Interpretation of Doppler Weather Radar
Displays of Midlatitude Mesoscale

Convective Systems

Robert A. Houze, Jr.,*
S. A. Rutledge,’

M. |. Biggerstaff,*
and B. F. Smullf

Abstract

The utility of color displays of Doppler-radar data in revealing real-
time kinematic information has been demonstrated in past studies,
especially for extratropical cyclones and severe thunderstorms. Such
displays can also indicate aspects of the circulation within a certain
type of mesascale convective system—the squall line with trailing
“stratiform” rain. Displays from a single Doppler radar collected
in two squall-line storms observed during the Oklahoma-Kansas
PRE-STORM project conducted in May and June 1985 reveal
mesoscale-flow patterns in the stratiform rain region of the squall
line, such as front-to-rear storm-relative flow at upper levels, a
subsiding storm-relative rear inflow at middie and low levels, and
low-level divergent flow associated with strong mesoscale subsid-
ence. “Dual-Doppler”’ analysis further illustrates these mesoscale-
flow features and, in addition, shows the structure of the convec-
tive region within the squall line and a mesoscale vortex in the
“stratiform”’ region trailing the line. A refined conceptual model
of this type of mesoscale convective system is presented based on
previous studies and observations reported here.

Recognition of “‘single-Doppler-radar’’ patterns of the type de-
scribed in this paper, together with awareness of the conceptual
model, should aid in the identification and interpretation of this
type of mesoscale system at future NEXRAD sites. The dual-Dop-
pler results presented here further indicate the utility of multiple-

Doppler observations of mesoscale convective systems in the
STORM program.

1. Introduction

During May and June of 1985 the Oklahoma-Kansas
Preliminary Regional Experiment for Stormscale Op-
erational and Research Meteorology—Central Phase
(PRE-STORM) was conducted (Cunning 1986). This
program focused on mesoscale convective systems
(MCSs) as they migrated across the Great Plains. These
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! We adopt the definition of mesoscale convective system used
in the National Storm Program: STORM-CENTRAL Phase (NCAR,
1984): viz., a precipitation system that has a horizontal scale of
10-500 km and includes significant convection during some part
of its lifetime. The MCSs include the mesoscale convective com-
plexes described by Maddox (1980), as well as other squall lines
and groups of convective storms.
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storms are important in the United States because
they are responsible for much of the warm-season
rainfall and severe weather over the central portion
of the country (Fritsch et al. 1986). They pose a sig-
nificant forecasting problem because their character-
istic time and space scales make them difficult to
resolve, track, and predict with present operational
observing networks. Typically, MCSs are hundreds of
kilometers in total horizontal dimension at maturity,
and have lifetimes on the order of 10 hours. Impor-
tant substructures (convective cells and lines, gust
fronts, mesolows and mesohighs, tornadoes, etc.) oc-
cur within the MCS on horizontal scales ranging from
1 to 50 km; the circulations associated with these
features must also be resolved. The need to explore
MCSs in more detail is one of the primary motivations
for the National STORM Program (NCAR 1984).

PRE-STORM was designed as a precursor to larger
projects to be undertaken as part of the National
STORM Program. One objective of PRE-STORM was
a preliminary scientific investigation of mechanisms
important to the genesis, intensification, and dissi-
pation of MCSs. A second broad objective was to
determine optimal ways to deploy and operate new
observational technology in the study of MCSs, both
for future research investigations and for use in op-
erational meteorology. Successful achievement of
these scientific and observational objectives is ex-
pected to sharpen the goals of the National STORM
Program and have a beneficial impact on operational
forecasting.

One new technology used to study MCSs in PRE-
STORM was a network of three wind profilers, de-
ployed to test their capability to determine the three-
dimensional kinematic structure of MCSs and their
environs. Analyses of these data have been discussed
by Augustine and Zipser (1987). As another compo-
nent of PRE-STORM, two National Oceanic and At-
mospheric Administration (NOAA) WP-3D aircraft,
one carrying a 3-cm-wavelength Doppler radar, were
routed through and around MCSs to evaluate the fea-
sibility of collecting airborne microphysical and radar
data in the study of this type of storm. Coordinated
data collection was performed between the NOAA
airborne Doppler radar and the ground-based Dop-
pler radars to gain insight into the kinematic structure
of the storms (Ray and Jorgensen 1988).

Two ground-based Doppler-radar networks were
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used in PRE-STORM. One network was located in
central Oklahoma and consisted of the two 10-cm—
wavelength Doppler radars operated by the National
Severe Storms Laboratory (NSSL). The second net-
work was situated west of Wichita, Kansas, where
two National Center for Atmospheric Research (NCAR)
mobile 5-cm—wavelength Doppler radars (CP-3 and
CP-4) were located. These networks collected both
“single-Doppler”” and coordinated “‘dual-Doppler”’
data throughout the eight-week field program.?

Both profilers and Doppler radar (the next-gener-
ation weather radar, or NEXRAD) facilities will be
major new observational tools for the National Weather
Service beginning in the early 1990s. The NEXRAD
systems will be 10-cm Doppler radars with real-time
color displays of “reflectivity’” and ‘‘unfolded”’ ve-
. locity fields in plan-position indicator (PPl) mode (Ray
and Colbert 1982).

With the placement of NEXRAD radars in the cen-
tral portion of the United States, MCSs will be probed
routinely by Doppler radar. Operational meteorolo-
gists will be able to view the kinematic and precipi-
tation structure of these storms in real time, thus
facilitating analyses and forecasts of wind, precipi-
tation amounts, and other storm features. Careful in-
spection of the color display of a single Doppler radar,
together with good conceptual models, can provide
timely information regarding the kinematics and
structures of the MCSs.

Several studies have previously shown the utility
of real-time color displdys from a Doppler radar in
revealing the airflows and precipitation characteris-
tics of a variety of storm types and events. Real-time
single-Doppler displays of wind patterns in extratrop-
ical cyclones were described by Baynton et al. (1977).
Matejka and Hobbs (1981) discussed the utility of
these displays in nowcasting frontal-precipitation pat-
terns. Ray et al. (1980) described the color display of
radial velocity in tornadic thunderstorms, and Wilson
et al. (1980) presented displays for a variety of phe-
nomena, including widespread precipitation, gust
fronts, downbursts, and tornadoes, as well as displays
of airflow in the clear-air boundary layer. None of
these studies, however, have shown how the single-
Doppler data are able to indicate the presence of
mesoscale circulation features within MCSs.

? During single-Doppler data collection, at least one of the ra-
dars would collect data over a set of 360° azimuthal sweeps using
a sequence of planned-position indicators (PPls) with increasingly
higher elevation angles. This provided as large a Doppler-radar
view of the storm as possible. During dual-Doppler data collec-
tion, the radars were operated in coordination with each other to
collect data over a smaller region with higher temporal and spatial
resolution. The region over which the higher resolution data were
collected was the region in which a multiple-Doppler analysis
(dual-Doppler analysis in this case) could be performed to deter-
mine both components of the horizontal wind.
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Real-time single—Doppler-radar data can also be
used to reveal mesoscale flow patterns in a charac-
teristic type of MCS documented in PRE-STORM—
the squall line with trailing stratiform precipitation.?
A conceptual model of this type of storm is presented
to aid in the interpretation of the single—Doppler-ra-
dar data.

2. Conceptual model

The type of MCS we considered here was identified
in middle latitudes by Newton (1950), Fujita (1955),
and Pedgley (1962). At about the same time, rather
similar squall lines with trailing regions of stratiform
rain were identified in the tropics (Hamilton and
Archbold 1945; Zipser 1969). Although there are some
differences between tropical and midlatitude squall
lines, the broad mesoscale airflow features that we
identify for midlatitude systems can be considered
fairly representative of tropical cases as well.

The conceptual model in a vertical cross section
(oriented perpendicular to the line of convective
clouds) through a squall line with a trailing stratiform-
precipitation region is shown in figure 1. The heavy
black line in figure 1 indicates the boundary of the
storm as seen by a weather radar. The light scalloped
line indicates the horizontal and vertical extent of the
clouds as determined from aircraft and satellite ob-
servations. The stippling indicates regions of en-
hanced radar reflectivity.* This model is based on
previous conceptual models of both midlatitude and
tropical systems presented by Newton (1950), Fujita
(1955), Pedgley (1962), Zipser (1969, 1977), Houze
(1977), Gamache and Houze (1982), Smull and Houze
(1985, 1987a) and others. It is also strongly influ-
enced by the analyses of the 10=11 June 1985 PRE-
STORM squall line as described by Rutledge et al.
(1988) and Johnson and Hamilton (1988). In the ver-
tical cross section, a general trend of upward motion
is seen to begin in the boundary layer near the gust
front and extend up through the convective region
and to slope more gently into the trailing stratiform
cloud at mid to upper levels. Superimposed on the
general upflow within the convective region are in-
tense, localized updrafts and downdrafts, associated

* Stratiform precipitation or stratiform rain refers to precipitation
falling from a stratiform cloud layer. A more vigorous definition is
to be found in Houghton (1968) and Houze (1981).

* Reflectivity refers to the effective radar reflectivity factor de-
rived from the returned power from a weather radar. It is propor-
tional to the diameter of the precipitation particles raised to the
sixth power. Thus, high reflectivities are usually associated with
large precipitation particles (large raindrops, hail, etc.). See Battan
(1973) for a detailed explanation of the effective radar reflectivity
factor.
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FiG. 1. Conceptual model of a squall line with a trailing stratiform area viewed in a vertical cross section oriented perpendicular to
the convective line (i.e., parallel to its motion). See text for further explanation.

with intense cells within the squall line. New con-
vective cells tend to form on or just ahead of the
leading edge of the region of heavy convective show-
ers. The first radar echo from a new cell appears aloft,
evidently associated with a strong convective updraft.
This developing cell is followed by a mature cell, that
has a deep, strong reflectivity core and is associated
with heavy surface rainfall. The mature cell contains
an intense narrow updraft that can penetrate above
the top of the broad cirriform cloud shield. This up-
. draft is often followed by a convective-scale down-
draft at mid to upper levels.> Following the mature
cell is an older cell. Though in a weakening stage,
the older cell is also characterized by an updraft core,
which is, in turn, followed by another mid- to upper-
level convective-scale downdraft. Older cells (not
shown), successively farther behind the leading edge
of the system, are located at increasingly higher al-
titudes as they are advected rearward over a layer of
dense, subsiding, storm-relative rear inflow. In the
heavy rain from the mature and older cells, low-level
convective-scale downdrafts, of the type usually as-
sociated with “‘precipitation drag” and evaporation
(Byers and Braham 1949), spread out in the boundary
layer behind the gust front and toward the rear of the
system. Although the cells in figure 1 are shown to
be nearly vertical, sometimes they are observed to
lean forward or rearward slightly, possibly depending
on their stage of development (Rotunno et al. 1988).
In tropical convective stroms, convective cells tend
to have maximum radar reflectivity at low levels, while
the maxima tend to occur at higher altitudes in mid-
latitude convective storms (Caracena et al. 1979; Zip-
ser and LeMone 1980; Szoke et al. 1986). _
The schematic cross section in figure 1 represents

* This type of mid- to upper-level downdraft has been noted in
several recent Doppler-radar studies (Heymsfield and Schotz 1985;
Smull and Houze 1987a; Rutledge et al. 1988).

a mature stage in the life of the MCS. At earlier stages,
the stratiform rain region (with its accompanying
mesoscale circulation pattern and mesoscale precip-
itation pattern) is not present, and the convective cells
are more intense (Leary and Houze 1979; Zipser 1988).
Two- and three-dimensional modeling results (e.g.,
Rotunno et al. 1988; Weisman et al. 1988; Fovell
and Ogura 1988) indicate that at first the squall line
consists of a line of intense, nearly vertical cells that
regenerate somewhat periodically for the first few
hours of the storm’s existence. As the low-level cold
pool associated with precipitation fallout strengthens,
the horizontal vorticity associated with it eventually
becomes sufficiently strong enough to drive a more
slantwise circulation, upon which somewhat weaker
but nonetheless significant convective cells continue
to form. As the older cells are advected rearward in
the sloping flow, the structure indicated in figure 1
evolves. This structure persists between 5 and 10 hours,
and is accompanied by large amounts of stratiform
rain falling from the trailing region.

The trailing region of stratiform rain is character-
ized by a marked radar “’bright band’’ (a band of high
reflectivity) immediately below the melting level,
shown in figure 1 as the horizontal stippled area be-
hind the convective showers, and a layer of subsiding
rear-to-front flow, which enters the stratiform rain re-
gion just below the trailing stratiform cloud. This storm-
relative, rear-to-front flow could be one branch of a
midlevel mesoscale vortex in the trailing stratiform
rain region (figure 2b) or a horizontally extensive layer
that is found throughout the stratiform rain region at
mid levels (figure 2a). In either case, as the rear in-
flow enters the stratiform rain region, it subsides to
the level of the bright band and passing through the
melting level, finally reaches the back of the convec-
tive line at low levels. How much of the rear inflow
then enters the convective region and reinforces the
convergence at the leading gust front and how much
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of the rear inflow is blocked and turns parallel to the
squall line is unresolved. The strength of the rear in-
flow appears to vary considerably from storm to storm
(Smull and Houze 1987b). The two examples of mid-
latitude squall lines presented in sections 4 and 5
have very strong and well-defined rear inflow.

Above the rear inflow, within the stratiform cloud,
is a layer of upward-sioping, front-to-rear flow ema-
nating from the upper portions of the convective line.
This flow, which contains mesoscale ascending mo-
tion, advects ice particles (asterisk) detrained from the
convective cells rearward. Since the fallspeed of the
ice particles is generally larger than that of the as-
cending air motion (Rutledge et al. 1988), the ice
particles slowly fall as they are carried rearward,
growing by vapor deposition in the ascending front-
to-rear air flow. Eventually, as the ice particles reach
warmer air, they form aggregates. Finally, the aggre-
gates fall through the 0°C level, below which they
melt, produce the radar bright band, and produce the
region of heavier stratiform rain (figure 1). This view
of the stratiform rain (suggested qualitatively by Smull
and Houze 1985) is consistent with the numerical
calculations of Rutledge and Houze (1987), who
showed quantitatively that the amount of stratiform
rain that falls is the result of the cooperation of the
convective cells, which seed the stratiform region with
ice particles, and the mesoscale ascent in the front-
to-rear flow, which provides the environment in which
the ice particles can continue to grow. The layer be-
tween the ascending front-to-rear flow and the de-
‘scending rear inflow at lower levels in the stratiform
region is marked by strong shear, convergence, and
vertical and horizontal vorticity. The downward-slop-
ing rear inflow, the front-to-rear flow, and the strong
shear separating them can all be identified in real-
time single-Doppler-radar displays and are shown
especially well in the examples to be discussed in
sections 4 and 5.

The low-level reflectivity structure and storm-rela-
tive horizontal-airflow patterns associated with the
schematic vertical cross section in figure 1 vary from
case to case. Schematic drawings of the low-level
reflectivity patterns corresponding to the storms to be
discussed .in sections 4 and 5 are shown in figures 2a
and b, respectively. The line AB in each horizontal
map indicates the location of the vertical cross sec-
tion shown in figure 1. Also indicated schematically
is the midlevel relative flow, which indicates the
presence of a maximum of cyclonic vorticity in the
stratiform region, centered in the region of heaviest
stratiform rain. In some cases, the vorticity is con-
centrated along a shear line marking the interface
between the front-to-rear and rear-to-front flows (fig-
ure 2a). In other cases, the positive vorticity is man-
ifested as a mesoscale vortex (figure 2b). Such vortex
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FiGg. 2. Conceptual model of a mid-level horizontal cross-sec-
tion through (a) an approximately two-dimensional squall line, and
{by a squall line with a well-defined mesoscale vortex in the stra-
tiform region. In each case, the midlevel storm-relative flow is
super posed on the low-level radar reflectivity. The stippling in-
dicates regions of higher reflectivity.
structure is seen in the observational studies of Houze
(1977), Gamache and Houze (1982, 1985), Houze
and Rappaport (1984), Smull and Houze (1985),
Houze and Wei (1987), and Leary and Rappaport
{1987). This type of vortex has also evidently been
simulated in a recent numerical study by Zhang and
Fritsch (1987). Additionally, the midlevel relative flow
may evolve from one type to another, with an initially
sheared flow (figure 2a) becoming increasingly curved
and eventually developing a closed vortex (figure 2b)
or breaking down into multiple vortices {Stirling and
Wakimoto 1988).

The stratiform precipitation is eroded by the intru-
sion of the midlevel rear inflow. This erosion can be
manifested as a small “notch” in the low-level re-
flectivity at the back of the stratiform rain region (Smuill
and Houze 1985), or, when a strong vortex is pres-
ent, the southern part of the stratiform rain region can
be practically missing, as in figure 2b.

The pressure field associated with the mesoscale
system is marked by several characteristic mesolows
and mesohighs (indicated by L and H in figure 1). A
““wake’’ fow {L;) occurs at the surface at the back
edge of the stratiform rain, in association with warm-
ing due to unsaturated descent, and a mesohigh (H,)
occurs below the convective region (Fujita 1955;
Pedgley 1962; Johnson and Nicholls 1983; Smull and
Houze 1985; Johnson and Hamilton 1988). Also, a
weak mesolow (L,), associated with warming by
compensating downward motion is often noted ahead
of the convective line at the surface (Hoxit et al. 1976;
Fritsch and Chappell 1980). In the midtroposphere a
small, apparently hydrostatic mesolow (L) is located
below the primary sloping buoyant convective up-
draft (LeMone 1983). Farther to the rear, in the vicin-
ity of the melting layer or just above is another mesolow
(L,) that is larger in scale. This mesolow has been
indicated by modeling studies (especially by Brown
1979) and in the geopotential-height data associated
with the 10-11 June 1985 PRE-STORM squall line
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(Johnson and Gailus 1988). A mesohigh at-upper lev-
els (H,) atop the entire mesoscale cloud system is a
widely recognized feature that becomes particularly
well marked in the case of mesoscale convective
complexes (Fritsch and Maddox 1981a, b; Maddox
et al. 1981).

It should be noted that the conceptual models pre-
sented in figures 1 and 2 are idealized and few cases
exhibit all of the features shown. For example, in
some storms the rear inflow is strong while in others
it is weak (Smull and Houze 1987b), and the meso-
scale vortex is better defined in some cases than oth-
ers.

3. The Doppler radar data and
methods of analysis

Doppler weather radar measures the returned power
from targets in a discrete region of the atmosphere
(the “‘sampling volume’’) and the mean velocity com-
ponent of those targets along the radar beam (the
“radial velocity’’). The patterns we present below are
composed of “edited”’ radial-velocity and reflectivity
(derived from the returned power) data. The velocity
fields have had samples with low returned power re-
moved and, with one exception, have been “un-
folded.” Pulsed Doppler radars such as the NCAR 5-
cm radars used in this study are characterized by a
maximum unambiguously detectable radial velocity
(Vimax)-8 For PRE-STORM, V, ., was = 15.37 m s~ for
CP-3 and + 15.24 m s~! for CP-4. Because of fre-
quent high-wind situations encountered during the
- field program, velocity ‘“folds,” i.e., actual radial ve-
locities falling outside this range, were rather com-
mon. Such folds must be identified and corrected for
(unfolded) by adding or subtracting the correct num-
* ber of Nyquist intervals (2|V,.x|) to the radial-velocity
data obtained from the NCAR Doppler radars. Pre-
sentation of unfolded velocity data makes the inter-
pretation of the fields more straightforward. Range
folding and attenuation also presented problems at
times in storms with high reflectivities. The NEXRAD
radars will have a 10-cm wave length, hence alle-
viating velocity and range folding problems, as well
as attenuation by strong convective cores. In addi-
tion, NEXRAD radars will employ real-time algo-
rithms to present unfolded wind displays. Hence, the
unfolded displays shown in this paper simulate pat-
terns as they would likely appear on a NEXRAD ra-
dar.

® Ve = *£PA/4 where P is the pulse repetition frequency (in

Hz; P = 1111 Hz for the PRE-STORM Kansas radar pair) and \ is®

the radar wavelength (A = 0.0545 m for CP-3; A = 0.0549 m for
CP-4).
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Color photographs of-unfolded velocity patterns for
the first of the two PRE-STORM squall lines that will
be discussed (1011 June 1985) are shown on the
cover. The raw (or folded) version of the radial-ve-
locity pattern, whose unfolded version is seen in the
lower right cover photograph, is shown in figure 4a.
In the unfolded pattern on the cover, the white area
corresponds to an area of essentially zero radial ve-
locity. Either the wind speed in the white area was
truly zero or the wind direction in the white area was
normal to the radar’s beam. The dark blue feature to
the west-northwest of the radar, which is located at
the center of the display, is correctly indicated as
approaching the radar at a maximum speed > 30 m
s~'. Because this velocity exceeds |V, in magni-
tude, it is aliased in the raw (folded) velocity pattern
as only slightly greater than 0 m s~! and hence ap-
pears as a green core surrounded by a ring of white
(figure 4a). Velocities were unfolded by assuming that
the white band closest to the center of the PPl (the
location of the radar) was the true zero radial-velocity
region.” Then, proceeding radially outward from the
white band, a continuous velocity field was produced
by adding or subtracting the correct number of Nyqu-
ist intervals that would minimize the radial shear.
This procedure usually led to a velocity field free of
artificial discontinuities and labeled in accordance
with the color bar seen in the cover photographs. (For
further discussion of the unfolding of Doppler-veloc-
ity fields see Baynton et al. 1977.)

in sections 4 and 5, we show some results obtained

- from dual-Doppler analyses of the velocity fields de-

tected simultaneously by the CP-3 and CP-4 radars.
Although multiple-Doppler data are not likely to be
routinely available in an operational NEXRAD set-
ting, we present these dual-Doppler analyses to con-
firm and indicate more clearly certain features of the
conceptual models presented in figures 1 and 2. Spe-
cifically, the dual-Doppler analyses allow the con-
vective cell structure sketched in figure 1 to be seen
(section 4) and the vortex structure indicated in figure
2b to be documented in a particular case (section 5).
The steps taken in performing the dual-Doppler anal-
yses are outlined in the appendix.

4. The 10-11 June 1985 PRE-STORM
squall line

This storm has been the subject of several PRE-STORM
research investigations.® For a description of the storm’s

7 The assumption was verified by measurements of the winds at
the radar sight and by comparison of the Doppler-radar data with
winds measured by aircraft and rawinsondes.
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history, the reader is referred to Rutledge et al. (1988).
The low-level PPI reflectivity and unfolded-velocity
patterns from the CP-4 radar at 0345 UTC 11 Jjune
(0.2° elevation) are shown in the upper left and upper
right portions of the cover. At this time, the storm
was in a mature phase. The stratiform region was well
defined, with a band-like echo (~30 dBZ) marking
its most intense area (cover, upper left). A weak-echo
““‘gap’’ or “transition zone'' (Smull and Houze 1985)
separated the most intense portion of the stratiform
region from the convective line and reflectivities ex-
ceeded 40 dBZ in the convective line.

An isolated convective cell, aithough quite shal-
low, was present along the rear portion of the strati-
form rain area and was likely associated with con-
vergence into a wake low-pressure feature (Johnson
and Hamilton 1988). The radial-velocity pattern (cover,
upper right) indicates diffluent flow at low levels (note
the V-shape of the white [zero radial-velocity] band)
associated with outflow from a well-defined meso-
scale downdraft (Rutledge et al. 1988). The flow
switches from north-northwesterly east of the radar
to northeasterly west of CP-4 as indicated by the zero-
velocity band.

To aid in comparing the observed structure of this
storm to that shown in the conceptual model (figure
1), a plot of the height of the radar beam above the
ground for the 0.2°, 2.0°, and 3.6° elevation angles
. is shown in figure 3. At 0.2°, the radar beam is es-
sentially at a “constant’” altitude. The center of the
beam goes from zero to slightly higher than 1 km
above the ground through the 133 km radial range
of the radar. However, at 3.6°, the center of the radar
beam goes from zero to about 9 km above the ground
over the same radial distance. Thus, the vertical
structure of the reflectivity and unfolded radial veloc-
ity from CP-4 at 0350 UTC are indicated by the 3.6°
elevation angle PPl (cover, lower left, and lower right).
The reflectivity display (cover, lower left) indicates
the pronounced stratiform nature of the echo behind
the convective line. The circular band of high reflec-
tivities at a slant range of approximately 50 km clearly
defines the radar bright band located immediately be-
low the melting level. The range of the bright band
at this elevation angle indicates (according to figure
3) an approximate height of 3.3 km AGL (above ground
level) for the melting level. Convective cells along
the squall line are evident in a band running from
east-northeast to south-southeast of the radar in this

display. The maximum reflectivities there were 50
dbZ.

® Augustine and Zipser 1987; Smull and Houze 1987b; Rutledge
et al. 1988; Johnson and Hamilton 1988; Rutledge and Mac-
Gorman 1988; Johnson and Gallus 1988; Biggerstaff et al. 1988.

AN I S E S Snc B B M R B SN SR S S S SR e

HEIGHT (km)
A 0 0 N @
T

w

O TN T S B SO T |

10 20‘30 40 50 60 70 80
RADIAL DISTANCE (km)

IS IS W SR I

|
90 100 110 120

FiIG. 3. Height of center of radar beam above ground level as-
suming a spherical earth and a standard atmospheric index of re-
fraction. The 0.2° and 3.6° elevation angles correspond to displays
for the 10—11 June 1985 storm while the 2.0° elevation angle is
for the 28 May 1985 storm.

The unfolded velocity pattern at 0350 UTC (cover,
lower right) shows two important mesoscale-flow fea-
tures consistent with the conceptual model (figure 1).
The first is the strong rear-inflow jet, which is indi-
cated by the enclosed dark blue and red regions in
the radial-velocity data, denoting the presence of in-
tense northwesterly flow above the radar. Speeds
within the rear inflow were >30 m s~ relative to the
ground. Since the storm was moving toward the
southeast at 14 m s~ ', it follows that the rear-inflow
jet had relative speeds of >16 m s~! in the trailing
stratiform rain region. The difference in the peak ra-
dial velocity between the upwind (dark blue) and
downwind (red) velocity cores indicates that the speed
of the rear inflow decreased toward the back of the
convective line. This decrease in speed helps to ex-
plain the apparent decrease in the size of the velocity
feature seen in the PPl display. However, results from
the dual-Doppler analysis (figure 4c) show that the
depth of the rear inflow also decreased slightly to-
ward the rear of the convective line. Another aspect
of the rear inflow that can be seen in the PPl display
is that the core of the jet appeared at a smaller slant
range downwind than it did upwind of the radar.
Thus the rear-inflow jet tilted with height, sloping
downward towards the southeast with a slope of 1
km in the vertical to 40 km in the horizontal. Up-
wind, the core is at a height of 4.5 km above ground
compared to only 2.0 km downwind. At the top of
the rear inflow, a sharp wind shift occurred as the
wind backed from 300°/25 m s~' to 240°/10 m's ~.
This strong wind shift constituted a layer of shear in-
stability.

The second important mesoscale feature in the un-
folded velocity pattern (cover, lower right) is a front-
to-rear jet, seen in the pattern of the radial velocity
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near the convective line. The flow above the strong
shear layer was directed front-to-rear relative to the
storm (as indicated by the conceptual model in figure
1). Indications of this front-to-rear storm-relative flow,
which is most intense immediately behind the con-
vective cells, are seen in this PPl display as a band
of negative radial velocities (green, indicating flow
toward the radar) southeast of the radar at slant ranges
between 65 and 95 km (heights of 4.4 to 6.5 km
AGL). Ground-relative winds approach maxima of 13
m s~ '; relative to the storm they are rearward at 27
m s~'. As noted in the discussion of the failout of
snow represented in the conceptual model (figure 1),
this front-to-rear flow is important to the horizontal
transfer of momentum and condensate into the stra-
tiform region. At slant ranges beyond 100 km east of
the radar, the flow reverses in association with upper-
level divergent outflow from the convective cells.
As noted earlier, the wind shift between the rear
inflow and the front-to-rear flow constituted a layer
of shear instability. The shear at the interface between
the two mesoscale flows was so extreme that the
Richardson number in this region was about 0.3, which
is just above the critical threshold of 0.25 required
for the onset of Kelvin—Helmholtz instability (Taylor
1931; Goldstein 1931), but is well below the thresh-
old of 1.0 required for the continuation of Kelvin—
Helmholtz waves once the waves have begun
(Wallace and Hobbs 1977).° Evidence of Kelvin—
Helmholtz waves is found in this shear layer. Looking
at the upper left quadrant of the raw (folded) radial-
velocity data (figure 4a), the waves appear as a series
of very thin, short bands of green (negative) raw ve-
locities adjacent to yellow (positive) raw velocities.
These waves are also evident in the unfolded radial-
velocity data (cover, lower right) but the color con-
trast (green adjacent to dark blue) for most of the
waves is not as great after correcting for the fold in
the raw velocity data. Reports of moderate turbulence
from the NOAA WP-3D aircraft, which flew this re-
gion of the storm, provides further evidence that the
shear instability produced Kelvin—Helmholtz waves.
The vertical structure of the 10-11 June storm is
illustrated in cross-sectional form in figures 4b and
4c. These figures were derived by dual-Doppler syn-
thesis of data from the two NCAR radars. Except for
the vertical air-motion pattern included in figure 4b,
the fields depicted are similar to those that would be
detected by a single-Doppler radar such as NEXRAD.
Smull and Houze (1987b) and Rutledge et al. (1988)

? The Richardson number, Ri, is given by Ri = N?/S* where N
is the Brunt-Vaisil4 frequency and S is the vertical shear of the
horizontal wind. A sounding taken from Russell, Kansas at 0250
UTC on 11 June 1985 was used to determine N. Dual-Doppler—
derived horizontal winds were used to determine §.
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present examples of single-Doppler cross sections from
the 10-11 June storm that are very similar to figure
4c.

The vertical cross section normal to the convective
line in figure 4c is pieced together from dual-Doppler
analyses of data taken at two different times (0144
and 0350 UTC). This provides a representative cross
section through the entire storm, which can be com-
pared to the conceptual model in figure 1. The color
background in figure 4c is the radar reflectivity and
it shows multicellular development similar to that de-
picted in the conceptual model. The overlaid color
contours in figures 4b and 4c indicate the storm-rel-
ative horizonta! flow normal to the squall line. The
rear inflow entered the stratiform rain region from the
back edge at an altitude of about 7.5 km above mean
sea level (MSL)."° The layer of rear inflow was located
at successively lower levels from back to front of the
storm system. This layer dropped sharply at the back

~edge of the stratiform rain region and then more gently

through the stratiform region, where it was centered
on the radar-reflectivity bright band (=3.7 km MSL).
The strong vertical gradient of the contours at the
back edge of the storm (x < —156) corresponds to
the region of Kelvin—Helmholtz instability shown in
figure 4a. Where the layer of rear inflow sloped
downward through the stratiform rain region, the speed
of the system-relative wind decreased in maghitude
from more than 15 m s~ at the back edge to roughly
5 m s~' close to the transition zone. From there the
layer of rear inflow entered the back edge of the in-
tense convective region. In the convective region the
rear inflow descended sharply and increased in speed
to roughly 15 m s~ 7.

The location at which the rear inflow apparently
descended and increased in speed corresponds to the
location of an intense convective-scale downdraft
shown in figure 4b. Moreover, the strong convective-
scale downdraft is seen to correspond to the radar-
reflectivity maximum at the low levels (cf. figures 4b
and 4c between x = 0 and — 15 km). Ahead of and
above this downdraft, three convective-scale maxima.
of updraft intensity are seen at a series of successively
higher levels—lowest at the leading edge (x = 0 km)
and becoming higher toward the rear of the convec-
tive region (x = — 18 km). The muiticellular pattern
of updraft cores stairstepping upward across the squall
line was noted previously by Smull and Houze (1987a)
and Biggerstaff et al. (1988) and is depicted in fig-
ure 1. ’

Behind the convective region, in the transition zone
and stratiform rain region, the cores of vertical drafts

9 The height of the radar from which the PPIs were taken was
438 MSL. To obtain heights in AGL, add 438 m to heights given
in MSL.
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decreased in intensity and broadened in width. The
layer of front-to-rear flow aloft was dominated by up-
ward vertical motion while the rear flow layer at lower
altitudes was dominated by downward motion. As
depicted in the conceptual model, the front-to-rear
flow was observed to intensify as it passed through
the convective region.

5. The 28 May 1985 PRE-STORM
squall line

The 10-11 June radar data do not provide an ex-
ample of the cyclonic mesoscale vortex seen in the
stratiform—rain region of the schematic model (figure
2b). However, several other cases observed in PRE-
STORM provide examples of these mesovortices. To
illustrate this feature, we include the case of 28 May
1985 (figure 5). The reflectivity pattern taken at an
elevation angle of 2.0° (figure 5a) indicates a curved
line of leading convection, which was more intense
toward the south and preceded a trailing stratiform
rain region, which increased in width towards the
north.

The accompanying radlal velocity pattern is shown
in figure 5b. The rear-inflow jet (red core, ground-
relative speed of 26 m s™'; system-relative speed of
10 m s™') and intense front-to-rear flow (denoted again
by the thin band of negative [green] velocities near
the convective line) were clearly present. In this case,
the rear-inflow jet was the southern branch of a meso-
scale cyclonic vortex (as in figure 2b). This mesovor-
tex is confirmed and further illustrated by a streamline
analysis of one of the dual-Doppler—derived velocity
patterns obtained for this storm (figure 5¢). The vortex
is shown at the 3.4 km level, where it is seen to have
had horizontal dimensions of at least 100 km. The
pattern exhibited a closed cyclonic circulation at the
rear of the stratiform region (in agreement with the
conceptual model shown in figure 2b). This circula-
tion was observed to extend from the lowest obser-
vation level (1.4 km) up to approximately 8 km. A
secondary cyclonic circulation (considerably smaller
in horizontal and vertical scale) is also seen in the
lower right-hand portion of figure 5¢. Figure 5c¢ also
shows the relationship between the streamline pat-
tern and the reflectivity pattern at the 3.4 km level.
Cyclonic curvature is suggested in the reflectivity pat-
tern near the large vortex (see the hook-shaped 35
dbZ contour in the top portion of figure 5¢). Similar
reflectivity structure in the dissipating stratiform re-
gion of an Oklahoma squall line was observed by
Smull and Houze (1985) who attributed its develop-
ment to the presence of cyclonic midlevel vortices.
Velocity patterns from a single Doppler-radar, con-
sistent with such vortices in a MCS observed during
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COMEX (the Cooperative Huntsville Meteorological
Experiment) have recently been presented by Stirling
and Wakimoto (1988). The analysis presented in fig-
ure 5 marks the first confirmation provided by dual-
Doppler measurements which, unlike single-Doppler
measurements, yields both components of the hori-
zontal wind and displays the vortex on a constant
altitude surface rather than on a tilted PPl surface.
Several narrow bands of enhanced reflectivity ex-
tending into the vortex region from the northwest (cf.
figure 5a) appear to be related to confluent zones in
the rear inflow (figure 5¢). The isotach analysis at this
level (figure 5d) indicated speeds ranging from 5 to
20 m s~ " around the vortex with strong convergence
behind the vortex. Airflow at this level was typically
10 m s~ with divergence in the front-to-rear branch
of the vortex and convergence in the rear inflow
branch. Rainbands spiraling into a midlevel cyclonic
vortex (identified by network rawinsonde data) were
also noted by Leary and Rappaport (1987) in a de-
tailed reflectivity analysis of the trailing stratiform re-
gion of a mesoscale convective system.

6. Conclusions

We have illustrated that PP! displays from a single
Doppler radar can indicate several important features
of the mesoscale circulations in mesoscale convec-
tive systems in real time. In particular, the descending
rear-inflow jet, the ascending front-to-rear flow lying
just above and low-level mesoscale diffluence in the
stratiform rain region, indicating the presence of the
mesoscale downdraft, are all routinely clearly evident
in Doppler displays from a single radar. The char-
acteristic patterns associated with these features should
be especially useful to meteorologists at future
NEXRAD radar installations in the interpretation of
mesoscale storm structure and behavior. The further
ability of the dual-Doppler syntheses to show the
structure of the vertical drafts and to show the rear
inflow and front-to-rear flow in more detail, allowing
those features to be related to the characteristic meso-
scale vortex in the stratiform region, indicates that
multiple-Doppler syntheses will contribute strongly
to the research objectives of the National STORM
Program.
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Appendix. Steps Taken in Performing the
Dual-Doppler Analysis

First the Doppler data from both the CP-3 and CP-4 radars were
edited and unfolded using versions of the NCAR Research Data
Support System (RDSS) software, which was transferred to PRIME
and Masscomp (UNIX) computer systems at the University of
Washington and to a VAX computer at Colorado State University.
The radar data were then interpolated to a common Cartesian grid
using a grid spacing of 1.5 km in the horizontal and 0.5 km in the
vertical by the sorted position radar interpolation (SPRINT) soft-
ware developed at NCAR (Mohr et al. 1979). The horizontal winds
were then derived from a two-radar synthesis (which assumes that
the vertical velocity is zero) by means of the Cartesian editing and
display of radar data under interactive control (CEDRIC) software
developed at NCAR by Mohr and Miller (1983). The interpolation
and synthesis was accomplished with versions of SPRINT and
CEDRIC operating on the University of Washington Cloud Physics
Group’s Harris Computer.

Precipitation-particle fallspeeds were removed from the horizon-
tal wind estimates using a reflectivity-weighted fallspeed. Diver-
gence was then calculated. The vertical velocity was obtained by
integrating the anelastic continuity equation downward using a
boundary condition between 0.10 and 0.25 m s~! in the convec-
tive region and zero elsewhere. A more complete discussion of
the choice of the boundary condition was presented by Biggerstaff
et al. (1988). Corrections for the vertical velocity were then made
to the horizontal winds from which a new estimate of divergence
and vertical velocity were obtained. This procedure was repeated
until the mean of the absolute value of the change in horizontal
wind components at each level from one iteration to the next was
less than 0.1 m s.
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