a function of height z only). The horizontal mass di-
vergence (V- poV) is thus the change of vertical mass
flux with height.

As part of the dual-Doppler analysis procedure
(YH Part I, section 4), the horizontal divergence is
calculated from the Doppler-derived horizontal wind
components. The horizontal mass divergence V- poV
on the left-hand side of (3) is simply determined as
the density-weighted horizontal divergence poVy-V,
where py is the base-state density assumed to be a func-
tion of height only. .

Mean profiles of the total horizontal mass diver-
gence, the horizontal mass divergence associated with
updrafts, and the horizontal mass divergence associated
with downdrafts for each of the dual-Doppler volumes
have been derived from the Doppler analyses and are
presented in Fig. 5. These profiles may be interpreted
in light of the vertical velocity, which appears in the
term on the right-hand side of (3). By averaging (3)
horizontally over the region of radar echo’ at a given
altitude and splitting up the derivative on the right-hand
side, we obtain

VupoV = — (3)

= ow 9
VH‘Povz_Poa_Z_Wa_ZO’ 4)
where the overbar represents the horizontal average
over the region of echo. The solid curves in Fig. 5 rep-
resent the profiles of V- poV for the entire region of
echo, while the curves indicated by triangles and
squares represent the profiles of Vy-p,V for the
regions of echo containing upward and downward mo-
tion, respectively.

The two terms on the right-hand side of (4) are
shown in Fig. 6 for the volume of data taken at 2139
UTC. The curves in Fig. 6a show the two components
making up the profile of Vy-p,V shown by the solid
curve in Fig. 5b. The solid curve in Fig. 6a is
—poOw/0z, while the curve indicated by dots is
—w Opo/ 0z. Similarly, the profiles in Figs. 6b and 6¢
show the —po0W/ 8z and —wdpy/ 9z components of the

5 As in YH Part II, the terms radar echo region and echo region
will be used to indicate the storm volume where radar reflectivity
greater than — 15 dBZ and vertical velocity could be determined from
the dual-Doppler measurements.
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updraft and downdraft profiles of V,-p,V in Fig.
5b. From the three panels of Fig. 6, it is evident that
the term — poOw/0z contains most of the structure in-
herent in the profiles of V- poV in Fig. 5b. A similar
result is obtained for the other times shown in Fig. 5.
This result means that we may interpret the horizontal
mass divergence profiles in Fig. 5 in terms of the ver-
tical variation of mean vertical velocity w .

Consider a layer of mean mass divergence
(Vi poV > 0). In this storm, such a layer of air is
populated by rising and or sinking parcels whose di-
mensions are much less than the region over which the
average is taken in (4). Since the first term on the right-
hand side of (4) is dominant, net mass divergence in
the layer is primarily the result of more parcels slowing
and stopping in the layer than speeding up. In contrast,
mean mass convergence (Vg poV < 0) in a layer in-
dicates that more parcels are accelerating through the
layer than slowing and depositing their mass.

In subsequent discussions we will interpret the mean
horizontal mass divergence profiles as the net effect of
the ensemble of individual parcels accelerating or de-
celerating as they move through layers of the storm. In
examining the changes in the horizontal mass diver-
gence profiles with height in this manner, we will con-
sider how entrainment and gradients of pressure per-
turbation affect the ensemble of updraft and downdraft
parcels moving through the storm.

a. Distribution of divergence

To appreciate the wide distribution of divergence as-
sociated with the mean profiles of mass divergence in
Fig. 5, CFADs of the total divergence and its updraft
and downdraft components for 2139 UTC are shown
in Fig. 7. A wide distribution of both divergence and
convergence is evident in the updraft and downdraft
CFADs. Away from the surface boundary, conver-
gence dominated the average for downdrafts (Figs. Sb
and 7b) and divergence dominated the average for up-
drafts (Figs. 5b and 7c). This pattern suggests that par-
cels were on average characterized by downward ac-
celeration and upward deceleration, which were prob-
ably largely due to entrainment, although pressure
perturbation forces associated with the drafts them-
selves would also have played a role. Mixing with drier
environmental air is a positive feedback for the down-
drafts, since evaporation cools the air and decreases
buoyancy. Following a downdraft parcel, an accelera-
tion of the parcel downward within a layer would in-
crease downward mass transport and be associated with
convergence. Divergence occurred as the downdraft air
was deposited in the boundary layer, where the air fi-
nally had to decelerate. In contrast, entrainment is a
negative feedback for updrafts, reducing the positive
buoyancy, weakening the updraft as the parcel becomes
more diluted with environmental air, and finally bring-
ing it to a stop. Divergence is expected where parcels
slow or come to a stop. Thus, divergence would occur
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Fic. 6. Comparison of mean horizontal mass divergence terms
on right-hand side of Eq. (4) at 2139 UTC. The solid curve
is —poOw/dz, while the curve indicated by dots is —wdp,/dz. (a)
Total, (b) within updrafts, and (c) within downdrafts. The sum of the
two curves in (a) corresponds to the total curve in Fig. 5b. Similarly,

the sums of two curves in (b) and in (c) correspond to the updraft
and downdraft curves in Fig. 5b.

in layers where updraft parcels tend to become less
buoyant as a result of entrainment and, in the case of
undiluted parcels, near the level of their maximum
height. In both instances mass is being deposited in a
layer, and divergence compensates for it.

The wide distribution of values of divergence
within updrafts (Fig. 7c) clearly illustrates that while
the net effect of the ensemble of updrafts above 4 km
yielded divergence and net deposition of mass (Fig.
5b), many individual updraft parcels were in fact ac-
celerating through a given layer and were registered
as convergent points in the distribution. The situation
is analogous for the wide distribution of divergence
values and the mean convergence of the ensemble of
downdrafts (Figs. Sb and 7b). Some downdraft par-
cels deposited their mass within a layer and were as-
sociated with divergence even though the mean di-
vergence profile within downdrafts is convergent
above 2 km.
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b. Horizontal mass divergence profiles

The average horizontal mass divergence profiles in
the early stages of the storm before the air within the
storm became well mixed are represented by Figs. 5a
and 5b (2123 and 2139 UTC). The total mass diver-
gence profile at 2139 (Fig. 5b) resembles in shape the
typical mass divergence profile for convective regions
(Fig. 2c). The maximum of mass convergence is at low
levels but elevated off the surface (Mapes and Houze
1993), and mass divergence dominated upper levels.

The peak of mass convergence seen at 4—5 km at all
times in Fig. 5 in the downdraft curves reflects the
downward acceleration of the downdraft parcels
through that layer. This local maximum in mass con-
vergence corresponds to a drier layer in the prestorm
sounding (Fig. 3b of YH Part I) and the layer of min-
imum 6., which is identified with initiation of low-level
downdrafts ( Zipser 1969, 1977; Srivastava 1985, 1987;
Knupp 1987). The downdrafts finally weakened as
they approached the surface, depositing their mass in
the boundary layer and thereby producing a strong di-
vergence signal (downdraft curves in Fig. 5).

The updraft component of the mass divergence pro-
files in Fig. 5 indicates the behavior of the ensemble of
rising parcels. Surface convergence gave them a
“‘kick’” upward to rise above the level of free convec-
tion. The air associated with the updraft parcels then
became increasingly divergent, starting at 4-5 km.
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FiG. 7. CFAD:s of horizontal divergence for 2139 UTC
volume. (a) CFAD of total divergence field, CFAD bin
size is 1 X 107 s™', contour interval is 10% (1073
s~ km™', (b) CFAD of downdraft component, and ()
CFAD of updraft component.

height (km)

4 2 0 2 4
divergence (103 s~1)

This divergent signature at mid- and upper levels is
likely due to some of the updraft parcels stopping
within those layers and depositing their mass when en-
trainment eroded their buoyancy. Pressure perturbation
forces are also involved in the slowing of rising parcels;
these effects are ‘greatest near the updraft top (Ferrier
and Houze 1989). For levels starting at 4—5 km, more
parcels appear to have been slowing or stopping than
accelerating and continuing through. With increasing
height, fewer and fewer updraft parcels were available
to proceed higher. As the upward-moving parcels
slowed and stopped, they deposited their mass, and the
overall average was divergent from 4 to 5 km upward.

At levels above 8 km, there is a rough mirroring of
the upper-level updraft mass divergence and upper-
level downdraft mass convergence (Fig. 5); as updraft
divergence increases, so does downdraft convergence.
This behavior is a strong argument that the upper-level
downdrafts are dynamically forced, that is, that upper-
level downdrafts are forced by outflow from upper-
level updrafts (YH Part II, section 3d, appendix B).
Between 2 and 4 km, the apparent lack of an association
between the downdraft convergence and updraft diver-
gence (both are convergent down to the lowest layers)
is consistent with the upper- and lower-level down-
drafts being physically distinct (Biggerstaff and Houze
1993). The convergence at the top of the lower-level
downdrafts is associated with the low-6, layer (i.e., dry
layer) and the 0°C level. Thus, the lower-level down-
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drafts, as expected, appear to be associated with evap-
oration and melting. Downward vertical mass transport
peaked near 2.5 km (Figs. 3b,d,f,h,j), as the down-
ward-moving parcels encountered the surface and
spread out in the boundary layer (divergence in the
downdrafts below about 2.5 km in Fig. 5). The local
minimum in mass convergence near 6—7 km in the
downdraft component profiles at 2123 and 2139 UTC
(Figs. 5a,b) appears to be the region between the two
downdraft regimes where there is no particular mecha-
nism favoring either upper- or lower-level downdrafts.

As the storm matured (Figs. 5c—e), the air within
the storm became more well mixed, and correspond-
ingly, the thermodynamic profile (Fig. 3¢ of YH Part
I) became more moist adiabatic. The mixing reduced
the differences in thermodynamic properties between
adjacent layers. Consequently, at later stages, the air
entrained into updrafts and downdrafts from their im-
mediate in-storm surroundings had properties, such as
moisture content, that varied more gradually with
height than the prestorm environmental air, and the di-
vergence profiles exhibited smaller variations between
adjacent layers.

The total mass divergence profile at 2237 UTC (Fig.
5e) resembles the shape of the typical mass divergence
profile for stratiform regions (Fig. 2c). As noted in YH
Part I, the storm did not yet display a fully stratiform
structure in spatial cross sections, but it displayed a
narrowing reflectivity distribution (Fig. 3i of YH Part
II) that indicated it was in transition from convective
to stratiform structure. The profile for this time is di-
vergent near the surface, has maximum convergence
near the 0°C level, and is weakly divergent aloft. The
peak mass convergence in the profile at 2237 UTC
(Fig. 5e) had moved upward to the 4.5-km altitude
from 3 km at 2155 UTC (Fig. 5d). This peak in mass
convergence is associated with the downward vertical
transport distribution at 2237 UTC (Fig. 3i), which
shows a sharp increase in downward mass transport
below 5 km contributed by —2 to —1 m s ! downdrafts.
The layer of low-6, air was less distinct and had moved
downward during the development of the storm (Fig.
3b,c of YH Part I). It is possible that whereas in the
early stages of the storm the effects of the dry low-6,
layer had a strong influence on the acceleration of
downdrafts downward, in later stages, when the air was
more moist, the effects related to the change of phase
of falling precipitation particles dominated and the in-
crease in acceleration of downdrafts occurred closer to
the 0°C level (Leary and Houze 1979).

The mass divergence profiles elaborate on the con-
clusion from the vertical mass transport distributions
(section 2) that most of the mass transport was occur-
ring at low levels. Mass divergence predominated in
updrafts above the 4—5-km altitudes to storm top. Thus,
it appears that from the initial wide distribution of pos-
itively buoyant parcels at the low levels in the storm,
only the most buoyant and most undiluted parcels made
it to the top; the rest deposited their mass throughout
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the depth of the storm at whatever level their upward
motion was stopped. The generally decreasing mass
convergence and then increasing mass divergence as-
sociated with the ensemble updrafts above the bound-
ary layer is consistent with Raymond and Blyth’s
(1986) conclusion that environmental air is mixed into
the cloud at all levels and thus may be entrained any-
where along a parcel’s trajectory. Hence, the upward
progress of the parcel may be halted at any level.

4. Vertical mass transport during the convective-to-
stratiform transition

A major goal of this study is to determine how a
storm arrives at the typical mean vertical velocity pro-
file in stratiform regions (Fig. 2b) of weak mean de-
scent of air below the 0°C level and weak mean ascent
above. It is well established that downward-moving air
associated with precipitation at low levels accounts for
the weak downdrafts below the 0°C level seen in mean
vertical velocity profiles in stratiform precipitation
(Zipser 1977). While downdrafts dominate the mean
vertical velocity profile at low levels, the lower levels
of the storm in stratiform regions do not exclusively
contain downdrafts. The CFADs of vertical velocity
and vertical mass transport have illustrated that weak
updrafts are present at low levels in the stratiform
stages of a storm. The signature of the low-level weak
updrafts is washed out in the mean profile by the in-
creasingly numerous weak downdrafts at low levels
(Figs. 4 and 6 in YH Part IT).

The origin of the weak updrafts above the 0°C level
in stratiform regions is more difficult to explain. Prior
studies (Gamache and Houze 1982, 1985; Houze and
Rappaport 1984; Smull and Houze 1987; Biggerstaff
and Houze 1991, 1993) have established the existence
of convergence at midlevels in stratiform regions (Fig.
2c¢) and mean upward motion in mid- to upper levels.
However, because previous studies did not have infor-
mation available that revealed the sequence of events
that occurred as the storm underwent the transition
from convective to stratiform stages, considerable am-
biguity has remained regarding what these events are
and how they interrelate. As discussed in previous sec-
tions, the CFADs of the ensemble properties of an en-
tire storm have permitted us to see progressive changes
in the ensemble properties as the storm evolved. The
information about the progressive changes in the storm
ensemble properties will be used in this section as the
basis for a hypothesis for how the convective-to-strat-
iform transition occurs and, in particular, to explain the
origin of the weak mean upward motion above the 0°C
level in stratiform regions.

To diagnose the primary mechanism of convective-
to-stratiform transition, we need to find a descriptor that
changes as the storm evolves, and changes in a manner
that is clearly consistent with all the other observed
changes that occur in the storm during the transition.
The vertical-mass-transport-weighted CFADs of ver-
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tical velocity (Fig. 3) show clearly that the topography
of the distribution of upward vertical mass transport
changed progressively from being concentrated at low
levels to being concentrated at midlevels. In contrast,
the topography of the distribution of downward mass
transport remained centered at low levels throughout
the development of the storm. Also, the vertical-mass-
transport-weighted CFADs of vertical velocity showed
that the majority of the mass transport in each volume
was accomplished by the moderate (middle income)
vertical velocities and that changes in the magnitudes
of the few strongest vertical velocities within the vol-
ume had a relatively small effect on the net vertical
mass transport. Thus, the most substantial change was
in the vertical distribution of the upward velocities of
moderate strength, indicating that these upward veloc-
ities were the primary agents in the convective-to-strat-
iform transition. In this section, we will focus on the
changing vertical distribution of moderate strength up-
ward velocities and what it implies physically in the
storm regarding how the convective-to-stratiform tran-
sition takes place.

The evolution of the distribution of moderate-
strength upward velocities with height provides insight
into the evolution of the kinematics of the storm from
convective to stratiform stages. Figure 8 shows the
number of points at each level, which is proportional
to area covered, with velocities between 1 and Sm s !,
the range of velocities indicated as having the most
effect on the evolution of the storm. During the highly
convective stages of the storm (2123, 2139, and 2144
UTC), the majority of parcels with vertical velocity
Ims™ <w < 5ms~! were at low levels (Fig. 9).
At later stages of the storm (2155 and 2237 UTC),
the maximum area of updraft parcels where 1 m s ™'
<w < 5 ms™! is centered at 9-10-km altitude
(Fig. 8).

To show more clearly how the upward mass trans-
port changed in character as the storm evolved, the lo-
carion in w-height space of the center of the peak of
upward-mass-transport distribution topography seen in
the CFADs of Fig. 3 is shown for each of the five vol-
umes in Fig. 9a. In addition, the 50 X 10° kg s~ up-
ward vertical mass transport contours for 2123, 2155,
and 2237 UTC from Fig. 3 are superimposed in Fig.
9b. In Fig. 9a, the movement of the center of the peak
in upward-mass-transport distribution topography hor-
izontally represents changes in the frequency distribu-
tion of vertical velocity at a level, and the movement
of the center of the peak in upward mass transport dis-
tribution topography vertically represents changes in
the distribution of vertical velocity with height.

In its early stages (2123 and 2139 UTC), the storm
was generally convective and had only barely begun
the transition from convective to stratiform. The profile
of mean vertical velocity at 2139 (Fig. 6b of YH Part
IT) was similar to a typical profile of vertical velocity
in convection (Fig. 2b). Vertical mass transport greater
than 50 X 10° kg s~! at 2123 was all below 6 km and
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FiG. 8. Vertical profiles of number of points at each level (propor-
tional to area) with vertical velocities between 1 and 5 m s™! for the
five dual-Doppler volumes.

had contributions from a range of updrafts up to 9
m s~ (Fig. 9b). Peak vertical mass transport values at
2123 were being accomplished by upward velocities of
approximately 1 m s~ at the 1-km altitude (Fig. 9a).
As the storm became more vigorous (2139 UTC), the
peak in the distribution of vertical mass transport to-
pography remained essentially stationary between 2123
and 2139 UTC. At 2144, the storm was at its most
vigorous stage and the peak in the distribution of ver-
tical mass transport topography had moved to the right,
reflecting the widening of the distribution of upward
velocities at low levels (Fig. 3f of YH Part II). In ad-
dition, the peak in the distribution of vertical mass
transport topography at 2144 had moved upward to 2.5
km, reflecting the beginning of a change in the vertical
distribution of updrafts. As the storm began to weaken
(2155 UTC), the peak in the distribution of vertical
mass transport topography split into two centers. The
centroid of the two peaks had moved to the left, cor-
responding to the narrowing of the distribution of up-
drafts below 5 km (Fig. 3h of YH Part IT), and further
upward, corresponding to a change in the relative dis-
tribution of upward mass transport with height. Vertical
mass transport exceeding 50 X 10° kg s~ at 2155 had
also shifted upward but remained broad, encompassing
vertical velocity values from 1 to over 9 m s~ (Fig.
9b). At 2237, characterized as intermediary between
convective and stratiform by its vertical velocity profile
(Fig. 6¢ of YH Part II), the peak in the distribution of
vertical mass transport topography was a ridge with
two local maxima. The centroid of the ridge’s peak had
moved further to the left, corresponding to the further
narrowing of the distribution of updrafts toward 0
m s~ (Fig. 3j of YH Part IT). The shape of the area
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FIG. 9. Evolution of upward mass transport. (a) Approximate location of centroid of peak in upward mass
transport for 2123, 2139, 2144, 2155, and 2237 UTC volumes connected by line segments. Dots are positions
of local maxima at each time. (b) Contours of upward vertical mass transport equal to 50 X 10% kg s~! at
2123, 2155, and 2237 UTC from CFAD of vertical mass transport (Fig. 3).

outlined by the 50 X 10° kg s~! contour had narrowed
to include only vertical velocity values less than 3
m s~ (Fig. 9b).

Thus, in the early stages of the storm (2123 and
2139 UTC), most of the updraft area and upward
mass transport were at low levels. Updraft area and
upward mass transport then began to shift upward
(beginning at 2144 UTC). At later stages of the
storm life cycle (2155 and 2237 UTC), most of the
updraft area and upward mass transport were at mid-
and upper levels of the storm. As the storm evolved,
the area of the storm occupied by weak upward ver-
tical velocity at upper levels was growing in hori-
zontal scale at the same time that the intensity of the
updrafts was decreasing at these levels. This behav-
ior of the updrafts can be explained if the updrafts
are thought of in terms of parcels that behave like
buoyant, rising bubbles,® a hypothesis advocated by
Scorer and Ludlam (1953) and supported by high-
spatial-resolution observations and modeling (Ray-
mond and Blyth 1986, 1989). The interpretation of
the updrafts as bubbles is also consistent with im-
pressions obtained from the vertical cross sections
(described in YH Part I, Sec. 5b).

¢ Our use of the term bubble denotes a positively buoyant element
without a *‘skin’’ but otherwise exhibiting bubble-like behavior.

New updraft parcels are added from the bottom of
the storm. If the populations of parcels behaved like
populations of buoyant bubbles, they would detach
from the surface, move upward, expand, and continue
to rise until they reached a stability boundary like the
tropopause or their buoyancy was eroded by entrain-
ment so that they could not rise any further. The weaker
updraft parcels at upper levels were likely moderate to
strong updraft parcels near the surface. Parcels that
started near the surface as weak updrafts were weakly
buoyant to begin with; their buoyancy would likely be
eroded completely before they could reach upper
levels.

Upward mass transport increased at upper levels but
decreased at lower levels as the storm evolved (Fig.
9b). The distribution of updraft vertical velocity at low
levels (Fig. 3 of YH Part IT) is assumed to be related
to the distribution of updraft parcel initial buoyancy. In
the early stages of the storm, a wide distribution of
updraft strengths was associated with populations of
bubbles with a wide range of buoyancies. These were
created and began their ascent, the more buoyant par-
cels on average rising to higher altitudes than their
weakly buoyant cousins. The narrowing of the distri-
bution of vertical velocity indicates that as the storm
evolved there were a relatively greater number of less
buoyant parcels and a relatively smaller number of
more buoyant parcels produced. Overall, upward mass
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transport at low levels decreased. Upward mass trans-
port at mid- and upper levels increased as parcels con-
gregated at those levels. Even though the parcels at
mid- and upper levels were primarily. weak (Fig. 3 of
YH Part IT), so many updraft parcels had congregated
(as indicated by the relative increase in area of updrafts
in Fig. 8) that despite the density weighting of mass
transport, these updraft parcels at mid- and upper levels
collectively became the important movers of air mass
upward in the later stages of the storm.

- The vertical mass transport distributions (Fig. 3)
along with the CFADs of vertical velocity (Fig. 3 of
YH Part II) indicate the following evolution for the
kinematics of the storm. Starting with a quiescent state
(w = 0), a distribution of weak and strong updraft
parcels associated with boundary layer convergence
were introduced in localized areas and moved upward.
Downdrafts associated with both the buoyancy pertur-
bation of the updrafts and with precipitation were pro-
duced. As bubbles of positively buoyant air rose (with
and without entrainment) toward. their maximum
heights, they flattened, encompassing more area and
weakening overall. As the storm matured, what started
as a few locally concentrated updrafts within a small
area of an otherwise quiescent fluid evolved into weak
motion over wide areas within the storm. Thus, updraft
parcels appeared to rise from low levels and congregate
at upper levels as they slowly weakened and spread out.
It is hypothesized on the basis of these results that pop-
ulations of weakened spreading updraft parcels ac-
count for the mean upward motion above the 0°C level
seen in mean vertical velocity profiles in stratiform pre-
cipitation ( Fig. 2b). .

5. Particle fountain conceptual model

The ensemble properties derived from the high spa-
tial resolution of the radar measurements in this study
have provided useful constraints on the interpretation
of processes. occurring in the storm. The CFADs of
vertical velocity, vertical mass transport, and horizontal
mass divergence define the kinematic behavior of the
ensemble of updrafts and downdrafts within the storm
and thus place constraints on interpretations of the be-
havior of individual updraft and downdraft parcels. We
have postulated behavior of individual updraft parcels
that fits within the pattern evident from the ensemble
properties (sections 3 and 4). The vertical-mass-trans-
port-weighted CFADs of vertical velocity further in-
dicate the environments within which the storm’s mi-
crophysical processes occurred, while the CFADs of
reflectivity and differential reflectivity indicate the en-
semble characteristics of those microphysical processes
(section 5, YH Part II). In this section, the statistical
constraints compriséd by the CFADs on the behavior
of all facets of the storm (both kinematic and micro-
physical ) will be combined and interpreted in terms of
a conceptual model. ‘

The behavior of buoyant parcels observed in this
study is consistent with the conceptual model described
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by Raymond and Blyth (1986) derived from in situ
aircraft observations and modeling and subsequently
extended using ground-based radar observations (Ray-
mond and Blyth 1989; Raymond et al. 1991). In their
conceptual model (illustrated schematically in Fig.
10), parcels have a range of initial buoyancies and ex-
perience various amounts of entrainment during their
ascent. Only the ‘‘lucky,”’ initially strongly buoyant,
undiluted parcels reach cloud top. Most parcels are
slowed and stopped along the way. These ideas are an
outgrowth of bubble-based or thermal convection con-
ceptual models derived from observational and mod-
eling studies over the past 40 years (Ludlam 1952;
Scorer and Ludlam 1953; Warner and Telford 1963;
Fritsch 1975; Browning et al. 1976; Dye et al. 1983
and others). The vertical-mass-transport-weighted
CFADs of vertical velocity in Fig. 3 add to Raymond
and Blyth’s conceptual model by showing the relative
contributions of different strength drafts to the vertical
mass transport within the entire storm. The distribution
of vertical velocities at different levels (Fig. 3 of YH
Part II) and the mass divergence profiles (Fig. 5) con-
firm that updraft parcels are slowing and stopping at all
levels within the storm. The vertical mass transport dis-
tributions in Fig. 3 also show a systematic rearrange-
ment of upward-moving air in the storm that starts con-
centrated at low levels and becomes concentrated at
midlevels (Fig. 9b). This phenomenon can be ex-
plained in terms of positively buoyant elements or bub-
bles, originating at the surface in large numbers at the
initial stages of the storm, slowing, stopping, and con-
gregating at mid- and upper levels as the storm matures.
At the same time production of more buoyant elements
at low levels decreases (section 4).

Closely interrelated to the dynamics of the storm de-
scribed above was the microphysical evolution of the
storm. The microphysical evolution was characterized
by the majority of the volume of the storm containing
falling particles—consistent with the predominately
weak vertical velocities within the storm that are in-
sufficient to suspend the snow particles that were
shown by CFADs of differential reflectivity to have
been present throughout the mid- and upper levels of
the storm (Fig. 10, YH Part I, section 4).

A conceptual model aimed at explaining the micro-
physical structure of cumulonimbus was advanced by
Hobbs and Rangno (1985) (Fig. 11) and extended in
Rangno and Hobbs (1991). It was based on in situ
aircraft observations of cumuliform and stratiform
clouds in a midlatitude maritime regime. This concep-
tual model describes well the basic microphysical char-
acteristics of the storm observed on 15 August 1991 in
Florida. The stronger updrafts injected ice particles into
mid- and upper levels of the storm, heavier particles
fell out faster (within ice strands associated with col-
lapse of updraft in Fig. 11), and lighter particles were
spread with the prevailing upper-level wind into the
anvil where they eventually fall out (aggregation zone
and precipitation in Fig. 11). The high-resolution
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three-dimensional volumes of Doppler and polarimet-
ric radar data employed in this study provide additional
information about these microphysical processes by in-
dicating the distribution and types of precipitation-
sized hydrometeors at different altitudes in the storm
and how those distributions changed as the vertical ve-
locity distribution in the storm evolved (Figs. 3 and 10
of YH Part IT). Also, by looking at the entire storm, as
we are able to do with the CFADs, the effects of the
strongest updrafts can be put in context.

We will combine the basic tenets of the Raymond
and Blyth (1986) conceptual model regarding the dy-
namic behavior of buoyant air parcels and Hobbs and
Rangno’s (1985) conceptual model regarding the be-
havior of ice particles within the storm. The resulting
conceptual model will then be used to describe the con-
vective-to-stratiform transition of the storm.

The basic building block of this fused conceptual
model is called a particle fountain.” It consists of an
updraft behaving like a buoyant bubble and its accom-
panying precipitation particles and pressure gradient—
forced downdrafts. Various aspects of particle foun-
tains are illustrated in Figs. 12—15. The particle foun-
tain distributes liquid water and ice particles into the
mid- and upper levels of the storm in a manner resem-
bling a fountain spurting water drops (Fig. 14c). This
unit of convection initially has a horizontal scale of 1-
3 km. Its upper portion corresponds to a convective
turret as defined by Hobbs and Rangno (1985) (Fig.
11). As an extension to the concept of a buoyant * ‘bub-
ble,”” a particle fountain serves to describe how the
vertical redistribution of upward-moving air, an inte-
gral part of the convective-to-stratiform transition of
the storm (section 4), is accomplished. Additionally,
particle fountains describe the concurrent microphysi-
cal evolution of the storm from convective to stratiform
stages, that is, an initial wide distribution of reflectivity
aloft evolving into a nearly homogeneous reflectivity
at each level and an increasing reflectivity with de-
creasing height (Fig. 3 of YH Part II).

For simplicity, we will approximate the weak vertical
wind shear environment of the 15 August 1991 storm
by imagining that no vertical wind shear is present.
Work is proceeding (M.-J. Yang 1994, personal com-
munication ) to address the behavior of particle fountains
in various conditions of vertical wind shear. In keeping
with our simplification of no vertical wind shear, the
updraft parcels that constitute the particle fountains are

7 Rangno and Hobbs (1991) and Fulton and Heymsfield (1991)
used the term ‘‘fountain’” in a similar way. The analogy between
water fountains and the lifting, spreading, and falling of ice particles
within particle fountains is one of general appearance and is not to
be taken literally in the physical sense. A water fountain works pri-
marily by gravity. Depending on the design of the nozzle configu-
ration, water drops may have a horizontal component to their motion
and thus may move laterally as they rise and fall. In particle fountains,
a combination of gravity, the expansion of parcels, and friction con-
trols the trajectory of individual particles.
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"Lucky" (undiluted) parcel

N

FiG. 10. Conceptual model of the environment of a cumulus cloud
in which air parcels rising from cloud base to aircraft flight level have
mixed in various fractions with air entrained near flight level. Parcels
entrain air at a variety of levels and come to rest as they lose their
positive buoyancy. Cloud top is determined by the maximum height
achieved by the ‘‘lucky”’ parcels, which suffer no entrainment and
may rise undiluted to their level of zero buoyancy. Adapted from
Raymond and Blyth (1986).

shown as rising straight up. In reality (i.e., in the pres-
ence of environmental shear), updraft parcels have slop-
ing three-dimensional trajectories (Fig. 11).

Lower-level downdrafts associated with precipita-
tion are interspersed throughout the storm during its
evolution (Fig. 3, YH Part II). The mechanisms behind
precipitation-associated downdrafts are fairly well un-
derstood (Zipser 1969, 1977; Srivastava 1985, 1987;
Knupp 1987, 1988). Precipitation-associated down-
drafts were present but are not drawn in Figs. 12—15
in order to simplify the diagrams and focus attention
on the new insights into the convective-to-stratiform
transition presented in this study. We noted in section
2b(2) that the downdraft mass transports remain at the
same levels in the lower troposphere throughout the
storm’s lifetime, while the updraft mass transports
evolve. Thus, focusing on the updrafts should lead to
insights into the changeover from convective to strati-
form structure.

The particle fountain is hypothesized to be a few
kilometers in horizontal scale and to have a vertical
scale related to the maximum height reached by the
updraft parcels that comprise it. The maximum height
of the particle fountain is related to initial buoyancy,
size, amount of entrainment, and pressure perturbation
forces. Figure 12 shows a simplified version of the con-
ceptual model for positively buoyant elements of the
same initial buoyancy and size but with different en-
trainment rates. The buoyant bubbles broaden with in-
creasing height as their volume increases as a result of
entrainment and in inverse proportion to pressure. As
the parcels comprising the particle fountains slow and
stop as they reach their maximum height, they deposit
their mass of air and laterally spread the load of hydro-
meteors they are carrying. A set of particle fountains
of different vertical extents thus spreads hydrometeors
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DOWNDRAFTS

FiG. 11. Empirical model of a small cumulonimbus cloud based on 90 research aircraft pene-
trations of small cumulonimbus and large cumulus clouds. Adapted from Hobbs and Rangno

(1985).

at a variety of levels within the storm. Since strongly
buoyant, undiluted parcels are relatively rare, most of
the particle fountains do not extend to the top of the
storm.

Associated with the buoyancy of the rising parcels
are pressure-gradient accelerations required to move
the environmental air around to maintain mass conti-
nuity (Fig. B1, YH Part II). These forces (indicated by
the open arrows in Figs. 12a,b) produce the strong up-
per-level downdrafts, which in the CFADs (Fig. 3, YH
Part IT) are consistently associated with the updrafts in

.......................

.......................
............

| D
ﬂﬂm

(a) ®) ©

|:| Bubble boundary
Hydrometeors suspended in updraft

1| Hydrometeors heavy enough to fall through updraft

-«— —» Lateral motion of bubble

C D Vector field of buoyancy pressure gradient force

FiG. 12. Conceptual model of an updraft behaving like a buoyant
bubble with different entrainment rates. (a) Undiluted, (b) moderately
erntraining, (c) heavily entraining. Dots indicate hydrometeors sus-
pended by updraft; downward-pointing arrows indicate particles
heavy enough to fall through updraft; horizontal arrows indicate lat-
eral spreading of bubble. Open arrows represent the vector field of
the buoyancy pressure gradient force as adapted from YH Part II,
Fig. B1.

time and height (YH Part II, sections 3c,d) and in ver-
tical cross section (Figs. 7b, 9b—d of YH Part I, section
5) are typically adjacent to the updrafts.

When undiluted bubbles (Fig. 12a) reach the tro-
popause, they flatten (Lilly 1988) (Fig. 13): The more
diluted bubbles (Figs. 12b,c) lose their buoyancy and
stop before they reach the tropopause. Those bubbles
experiencing less entrainment (Fig. 12b) have their
buoyancy eroded more slowly and become nearly neu-
trally buoyant at higher levels in the storm than their
more diluted colleagues (Fig. 12c): When the bubbles
reach their level of neutral buoyancy, they slow and
spread horizontally (Scorer and Ludlam 1953). When
a buoyant parcel slows and stops rising by becoming
neutrally buoyant by either dilution or by encountering
a stable layer, it deposits its mass of air in that layer
and is associated with divergence. Pressure perturba-
tions associated with the rising parcel provide a down-
ward pressure gradient force within the buoyant ele-
ment ( YH Part II, appendix B). This force acts against
buoyancy and assures that the divergent layer is of fi-
nite rather than infinitesimal thickness. This kinematic
behavior of the cloud has an important implication for
the storm precipitation structure. The divergence of
parcels acts to laterally spread the load of particles
transported upward by -the parcel (Figs. 12 and 13).

All of the rising parcels carry a load of hydrometeors
consisting of liquid water and/or ice particles, the latter
created by some combination of ice nucleation, ice en-
hancement, vapor deposition, freezing, and riming
within the updraft. In the 15 August 1991 storm, there
was generally not enough time (<30 min) for small
ice particles to grow to precipitation size by vapor de-
position. The ice particles must then have reached pre-
cipitation size by aggregation and/or riming (Hough-



JuLy 1995

level of
neutral buoyancy
or tropopause

..........

......
......

(@) (b) ©

Bubble boundary

]

++  Hydrometeors suspended in updraft
$1  Hydrometeors heavy enough to fall through updraft

FiG. 13. Conceptual model of a positively buoyant element reach-
ing tropopause and spreading laterally. (a) Buoyant element just
reaches tropopause, (b) buoyant element spreads out laterally and
thins while at the same time buoyancy is diluted, (c) buoyant element
has spread out and weakened to the point where the smaller particles
previously suspended can now fall out. As the buoyancy of the bubble
is slowly eroded, first the heavier and then the lighter particles pre-
viously suspended fall out. Symbols are the same as in Fig. 12.
Adapted from Lilly (1988).

ton 1968). Indeed, the differential reflectivity CFADs
(YH Part II, section 4) indicated the predominance of
aggregates and the presence of some graupel. The
heavier particles fall out within the updrafts (Fig. 14b),
while the lighter ones, primarily ice particles and pos-
sibly small drops, are spread out laterally when the up-
draft parcel slows (Fig. 14a). This process is consistent
with Hobbs and Rangno’s (1985) observations that the
heavier ice particles fall through the decaying updrafts
and may appear as striations in the precipitation below
cloud base, while the smaller ice particles are carried
laterally outward and upward into the developing anvil
portion of the cloud. The ensemble of trajectories for
heavier and lighter particles associated with the group
of updraft parcels comprise the particle fountain
(Fig. 14c).

Updraft parcels stopping at warmer levels might con-
tain hydrometeor mass in the form of liquid water drop-
lets. Updraft parcels that reach higher levels contain
progressively more ice. The particles that fall out of the
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updraft parcels continue their fall through the environ-
ment of predominantly weak vertical velocity that dom-
inates the region between the few strong updrafts and
downdrafts (Figs. 3 and 4, YH Part II). The upper-
level downdrafts adjacent to the rising bubble may
evaporate some particles as the relative humidity of un-
saturated air is decreased by subsidence (Biggerstaff
and Houze 1993); however, the residence time of par-
ticles in these downdrafts is probably short (Braun and
Houze 1994). The vast majority of particles are in an
environment of near zero vertical velocity (Fig. 3, YH
Part IT), fall slowly, and may increase in size. The ice
particles are spread laterally away from the center of
the updrafts by the diverging updraft parcels. The
slowly falling ice particles between strong updrafts
readily explains the filling in of reflectivity between
cells as a storm develops (Figs. 8a and 8b of YH Part
1, section 5). A few strong particle fountains spreading
ice particles at upper levels would likely be sufficient
to distribute enough smaller ice particles into the upper
levels of the storm to fill in the weaker vertical velocity
space between the strong updrafts with small ice par-
ticles. Thus, the areas of highest reflectivity associated
with the stronger updrafts become connected by
regions filled with lower reflectivity ice particles, and
the storm appears more continuous in cross section.
The filling in of reflectivity between updrafts at mid-
and upper levels by particle fountains is consistent with
observations of Westcott (1994 ) and augments the pro-
cess of merging of individual cumulus clouds initiated
at low levels as described by Simpson et al. (1980).
An idealized collection of particle fountains in a
multicellular storm is shown conceptually in Fig. 15.
The vertical mass transport plots (section 2, Fig. 3)
indicate that it was the more numerous moderate-
strength vertical velocities that carried most of the bur-
den of moving the air upward in the storm. Figure 15
illustrates a complex situation with particle fountains
of different strengths and vertical extents acting in con-
cert to fill the area between them with ice particles. The
distribution of the vertical extents of individual particle
fountains at any one time means that particles are de-
posited throughout the depth of the storm. The precip-

Level of
maximum height

<

(a) lighter particle
riding with

updraft updraft

(b) heavier particle
falling through

(c) ensemble of
trajectories
"particle fountain"

FiG. 14. Conceptual model of hydrometeor trajectories within a particle fountain. (a) A single
lighter particle, (b) a single heavier particle, and (c) ensemble of trajectories in a particle fountain.
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itation particles deposited at midlevels have less dis-
tance to fall and less time to grow than those that begin
to fall at higher levels. Many of the updraft parcels, and
thus the particle fountains in which they were orga-
nized, do not reach storm top and thus cannot deposit
their particle load at storm top. Some of the updraft
parcels and their associated particle fountains reach the
tropopause and spread their particles at the highest lev-
els of the storm. Some of the ice particles deposited
near the tropopause are too small to fall, and cirrus
clouds develop and extend as anvil from the upper lev-
els of the storm (e.g., Fig. 4, YH Part I).

The few strong updrafts within the storm, although
not responsible for much overall mass transport, play
an important role by injecting ice particles at upper
levels of the storm. The injected ice is spread laterally,
and the precipitation-sized ice drifts downward in the
environment of weak vertical velocity comprised of
the slightly buoyant parcels that slowed and spread
laterally at lower levels. This environment of weak
ascent is favorable for growth by deposition and ag-
gregation (Rutledge and Houze 1987; Braun and
Houze 1994). Once ice is introduced by the early par-
ticle fountains, it aids in the rapid glaciation of super-
cooled raindrops (YH Part II, section 5b) and begins
the trend toward stratiform microphysical character-
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istics seen in the diagonalization of the frequency dis-
tribution of reflectivity seen in the reflectivity CFADs
(Fig. 3, YH Part II).

Since most of the storm’s upward mass transport
and hence condensation occurs in regions of weak
ascent, particles are dispersed into these regions by
particle fountains, and this environment is favorable
for particle growth. It follows that most of the mass
of precipitation particles is attained in these regions.
Thus, the regions between intense updrafts—far
from being zones of inactive debris—are regions of
significant precipitation growth. In effect, the intense
updrafts whose parcels reach upper-tropospheric lev-
els before slowing and spreading provide seed par-
ticles for the growth regions, which are located be-
tween the intense updrafts.

The evolution of a storm from convective to strati-
form stages (section 4 ) can be related to the conceptual
model of the particle fountain as follows. Individual
particle fountains complete their life cycle on a time-
scale less than that of the overall storm. A few are cre-
ated in the early stages, most are born in the most vig-
orous stages of the storm, and fewer are created as the
storm weakens. As the storm matures past its most vig-
orous stage, more particle fountains are in their later
stages than in their earlier stages. In their later stages,

F1G. 15. Conceptual model of an ensemble of particle fountains in a multicellular storm in perspective view. Shaded area represents radar
reflectivity echo along a cross section perpendicular to the line of storms. Cloud boundary indicated by scalloped outline. Inset shows
approximate scales and arrangement of largest particle fountains relative to radar echo.
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particle fountains are nearly neutrally buoyant bubbles
of air that slowly spread and weaken. It is these rem-
nants of the updrafts still present at mid- and upper
levels that create the upward vertical velocity and av-
erage weak divergence in stratiform region mean ver-
tical velocity and mass divergence profiles (Figs.
2b,c). The slowly rising and spreading parcel rem-
nants, which comprise the later stages of a particle
fountain, form an ideal environment within which the
falling particles can grow as they settle out.

The apparent lag between the kinematic and the mi-
crophysical evolution of the storm, such that the en-
semble properties of the radar reflectivity begin to take
on stratiform-like microphysical characteristics while
kinematically speaking the storm is still in its convec-
tive stage (YH Part I, section 3), can be understood in
terms of particle fountains. In the early stages of a
storm, a few young particle fountains are spewing out
particles. In the highly energetic and most vigorous
stages, more particle fountains are present, and they
have a wider range of ages. The particles that they lat-
erally distribute fall out through an environment dom-
inated by weak vertical velocity. By the dissipating
stage of the storm, most of the particle fountains are
older and characterized by weakly buoyant spreading
bubbles at mid- and upper levels and downdraft parcels
associated with precipitation at lower levels. The
spreading updraft parcels congregate at mid- and upper
levels and involve more of the air in the storm aloft in
a gentle upward motion (as discussed in section 4).
The initial introduction of particles aloft and their lat-
eral spread can happen quickly with the action of a few
particle fountains. Stratiform precipitation occurs when
the updrafts are too weak to support precipitation-sized
ice particles (YH Part I, section 2). Since most of the
area of the storm is covered by weak vertical velocity
(Fig. 3, YH Part I}, the ensemble microphysical prop-
erties of the storm quickly take on stratiform tendencies
(such as the diagonalization of the CFAD of reflectiv-
ity, YH Part II, section 3b) even though the storm con-
tains a few very strong updrafts and downdrafts. In
contrast, only as the ensemble of particle fountains
throughout the storm weaken can the vertical velocity
structure begin to take on a stratiform-like appearance.
The characteristic stratiform kinematic structure of a
volume filled with weak updrafts above the 0°C level
and weak downdrafts below begins to be apparent
when the majority of particle fountains within the storm
are older, weaker, and wider and thus involve more of
the volume of the air in the storm. Thus, the apparent
lag in the evolution between the microphysics and the
kinematics in the storm is a result of the time difference
between when the ensemble of particle fountains is first
vigorously spreading particles, which occurs in the
convective stage of the storm, and when the ensemble
of particle fountains is older and primarily serving as
an environment conducive to the growth of the previ-
ously spread particles, which occurs later in the storm’s
development.
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6. Conclusions

In this three-part study, the ensemble kinematics and
microphysics represented by the CFADs of reflectivity,
vertical velocity, vertical mass transport, horizontal di-
vergence, and differential reflectivity, in conjunction
with mean-value profiles and cross sections, have al-
lowed us to characterize the internal complexity of a
multicellular thunderstorm more comprehensively than
mean-value profiles and cross sections alone. This
more statistical method of characterizing the observa-
tions enables us to see order in the complexity and to
establish that certain aspects of the ensemble updraft
and downdraft behavior can be interpreted in terms of
populations of parcels behaving like buoyant bubbles.
In particular, it has allowed us to extend the bubble-
based conceptual model of updrafts to describe the
transition of the storm from a convective toward a more
stratiform state.

The more numerous weak and moderate upward and
downward velocities (approximately —5 ms™' < w
< 5ms™'), not the few strongest, accomplished most
of the vertical mass transport in the storm (Fig. 3).
Therefore, condensation occurred primarily outside the
areas of intense upward motion. Most of the mass of
water was condensed where ice particles (generated
within strong updrafts and subsequently spread later-
ally as parcels slowed down at upper levels) fell within
an environment of weak vertical velocity—a strati-
form-like microphysical characteristic (YH Part II,
section 3).

As the storm matured from convective to stratiform
stages, there was a general weakening of the stronger
updrafts and downdrafts, and thus a narrowing of the
frequency distribution of the updrafts and downdrafts
to about zero (Fig. 3, YH Part II). Concurrent with
these changes in vertical velocity distribution at each
level, the vertical-mass-transport-weighted CFADs of
vertical velocity indicated a change in the vertical dis-
tribution of upward-moving air (Fig. 8). Downward
mass transport remained concentrated at lower levels
throughout the life cycle of the storm (Fig. 3).

The area of upward-moving air was concentrated at
low levels in the earlier stages of the storm and became
concentrated at mid- and upper levels in the later stages
of the storm (Fig. 8). The change in the vertical dis-
tribution of upward velocities was related to the behav-
ior of air parcels rising within the storm. The mean
mass divergence profiles associated with updrafts
showed divergence from 4 to 5 km upward, indicating
that above 45 km in altitude there was a net deposition
of mass of air contributed by updrafts. The slowing and
stopping of parcels and associated divergence of the
ensemble of updraft parcels indicated that entrainment
of environmental air was occurring along the parcels’
trajectories and that most of the updraft parcels evi-
dently did not reach the top of the storm.

The convective-to-stratiform transition (e.g., Fig. 1)
can be explained by extending bubble-based concep-
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tual models of convection. A conceptual model called
a particle fountain—consisting of an organization of
an updraft behaving like a buoyant bubble and its as-
sociated hydrometeors—was devised to incorporate
inferences from both the microphysical and kinematic
observations (Figs. 12—-15). Unlike earlier bubble
models, which explain the growing, convective stage
of a storm (Scorer and Ludlam 1953; Raymond and
Blyth 1986), the particle fountain concept also ac-
counts for the transition of the storm into its stratiform
phase and incorporates the basic tenets of microphys-
ical conceptual models of cumulonimbus and stratiform
clouds (Hobbs and Rangno 1985).

The manner in which particle fountains explain the
convective-to-stratiform transition accounts for the ap-
parent faster evolution toward a stratiform-like state of
the ensemble microphysical characteristics of the storm
compared to the ensemble kinematic characteristics of
the storm. As an updraft parcel rises, associated hydro-
meteors in the parcel, which are too heavy to suspend,
fall through the updraft. When the updraft parcel weak-
ens, slows, and expands (diverges) horizontally, it lat-
erally spreads its load of lighter hydrometeors. These
precipitation-size hydrometeors then fall in an environ-
ment of predominantly weak vertical velocities and
grow in the manner of stratiform precipitation, even
while the storm is convectively active. The increasing
numbers of particles falling in an environment of weak
vertical velocity gave the storm a progressively
stronger stratiform-like microphysical character—a
trend that became evident with the diagonalization of
the topography of the CFADs of reflectivity in the early
convective stages of the storm’s lifetime and, as the
storm aged, became more pronounced approaching the
purely stratiform structure exemplified by Fig. 8 of YH
Part II.

The particle fountains further explain how the con-
vective kinematic properties of the storm are trans-
formed into a stratiform structure. In the early stages
of the storm, bubbles of buoyant air are concentrated
at low levels (most of upward mass transport is at low
levels). As the storm evolves, production of bubbles at
lower levels decreases, and existing bubbles—rem-
nants of previous updrafts—rise through the storm and
congregate at mid- and upper levels where they expand
(as a result of lowered pressure and entrainment) as
they slow and stop. Upward mass transport becomes
concentrated at higher levels and a majority of the vol-
ume of the storm at mid- and upper levels is thus-oc-
cupied by weak updraft remnants (Fig. 4, YH Part II
and Fig. 3).

The congregation of the smaller-scale, weakly buoy-
ant, spreading updraft parcels involved progressively
more of the volume of the storm at mid- and upper
levels in a gentle upward motion. Thus, what started as
‘a few locally concentrated particle fountains within a
small area of an otherwise quiescent fluid evolved into
weak upward motion over wide areas within the storm.
As the storm matured, progressively more of the vol-
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ume of the storm at low levels was occupied by slowly
downward-moving air and progressively more of the
volume at upper levels was occupied by slowly up-
ward-moving air.

The combination of congregating, weakening, and
widening updraft parcels at mid- and upper levels and
precipitation-associated downdrafts at lower levels cre-
ated the stratiform stage signature of a mean vertical
velocity profile with weak mean ascent above the 0°C
level and weak mean descent below (Fig. 2b). The
rigorous, statistical view provided by the CFADs
shows that this mean stratiform vertical velocity profile
is the combined result of the ensemble of smaller-scale
updrafts and downdrafts present at each level.

The analyses of observational data presented in this
study advocate a paradigm shift in our thinking about
convection. Although the few regions of strongest ver-
tical motion play a part in the overall storm evolution
by dispersing particles, it is the many weaker vertical
velocities (<5 m s™') that are the more important de-
terminants of precipitation processes. The more prev-
alent weaker vertical velocities in the storm move the
majority of the mass of air upward and condense most
of the mass of precipitation within the storm. It is im-
portant to look at the ensemble properties of the entire
storm in order to characterize processes in the entire
storm. The velocity profiles of the strongest updrafts
and the reflectivity associated with them are not rep-
resentative of precipitation processes occurring in the
storm as a whole.
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