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ABSTRACT

Composites of radar and wind observations in a coordinate system attached to a moving tropical squall
line confirm that such a squall system is composed of two separate circulation features: a convective squall-
line region and a stratiform anvil region. The squall-line region is characterized by mesoscale boundary-
layer convergence, which feeds deep convective updrafts, and mid-to-upper-level divergence associated with
outflow from the cells. The anvil region is characterized by mid-level convergence, which feeds both a
mesoscale downdraft below the anvil and a mesoscale updraft within the anvil cloud. Before this study, the
mesoscale updraft in the anvil cloud of the tropical squall system had been somewhat speculative, and both
the anvil updraft and downdraft had been inferred only qualitatively. The occurrence of the anvil updraft
is now proven and quantitative profiles of the mesoscale anvil updraft and downdraft have been obtained.

1. Introduction

The tropical “squall line” (or “disturbance line’)
was first described as a distinct meteorological phe-
nomenon by Hamilton and Archbold (1945). The
first documentation of a tropical squall line observed
during an organized field experiment was presented
by Zipser (1969). Later field experiments have shown
further details of these systems (Betts et al., 1976;
Zipser, 1977; Houze, 1977; Fortune, 1980). Knowl-
edge accumulated from these studies has been re-
viewed by Houze and Betts (1981).

The tropical squall line is part of a propagating
mesoscale disturbance, which we shall refer to as the
*“squall system”. The squall line is the leading portion
of the squall system and consists of cumulonimbus
cloud elements. An extensive precipitating “anvil
cloud” (as defined by Brown, 1979) trails the squall
line.

The convective elements comprising the squall line
are examples of “hot towers™ of the type discussed
by Riehl and Malkus (1958) and Riehl and Simpson
(1979). They contain buoyant updrafts that carry air
of high moist static energy from the boundary layer
to the upper troposphere. Negatively buoyant down-
drafts associated with the towers carry air of low
moist static energy downward from the low to middle
troposphere into the boundary layer. A portion of
this convective downdraft air spreads forward and
produces the squall (or gust) front at the leading
edge of the mesoscale system, while another portion
spreads to the rear of the system.

The anvil region, in contrast to the highly con-
vective squall line, has a predominantly stratiform
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structure. The cloud and precipitation in this region
tend to be horizontally uniform, with distinct vertical
layering. Precipitation particles in the upper portions
of the anvil cloud are in the form of ice particles,
which, as they drift downward, grow by deposition,
riming and aggregation, melt in a shallow layer, and
finally evaporate partially as they fall to the surface
through unsaturated air below the base of the anvil.
The layer in which the particles melt appears on
radar as an extensive bright band of the type nor-
mally associated with stratiform precipitation. Leary
and Houze (1979b) have described the stratiform
precipitation structure in the anvil region, including
the melting band, and have estimated the cooling
rates associated with both the melting and the evap-
oration. The stratiform nature of the precipitation
in the anvil region indicates that the vertical air
motions throughout this region must be weak, that
is, small compared to the fallspeeds of the precipi-
tation particles (Houze, 1981).

The vertical motions in the anvil region are down-
ward below the base of the anvil and appear to be
upward within the anvil cloud itself (Fig. 1). The
existence of the mesoscale subsidence below the anvil
is generally accepted. It is shown by the penetration
of low moist static energy to low levels throughout
the anvil region (Zipser, 1969). From observed hor-
izontal divergence, Zipser (1977) calculated the me-
soscale downdraft vertical velocity to be 10 cm s™
at a level near the top of the boundary layer. Me-
soscale downdraft motion of similar magnitude oc-
curred below the anvil of a tropical squall system
simulated numerically by Brown (1979).

The existence of the mesoscale updraft in the anvil
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F1G. 1. Schematic cross section through squall system. Associated with the mature squall-line elements,
dashed streamlines show convective-scale updraft, solid streamlines show downdraft circulation. Asso-
ciated with the trailing anvil, wide solid arrows show mesoscale downdraft circulation, wide dashed
arrows show mesoscale updraft circulation. Dark shading shows strong radar echo in the melting band
and in the heavy precipitation zone of the mature squall-line element. Light shading shows weaker radar
echoes. Scalloped line indicates visible cloud boundary.

cloud has not been established as convincingly as the
mesoscale downdraft. However, it is strongly sug-
gested by a variety of evidence. For example, Leary
and Houze (1980) diagnosed an anvil updraft of peak
magnitude 40 cm s~! from the thermal stratification
and horizontal winds in the anvil region of a tropical
squall system. A mesoscale updraft occurred in the
anvil cloud of Brown’s {1979) model. Mid-latitude
squall lines similar to tropical squall lines exhibit
mesoscale anvil updrafts (Sanders and Paine, 1975;
Sanders and Emanuel, 1977; Ogura and Chen, 1977,
Ogura and Liou, 1980). Finally, the net vertical
motion over large-scale regions partially occupied by
tropical squall systems has been found to be upward
in the mid to upper troposphere (Frank, 1978; Ogura
et al, 1979).

Although the occurrence of the anvil downdraft
in tropical squall systems is accepted and the updraft
is suggested strongly by studies cited above, the in-
dications of these features from data have been pri-
marily indirect and qualitative. It has been difficult
to determine the vertical distributions of vertical ve-
locities in anvil regions because of the sparsity of
wind observations, even in special field experiments.
In this paper, we present such profiles for the first
time. Surface and upper-air wind observations are
composited with respect to the radar echo pattern
of a tropical squall line. Frank (1978) and Tourre
(1979) have composited wind data with respect to
satellite imagery of tropical squall lines. However,
these satellite composites do not distinguish the anvil
- portion of a squall system from its line of convective
cells. The ability of the radar to identify the hori-
zontally uniform precipitation falling from the anvil
and distinguish it from the intense vertical cells that
characterize the squall line makes it possible for us
to locate wind observations with respect to the squall
line and anvil regions separately. From the wind pat-
tern in the radar-delineated anvil area, the vertical
profiles of divergence within and below the anvil
cloud can be obtained, and, from these profiles, the

vertical velocities in the mesoscale anvil updrafts and
downdrafts can be determined.

In this study, we use the technique of compositing
wind observations in relation to radar echo patterns
for the tropical squall line that passed over the ship
network of the Global Atmospheric Research Pro-
gramme’s Atlantic Tropical Experiment (GATE) on
12 September 1974. This squall line and various as-
pects of its structure have been described by Houze
(1975), Shupiatsky et al. (1976), Mandics and Hall
(1976), Zipser (1977), Nitta (1977), Mansfield
(1977), Gaynor and Mandics (1978) and Leary and
Houze (1979b). )

2. Data
a. Radar data

Eight of the ships in the GATE observational net-
work carried weather radars (Arkell and Hudlow,
1977). Four of the radars were C-band (5 cm wave-
length) and equipped for digital data acquisition.
Details of the characteristics and accuracy of the
four C-band systems are given by Hudlow er al.
(1980). Brief summaries of various aspects of the
GATE C-band radar data can also be found in
Houze (1977), Houze and Cheng (1977), Leary
(1978), Cheng and Houze (1979) and Hudlow
(1979). The GATE radar data are available on
film and magnetic tape through the GATE Data
Catalog.’

In this study, we have used data from C-band ra-
dars aboard the ships Researcher, Oceanographer
and Quadra. On the day of our case study, the
Oceanographer radar’s antenna platform was not
properly stabilized, and its data were of limited use.
The primary data were from the Researcher.”

! Available from National Climatic Center, Asheville, NC
28801.

2 Prof. Houze was the radar scientist aboard the Researcher
during the passage of the 12 September 1974 squall line.
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b. Wind data

Surface winds used in this study were obtained
from Dr. K. Ooyama.’ These winds were band-pass
filtered to eliminate high-frequency fluctuations.
Mesoscale features (~100 km in horizontal dimen-
sion), however, were not removed, and the winds
form a coherent pattern in the region of the squall
system.

Upper-air wind observations were obtained for the
15 ships in the GATE A/B and B arrays. The final
validated data were used. At the 900, 850 and 450
mb levels, the ship data were supplemented by wind
measurements obtained aboard the NOAA C-130
aircraft. Aircraft wind data were also obtained from
the NCAR L-188 (Electra) aircraft at 960 mb and
from the NASA CV-990 aircraft at 200 mb. Both
the ship and aircraft upper-air data are available
through the GATE Data Catalog (see footnote 1).

3. Construction of the composite squall system

To construct a composite squall system, all wind
data obtained between 0900 and 1800 GMT were
plotted in a common coordinate system attached to
the traveling squall line. In this section, we describe
how the’ common coordinate system is located with
respect to the squall line and how data are trans-
ferred from geographical coordinates to the common
coordinate system. :

First, the squall line was located by plotting the
leading edge of the rapidly moving radar echo as-
sociated with the squall system. As in the schematic
(Fig. 1), the intense convective-scale precipitation
elements associated with the squall line occurred just
behind the leading edge of echo. Isochrones of the
leading edge of the squall-line echo are shown in Fig.
2. The line progressed southwestward at an average
speed of 13.5 m s™!. Large irregularities occasionally
occurred in the shape of the line from one hour to
the next. The most extreme change in shape occurred
between 1200 and 1300 GMT. These changes were
the result of discrete squall-line propagation (Houze,
1977). Discrete propagation occurred when a squall-
line element occasionally formed ahead of the line,
and, as it strengthened, a new squall front became
established at its leading edge, while old line ele-
ments to its rear weakened and blended into the trail-
ing stratiform anvil region. This discrete component
of propagation was combined with a continuous
translational component to give the net squall-line
motion shown by the isochrones.

‘To locate the common coordinate system with re-
spect to the moving squall line, a point was chosen
for each hour to represent the origin of the common
system. This point was taken to be the squall-line

? Present affiliation: National Hurricane Research Laboratory,
Coral Gables, FL 33146
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F1G. 2. Isochrones of leading edge of squall-line echo. Crosses
indicate location of squall-line center for each hour. Dashed lines
indicate the assumed location of squall line in regions between
squall-line echoes. Asterisk indicates location of the ship Re-
searcher.

center, defined as the point that most nearly satisfied
all of the following simultaneously: (i) the forward-
most point on the squall line, (ii) the point that bi-
sected the portion of the squall line detected by radar,
and (iii) the point providing the smoothest motion
from hour to hour.

The squall line centers are shown in Fig. 2 as
crosses. The position of the center between hours was
obtained by linear -interpolation.

Data were transferred from geographic to common
coordinates by positioning the origin of the common
(a, B) coordinate system over the squall-line center,
with the a-axis pointing 37° east of true north (Fig.
3). The B-axis was oriented perpendicularly to the
a-axis. Composite patterns were obtained by trans-
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F1G. 3. Coordinate rotation for composite coordinate system.
Curved line indicates idealized shape and orientation of squall-line
which moves in the negative o direction. The a-axis is located 53°
counterclockwise from the x (west-east) axis and the B-axis is
located 53° counterclockwise from the y (north-south) axis.
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ferring data for a series of map times into the a-8
plane, each time locating the origin of the a-g8 plane
at the current squall-line center. This procedure as-
sumes the squall system was in an approximately
steady state throughout the period covered by the
series of map times. Although the pattern of con-
vective-scale elements within the squall line was
undergoing fluctuations during this time, the mean
features of the line and anvil region, on a horizontal
scale of ~100 km, were indicated by radar to be
quasi-steady throughout a period from 0900-1800
GMT on 12 September, though the later hours were
beginning to show signs of dissipation. We used wind
data from this entire time period, and radar data
from 1300-1800 GMT (the period during which the
line was within range of the Researcher radar), and
our composite may be considered to be of the mature
to early dissipating stage of the squall system.

4. Composite radar echo pattern

By transferring radar observations to a-8 coordi-
nates, a composite radar-echo pattern was obtained
for the squall system. First, echo patterns at each
hour, on the hour, from 1300 to 1800 GMT were
analyzed to identify the squall-line (S) and post-
squall anvil (A) regions. The boundaries of the S and
A regions for each hour were transferred to the com-
mon coordinate system as described in Section 3. The
squall-line composite echo (Fig. 4a) is the region of
the a-B plane into which all the individual S regions
fell (i.e., it is the union of all the S regions for in-
dividual hours). The anvil composite echo (Fig. 4b)
is the region of the a-8 plane into which all the in-
dividual A regions fell. Subregions of the squall-line
and anvil echoes, within which precipitation was ob-
served 3-4 h and 5-6 h out of the 6 h included in
the radar composite, are shown by shading. The
shading does not indicate the location of the maxi-
mum radar reflectivity through the 6 h period, but
instead it represents the location of the most fre-
quently observed echo. The most frequently observed
echo in the S region occurred in the left half of the
squall line; however, the stronger echoes were in the
right half. The position of the left half of the squall
line varied little while the right half exhibited more
discontinuous motion so that the area in which the
convective-scale echo might have been seen was grea-
ter. The average thickness of the squall-line echo for
any individual observation was ~20 km.

Prior to transferring their boundaries to the com-
mon coordinate system, the S and A regions were
identified at each individual hour by taking into ac-
count echo intensity, horizontal gradient of reflec-
tivity, steadiness or unsteadiness of echo patterns,
presence or absence of vertical echo cores, and pres-
ence or absence of a radar bright band. In general,
the S region was characterized by rapidly fluctuating
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FiG. 4. Composite radar echoes for (a) the squall-line (or con-
vective echo) region and (b) the anvil (or stratiform echo) region.
Irregular outer boundaries in (a) and (b) enclose the area within
which echo was seen at some time during the composite period.
Boxes indicate regions for which average divergences were cal-
culated for the squall-line (a) and for the anvil region (b). Shading
indicates the frequency that anvil echo was seen, the interior region
covering the region within which squall-line (a) or anvil (b) echo
was observed 5-6 out of 6 h, the intermediate region 3-4 out of
6 h and the outer region 1-2 out of 6 h.

intense echoes [=38 dB(Z) or 14 mm h™! in rainfall
rate] in vertically oriented, but tilted, cores bounded
by strong horizontal gradients of reflectivity. The A
region, in contrast, exhibited generally weaker echo
[<€38 dB(Z)], which tended to be horizontally uni-
form [reflectivity gradients generally <1 dB(Z)
km™'], and characterized by a bright band. The lead-
ing edge of the S region was given by the leading
edge of echo shown by isochrones in Fig. 2. The back
edge of the S region (or front edge of the A region)
was located by subjective judgement based on all the
descriptive characteristics listed above. Not all the
characteristics could be identified at any given hour.
For example, when the squall line was far from the
radar, the vertical resolution of the observations was
insufficient to determine the presence or absence of
a bright band. However, as many as possible of the
observed characteristics were sought to identify the
S and A regions at a given time. In general, the back
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edge of the S region was found where the echo in-
tensity dropped to <38 dB(Z) and the horizontal
reflectivity gradient dropped to <1 dB(Z) km™". The
S region contained all echo enclosed by the front and
back edges and the ends of the squall line (as seen
on radar). The A region consisted of all echo within
the squall system but located to the rear of the back
edge of the S region.

Fluctuations in the boundary between the S and
A regions from one map time to the next occasionally
led to the back portion of S at one map time occu-
pying the same a-8 coordinates as the leading por-
tions of A at other times, with the result that there
are small areas of overlap between the anvil com-
posite echo and the squall-line composite echo (com-
pare Figs. 4a and 4b).

The boxes in Fig. 4 outline regions for which di-
vergence is computed from the composite wind pat-
terns discussed in subsequent sections. The smaller
box is hereafter referred to as the squall-line region
while the larger box is referred to as the anvil region.

5. Composite wind patterns

Observed winds were composited in a-8 coordi-
~ nates in the manner described in Section 3. From the
analysis of the observed winds, values for wind ve-
locities on a 50 km X 50 km horizontal grid were
determined. The grid values of velocity were then
used to generate relative wind composites that were
consistent with the observed winds. By relative winds,
we mean the observed winds minus the average ve-
locity of the squall line (13.5 m s7! from 37°). Di-
vergence was also calculated on a 50 km X 50 km
grid using the grid values from the analysis of ob-
served velocity. The composite patterns have been
constructed for the surface, 960, 900, 850, 650, 450,
" 300 and 200 mb levels. Plotted winds, streamline and
isotach analyses, and patterns of divergence are
shown in Figs. 5-10 for all levels except 960 and 900
mb. The maps of divergence are based on the com-
puted grid values of divergence. They do not include
the correction, applied later, to compute vertical ve-
locities (Section 6a).

a. Surface winds

Three major mesoscale features can be seen in the
surface composite wind field (Fig. 5). First, a line
of confluence is seen ahead of the squall-line region.
The line is most evident. in the observed winds (Fig.
5a), and it is associated with a region of maximum
convergence with values 10~ s™' in magnitude (Fig.
5¢). This confluence line coincided with a line of
convection that intersected the squall line at right
angles (see Fig. 3b of Shupiatsky et al. 1976).

The second major feature of the surface composite
winds seen in Fig. 5 is the squall line itself, centered,
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F1G. 5. Composite observed surface winds with (a) streamline
and isotach analysis. Cross indicates squall-line center and origin
of the a-B coordinate system. Solid contours indicate wind speed
in knots. Full wind barb is for 10 kt (or 5 ms™') and half barb is
for 5 kt (or 2.5 m s7!). Box to the left is the squall-line region as
in Fig. 4a and box to the right is the anvil region as in 4b. (b)
Composite of surface relative winds, streamlines and isotachs as
in Fig. 5a. (c) Divergence pattern for surface composite wind in
units of 1075 571,

as expected, on the origin of the composite. The
squall line is evident as a zone of convergence en-
closed by the box denoting the squall-line region. The
third major feature is the nearly pure divergence






