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Summary: Mesoscale convective cloud systems that produce large amounts of rain in
midlatitudes and most of the rain in the tropics consist of a combination of convective and
stratiform cloud structure. The convective regions contain numerous deep cells that are often
but not always arranged in lines. The stratiform region is an outgrowth of the convective
ensemble; it lies adjacent to the convective region and is seeded by ice particles detrained from
convective towers. Sometimes it lies to the rear of a propagating convective line, while on

other occasions it surrounds the convection more symmetrically.

The heating of the large-scale environment by a mesoscale convective system is affected by
both the convective and stratiform regions. Although processes such as melting and radiation
are important, the net heating by a system is dominated by condensation and evaporation
associated with vertical air motions. This paper therefore reviews recent observational
evidence regarding the mean vertical motion profiles in the convective and stratiform regions of
mesoscale convective systems and the implications of these mean motions for the vertical
distribution of heating of the large-scale environment.

In the stratiform regions, vertical motions have been determined by composites of rawinsonde
and aircraft wind data, single- and dual-Doppler precipitation radar analyses, and wind profiler
observations. These studies agree that throughout the stratiform regions of mesoscale
convective systems, the mean vertical velocity is upward in the upper troposphere and
downward in the lower troposphere. The level separating upward from downward motion is
located from 0-2 km above the 0°C level, depending on location within the stratiform region.
Simple diagnostic calculations show that these vertical motion profiles imply heating of the

upper troposphere and cooling of lower levels by stratiform-region processes.

In the convective regions, the mean vertical profiles of vertical velocity have also been
diagosed by various techniques. Composites of rawinsonde and aircraft wind data, dual-
Doppler radar analysis and rawinsonde-based heat budget studies all indicate that the mean
vertical velocity in convective regions is maximum in the lower troposphere. On the other

hand, recent wind profiler data indicate a maximum in the high troposphere. Diagnostic
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calculations show that heating profiles diagnosed from these two types of profiles are quite
different, the first having a maximum of heating in the lower troposphere, while the second has
a maximum in the middle troposphere. Future studies need to determine whether the two types
of observed vertical velocity profiles are the result of different types of data, differing analysis
methods, sampling biases or meteorological differences among the situations in which the data
were obtained.

1. INTRODUCTION
Houze (1982) summarized the cloud and precipitation structure of mesoscale convective
systems (MCSs) in the tropics and estimated the vertical distribution of diabatic heating
associated with an idealized MCS based on observations in GATE! and MONEX2. He further
showed that synoptic-scale vertical motions diagnosed from GATE rawinsonde data seemed
responsive to the vertical distribution of heating estimated for the idealized tropical cloud
system. Hartfnann et al. (1984) followed up on Houze's study by using a simple linear global
spectral model to show that large-scale motions in the tropics were simulated more realistically
- by assuming that diabatic heating was distributed vertically as in Houze's (1982) idealized
MCS than if a more conventional profile of heating was assumed. DeMaria (1985) obtained a
similar result.

Houze's (1982) idealized tropical MCS was based primarily on studies of radar reflectivity
measurements and satellite imagery obtained in GATE and MONEX. Since his paper, a great
many more data from these and other field projects, including some in midlatitudes, have been
examined. The purpose of this paper is to reassess the tenets and conclusions of Houze (1982)
in light of these recent studies. Specifically, three aspects of the Houze (1982) paper will be
re-examined.

First, the idealized model will be reviewed and updated in Sec. 2.

Second, the extent of the applicability of the idealized conceptual model that he used to derive
his conclusions will be examined. The key aspect of this model is that the precipitation of the
MCS is divisible into clearly identifiable convective and stratiform regions, within which
sharply differing vertical distributions of diabatic heating prevail. The recent studies alluded to
above have borne out this structure, not only in various types of tropical MCSs, but in
midlatitude convection and hurricanes. Section 3 of this paper will review recent observations
that illustrate the broad applicability of the conceptual model.

1Global Atmospheric Research Programme Atlantic Tropical Experiment
2Global Atmospheric Research Programme Monsoon Experiment
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The third aspect of Houze's (1982) study to be re-examined here is the vertical distribution of
vertical air motion within the idealized MCS. In determining the vertical distributions of

" diabatic heating in the convective and stratiform regions of the idealized MCS, Houze (1982)
associated the rainfall in the convective region with vertical profiles of mass transport that must
~ have occurred during the precipitation process. A similar procedure was followed for the
stratiform region. Thus the magnitudes of vertical mass transport in the convective and
stratiform regions were scaled appropriately according to the rain amounts in each region.
However, assumptions had to be made about the water budgets of the convective and
stratiform regions and about the vertical profiles of vertical motion in each region. The
convective-region profile was estimated using a one-dimensional weakly entraining jet cumulus
model. The vertical motion profile for the stratiform region was based primarily on indirect
thermodynamic evidence, presented in studies such as those of Zipser (1969, 1977) and Houze
(1977). Since 1982, several studies have documented the vertical motion profiles in the
convective and stratiform regions directly—in some cases by composite analysis of
rawinsonde and aircraft wind data, in other cases by Doppler radar observations. Section 4 of
this paper reviews the data now available on the actual vertical distribution of vertical air
motion in the convective and stratiform regions of MCSs and examines whether these
distributions are consistent with the vertical distributions of heating estimated by Houze
(1982).

2. REVIEW OF CONCEPTUAL MODEL

2.1 Idealized cloud-system structure

The structure and lifecycle of Houze's (1982) idealized tropical MCS are depicted in Fig. 1
In its mature stage (Fig. 1b), the cluster consists partly of convective towers, which contain
buoyant updrafts, negatively buoyant downdrafts and heavy showers of rain. In addition,
lighter precipitation extends over a horizontal distance of 100-200 km. It falls from a deep
stratiform cloud extending from the mid-troposphere to the top of the cirrus shield.

Houze (1987) has added detail to the conceptual model by describing aspects of the
relationship between the deep convective cells and the associated stratiform region. His
schematic (Fig. 2) emphasizes microphysical and kinematic aspects of the precipitation
processes in the convective and stratiform regions. Precipitation ice is generated as growing
drops are carried up past the 0 ° C level by the convective updrafts. Thereafter the ice
particles grow by riming as they accrete supercooled cloud drops forming in the updraft at
mid-to-upper levels. Although some of these particles become quite heavy and fall out
rapidly as part of the convective rain, others become only moderately dense and fall more
slowly (= 1 m/s). These more slowly falling particles are spread laterally through the
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stratiform cloud region by the horizontal wind as they drift downward. The detrainment of
the snow from the convective cells is thus the mechanism by which precipitating ice particles
are introduced into the stratiform portion of the cloud system.

In Fig. 2, the most intense radar bright band and the heaviest stratiform rain at the surface
occur where the convectively generated snow particles reach the 0 °© C level, after their
passage through the stratiform cloud (Smull and Houze, 1985; Rutledge and Houze, 1987).
In this environment of widespread but moderate vertical motion, the snow particles drift
downward while growing by vapor deposition but not by riming. The vapor-grown particles
aggregate to form large snowflakes in a 1 km layer above the 0 ° C level just prior to their
melting (Houze and Churchill, 1987).

From diagnostic modelling of the water budget and microphysical processes in a stratiform
region similar to those in tropical rain systems, Rutledge and Houze (1987) found that both
the influx of snow into the stratiform region from the convective cells and the growth of the
snow as it passed through the region of the mesoscale updraft contributed strongly to the
stratiform precipitation process. Without the lateral influx of snow, their model stratiform
cloud was incapable of producing significant rain. On the other hand without the mesoscale
ascent within the stratiform cloud, only about one-fourth as much stratiform rain reached the
surface. Thus, the deep convective cells seed the stratiform cloud with snow generated in the
convection, but mean ascent in the stratiform region leads to a large increase in the mass of
precipitating condensate through vapor deposition—a process in which a large amount of
sensible heat is released.

2.2 Diabatic heating associated with the idealized cloud system
Houze (1982) considered an arbitrary large-scale region surrounding the idealized MCS

(region A in Fig. 1). He then asked, what is the vertical distribution of heating owing to the
MCS that is felt by the large-scale region? According to his development, this heating H (J/s)
is given by
H= Scloud Qrc +6, Lv (Ccu _ emd) + O Lv (C.r.n.u ) emd)
() (ii) (ii1)
-o L m——a— Zo.co.(s.-s)
s f ap i 1i71Yi e

(iv) (v) (1)

where 0,4 is the fraction of A covered by cloud, Qrc is the net radiative heating in cloud, o
is the fraction of A covered by the convective precipitation region, Oy is the fraction of A

covered by the stratiform precipitation area, Ly and Lf are the latent heats of vaporization and
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Figure 2 Schematic diagram of the precipitation mechanisms in a tropical cloud system. Solid arrows indicate
particle trajectories. (From Houze, 1987).
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Figure 3. Total heating of large-scale area A shown in Fig. 1: (a) by deep convection in the idealized cloud
cluster, (b) by non-radiative processes in the stratiform region of the idealized cloud cluster, (c) by radiative
processes in the idealized cloud cluster. From Houze (1982).
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fusion, respectively, ccy is the condensation in convective updrafts, ec( is the evaporation in
convective downdrafts, cyy is the condensation in this mesoscale updraft of the stratiform
region, emd is the evaporation in the mesoscale downdraft of the stratiform region, m is the
melting in the stratiform region (concentrated in a 0.5-1.0 km layer just below the 0°C level), p
is pressure, @ is dp/dt, t is time, s is dry static energy and the subscript i refers to the various
subdivisions of the cloud area. Each of the terms in this equation were examined by Houze
(1982) for the the idealized cloud system. The dominant terms are (ii) and (iii), which are in
turn approximately proportional to the mean profiles of vertical velocity w(z) in the convective
and stratiform regions, respectively. The vertical profile of w in the convective region, which
was dominated by the convective updrafts, was based by Houze (1982) on a simple one-
dimensional entraining jet model. The magnitude was scaled according to the total precipitation
assumed to be falling from the convective region. In the stratiform region, the vertical velocity
was assumed to be zero at the melting level (cloud base), near the tropopause (cloud top) and at
the earth's surface. Parabolic profiles were assumed to apply both above the melting level,
where w > 0, and below, where w < 0. The magnitudes of w were scaled by the amount of
stratiform rain, and assumptions were made about the water budget of the cloud system.
Although there was some evidence to support the vertical profiles assumed in these calculations
at the time of Houze's (1982) study, there was little observational information to indicate what
these profiles really are in MCSs.

Houze's (1982) estimates of the components of the vertical distributions of heating of the
large-scale region by the idealized MCS are show in Fig. 3. The heating by the convective
cells is shown in Fig. 3a. It is dominated by condensation in convective updrafts [Cy; part of
term (ii) in (1)], and positive heating extends through the whole troposphere. The individual
contributions of convective updraft condensation, downdraft evaporation [Ed part of term (ii)
in (1)] and eddy flux convergence of sensible heat [convective updraft and downdraft
contributions to term (v) in (1)] are indicated in Fig. 4. In the stratiform region (Fig. 3b),
updraft condensation [Cpyy part of term (iii) in (1)] warms the upper troposphere, however,
melting and downdraft evaporation [term (iv) and Epyg part of term (iii) in (1)] dominate and
produce cooling in the lower troposphere. Radiation heating, estimated for daytime conditions
from Webster and Stephens's (1980) calculations, is maximum in the upper troposphere (Fig.
3¢).

The total heating of the large-scale region A by the idealized MCS is obtained by summation of
the solid curves in Fig. 3a, b and c. The result is the solid curve in Fig. 5. This curve gives
the sum of the terms on the right-hand side of (1), after the terms have been divided by cp to
give units of °C/day. The heating associated with the convective towers alone (from Fig. 3a) is
shown for comparison by the dashed curve in Fig. 5.
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Since the heating profiles in Figs. 3a, b and ¢ are all positive above 5 km, the profiles reinforce
each other in the middle to upper troposphere. Consequently, at middle to upper levels, the
total heating of the cluster (Fig. 5), including its stratiform and radiative components as well as
its convective towers, is much stronger than the heating owing to the convective towers alone
(compare the solid and dashed curves above 5 km). At lower levels, cooling by evaporation
and melting in the stratiform precipitation region of the cluster is significant (negative values
below 5 km in Fig. 3b). This cooling tends to cancel the heating by convective towers and the
total heating at lower levels in the cluster is, therefore, less than that associated with the
convective towers alone (i.c., the solid curve lies to the left of the dashed curve below 5 km in
Fig. 5).

Johnson and Young (1983) independently verified the heating rates estimated for the stratiform
region by Houze (1982) by calculating the heat and moisture budgets of regions containing
stratiform regions of tropical MCSs from rawinsonde data obtained during Winter MONEX 1,
From these budgets they diagnosed heating rates that agree very closely with the rates
estimated by Houze (1982) for the stratiform region of the idealized cloud system (see
comparison in Fig. 6). Johnson (1984) then used this result to re-examine the total diabatic
heating profile computed by Yanai ez al. (1973) for a region in the equatorial western Pacific.
Assuming that the precipitation in the region was 20 % stratiform, he found that Yanai and
collaborators' heating profile, which has a peak near 450 mb (6 km), is the consequence of
two distinctly different circulation features: (i) the mesoscale stratiform region, which has a
heating peak near 350 mb (8km), and a cooling peak near 700 mb (3 km), and (ii) the cumulus,
which produces a heating peak centered near 600 mb (4 km) (see Fig. 7).

Johnson's (1984) diagnosed convective region heating profile in Fig. 7 has a lower-level
maximum than suggested by Houze's (1982) profile for the region of convection. Johnson
(1984) suggests that heat flux divergence associated with small non-precipitating cumulus at
lower altitudes might be partially responsible for the difference, since the effects of small
cumulus are included in his estimate, but not in Houze's (1982) calculations. However, the
reason for this difference may lie in Houze's choice of a one-dimensional weakly entraining jet
to represent the cells producing the rain in the idealized MCS. Such a jet may be characterized
by too much mass flux and hence too much heating at upper levels (further discussion in Sec.
4.3.2).

In a further examination of the rawinsonde data in the vicinity of Winter MONEX MCSs,
Johnson (1986) has found that while the apparent heat source in the lower troposphere beneath

IWinter phase of MONEX; December, 1978, through March, 1979.
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Figure 4. Contributions to the idealized cloud cluster's net convective heating (shown in Fig. 3) by: (a)
condensation and evaporation in convective updrafts and downdrafts and (b) convergence of sensible heat flux
by the updrafts and downdrafts on the convective towers. From Houze (1982).
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Figure 5. Total heating of large-scale area A shown in Fig. 1 by the idealized cloud cluster (solid qurve). The
total heating by the convective towers alone (dashed curve, from Fig. 3a) is shown for comparison. From
Houze (1982).
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Figure 6 Comparison of apparent heat source Q; inferred from Winter MONEX rawinsonde data by Johnson and

Young (1973) for regions containing stratiform regions of cloud clusters (heavy curve) with that obtained by
Houze (1982) using observations of cloud structure and precipitation (light curve). L.H.S. (R.H.S.) refers to
left hand side (right hand side) of Johnson and Young's (1983) Eq. (1). The curve from Houze (1982)
represents the total heating by non-radiative mesoscale processes. From Johnson and Young (1983).
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the stratiform cloud systems is negative owing to hydrometeor melting and evaporation, the
time tendency of temperature is actually positive. This low level warming is attributed to
unsaturated descent in the mesoscale downdraft occupying the lower troposphere in the
stratiform region.

3. APPLICABILITY OF THE CONCEPTUAL MODEL

3.1  Tropical cloud clusters
Houze's (1982) conceptual model (Fig. 1) was originally designed to resemble near-

equatorial MCSs, which are traditionally referred to as tropical "cloud clusters." The rainfall
in most regions within 15 ° latitude of the equator is dominated by cloud clusters. In such
regions, which include those investigated intensively during GATE (Houze and Betts, 1981)
and Winter MONEX (Johnson and Houze, 1987), it is the largest cloud clusters that are
responsible for the bulk of the rain.

Williams and Houze (1987) traced‘the life histories of all the cloud clusters in Winter
MONEX and found that most of the cumulative cloud cover colder than -60 ° C (indicated by
satellite infrared data) was accounted for by a few clusters that reached extremely large size.
About 85 % of the cumulative cloud cover was associated with clusters that had a maximum
size of 3 x 104 km2 or more (Fig. 8). To the extent that the area of cold cloud top is
correlated with the amount of area covered by rain, this result strongly suggests that a very
high percentage of the rainfall in the region came from the few very largest clusters.
Therefore, in considering diabatic heating effects, the large clusters are of paramount
importance. |

The area covered by rain in a large cloud cluster is broken up into numerous discrete rain areas.
However, the total (cumulative) rain area within the cluster is usually dominated by one or only
a few very large mesoscale precipitation areas. In GATE, 72 % of the area covered by radar
echo was accounted for by rain areas > 103 km? and within these large rain areas were found
several (2-10) intense convective scale showers (Houze and Betts, 1981). Much of the
remainder of area covered by these big rain areas consisted of stratiform echo, typically
characterized by a radar bright-band signature at the melting level (Leary and Houze, 1979b).
Similar cloud cluster radar echo structure was observed in Winter MONEX (Houze et al.,
1981).

Studies of radar data obtained in GATE and Winter MONEX, as well as in the more recent
field programs, COPT '8 12 and EMEX3 , reveal several types of horizontal patterns in

2Convection Profonde Tropicale 1981
3Equatorial Mesoscale Experiment
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which the convective and stratiform precipitation are arranged within the rain areas of large
cloud clusters.

The type of cloud cluster that has been studied most extensively is the propagating squall line,
in which the convective cells are arranged in an arc-shaped line trailed by the stratiform
precipitation region (e.g., Fig. 9). The precipitation structures of these MCSs have been
documented over the equatorial Pacific (Zipser, 1969), the equatorial Atlantic (Houze, 1977;
Zipser, 1977; Gamache and Houze, 1982, 1983, 1985; Houze and Rappaport, 1984; Wei and
Houze, 1987) and the equatorial land masses of West Africa (Hamilton and Archbold, 1945;
Sommeria and Testud, 1984; Roux, 1987; Chong ez al., 1987) and North Australia
(Drosdowsky, 1984).

The well defined structure and motion of the propagating squall lines makes them amenable to
study, and it is probably for this reason that they have been given the most attention in the
literature. Several other types of convective-stratiform organization have, however, also been
documented in tropical cloud clusters. Sometimes the rain patterns in cloud clusters exhibit
leading line, trailing stratiform structure but with convective lines that are more slowly moving,
less arc-shaped, less continuous or otherwise less well defined (Leary and Houze, 1979a;
Warner et al., 1980; Barnes and Sieckman, 1984; LeMone et al., 1984; ). In other cases, the
rain patterns are related to surface features. For example, in Winter MONEX, convective
regions were forced by local convergence associated with coastlines in the the Malaysian-
Indonesian complex of islands and Penninsulas; nonetheless, large stratiform regions
developed in association with the convection, and vertical cross sections through the
precipitation areas were rather similar to those through squall lines with trailing stratiform
regions (Houze ez al., 1981). In a Winter MONEX case examined by Churchill and Houze
(1984), a large stratiform region was surrounded by convective cells (Fig. 10); the convective
cells to the southeast were associated with coastal convergence and relatively stationary, while
the the convection located to the northwest propagated farther out to sea like a poorly organized
squall line.

In EMEX, cloud clusters were observed by aircraft radar over the tropical ocean north of
Australia. The precipitation in these clusters was sometimes organized with convective lines
parallel to the low- to mid-level monsoon flow, with stratiform rain occurring on both sides of
the line (Fig. 11a). In other cases, the rain was organized into the squall-line mode with arc-
shaped leading convective line and trailing stratiform precipitation (Fig. 11b). Sometimes, as
in the case of Fig. 11, the flow-parallel lines evolved into squall lines. In still other cases in
EMEX, the convective cells occurred in an area rather than a line. The airborne radar data

showed that the stratiform areas in these clusters tended to form where cells dissipated. For
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Figure 9 Cloud and precipitation pattern at 1500 GMT associated with GATE squall-line system of 4
September 1974. Dotted region encloses low-level precipitation detected by radar. Blac_k indicates
regions of precipitation intensity in excess of 38 dBZ. Dashed line is satellite infrared isotherm for
- 47°C, which corresponds to the intersection of the upper level cloud shield with the 11 km level.
Arrows locate end points of squall line. From Houze (1977)
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Figure 10 Radar-echo patterns at 3 km in a Winter MONEX cloud cluster at 0001 GMT 10 December 1978.

. Theradar was located at Bintulu (3.2°N, 113.1°E). The thin curve shows the northern coast of Borneo.
Light shading is stratiform precipitation, heavy shading is convective. The dBZ values of objectively
identified convective cores are indicated by dots (1-20 dBZ), crosses (21-30 dBZ), squares (31-40) dBZ and
triangles (>40 dBZ). The weather symbol on the left side shows the current conditions reported by the
Research Vessel Akademician Korolov, located at 4°N, 111°E. From Churchill and Houze (1984).
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Figure 11 Radar echo patterns in a cloud cluster observed during EMEX. Data were collected with a C-band
radar aboard a National Oceanic and Atmospheric Administratrion WP3D aircraft. Composite echo pattern s
were observed during (a) 2112-2142 and (b) 2314-2344 GMT 2 February 1987. Shading levels are for

intensity thresholds of 1 (approximately), 20, 25, 30 and 35 dBZ. Heavy lines show flight track for the
period of data collection. In (b) line of intense echoes was moving northward.
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example, the maximum of stratiform rain in the vicinity of the aircraft flight track in Fig. 11b

was previously the location of active convective convective cells.

3.2  Bay of Bengal depressions
A considerable amount of monsoon rain occurs outside of near-equatorial regions and is

controlled by processes not found at those lower latitudes. For example, much of the rainfall
of northern India, which lies in the subtropics, is associated with Bay of Bengal depressions
(Ramage, 1971; Rao, 1976; Godbole, 1977). During Summer MONEX4 , the precipitation
pattern in one long-lived Bay of Bengal depression was documented extensively by aircraft
(Sanders, 1984; Warner, 1984; Warner and Grumm, 1984; Houze and Churchill, 1987).
Houze and Churchill's (1987) analysis of the airborne radar and cloud physics data show that
the precipitation in the disturbance occurred in rather elongated mesoscale rain areas 100-300
km in horizontal dimension (e.g., Fig. 12). These mesoscale precipitation features resembled
the rain areas of the near-equatorial cloud clusters described in Sec. 3.1. Each mesoscale
precipitation feature contained intense convective cells, but overall most of the area covered by
rain was stratiform. The convective cells in the mesoscale features were sometimes arranged in
rapidly moving arc-shaped lines (feature A in Fig. 12) , while in other cases the convective

cells were more randomly embedded in the stratiform rain (features B and C in Fig. 12).

Houze and Churchill (1987) further found that the particle growth mechanisms indicated by the
cloud microphysical data collected aboard the aircraft passing through the precipitation areas in
the Bay of Bengal depression were consistent with the conceptual model in Fig. 2. Above the
melting level, mesoscale updraft motion in stratiform regions was apparently strong enough to
support growth of ice particles by vapor deposition, but not strong enough to prevent general
sedimentation of the particles, which were drifting down to the melting level.

3.3  Midlatitude mesoscale convective systems

Some early studies indicated that lines of deep midlatitude convection are at times trailed by
broad areas of light rain from stratiform cloud (Newton, 1950; Fujita, 1955; Pedgley, 1962).
Newton and Fankhauser (1964) pointed out that when portions of convective lines weaken, the
result is a stratiform precipitation area.

Despite these studies, the possible importance of the stratiform precipitation areas associated
with midlatitude convection has only recently begun to receive emphasis. Ogura and Liou
(1980) recognized the close similarity of an Oklahoma squall line to tropical squall lines with
trailing stratiform regions. Maddox (1980) identified the midlatitude "mesoscale convective
complex (MCC)" as a long-lived oval-shaped satellite-observed cloud shield with extremely

4Summer phase of MONEX; May through August, 1979
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Figure 12 Aircraft data obtained in a depression over the Bay of Bengal on 5 J uly 1979. Radar observations are
shown by shading thresholds of 1, 20, 30 and 35 dBZ. Flight track of the P3 is indicated by the dashed and
solid lines. The solid line indicates that portions of the flight path where radar data were collected, and from
which the composite was generated. Dashed lines show portions of the flight track where radar were not
being collected. Numbers indicate times (UTC) every 15 min at the corresponding hash marks on the flight
track. The heavy, bold curve outlines the area over which radar data were obtained. The scalloped line
indicates approximate cloud boundaries, based on satellite imagery and microphysical observations. Thin
solid line is coastline. From Churchill and Houze (1987)
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low cloud-top temperature. Fritsch ez al. (1981) found that MCCs account for about 50-60 %
of the warm-season rainfall over the central U.S, and Maddox (1980) described how these
complexes developed regions of stratiform rain during their mature stages. Smull and Houze
(1985) found that the squall line system studied by Ogura and Liou (1980) had the cloud-top
characteristics (temperature, size, shape and duration) of a Maddox MCC. However, the
leading-line, trailing-stratiform structure observed in that case, though common, is not typical
of all MCCs. As in tropical cloud clusters, stratiform rain in midlatitude mesoscale convective
systems appears in a variety of horizontal patterns, of which the leading-line, trailing-stratiform
configuration is one type. Figure 13 shows some examples of precipitation patterns in
midlatitude MCSs observed in the Oklahoma-Kansas PRE-STORM? field program. A squall
line with trailing stratiform precipitation is shown in Fig. 13a. It exhibits a well defined
example of the secondary maximum of precipitation seen in the stratiform region [centered
northwest of the Wichita (ICT) radar site]. This area of heavier stratiform rain was illustrated
in the conceptual model of MCS precipitation mechanisms in Fig. 2, where it was related to the
fallout of ice particles from the convective line. A squall line with stratiform precipitation
located preferentially to the northwest of the line is shown in Fig. 13b. This arrangement of

the precipitation is related to a mid-level mesoscale vortex in the stratiform region.

3.4  Hurricanes

In some parts of the tropics, about 25 % of the precipitation is produced by tropical cyclones
(Simpson and Simpson, 1966). The structure and kinematics of precipitation in tropical
cycones bears some resemblance to that in the other types of mesoscale systems considered in
this paper. Vertical cross sections across the inner-core region of a hurricane typically show
stratiform precipitation in an annular region just outside the convective eyewall (see Fig. 14,
from Marks and Houze, 1987). Radial outflow aloft carries ice particles outward from the
eyewall. These particles fall slowly through a region of general weak ascent, as in the
schematic model in Fig. 2. As they fall, they are swirled up to 1 1/2 times around the storm by
the vortex winds before they reach the melting level (Fig. 15, also from Marks and Houze,
1987).

In addition to occurring in the inner-core region, convective-stratiform structure is also
sometimes seen in the outer extremities of the storm, where convective cells can be located on
the upwind end of a spiral band, while ice particles detrained from the cells are carried
downwind into a stratiform region of the band (Atlas ez al., 1963).

3.5 Summary of applicability of the conceptual model

5Preliminary Regional Experiment for the Stormscale Operational and Research Meteorology Program—Central
Phase
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Figure 13 Low level (0.7 elevation) reflectivity structure from Wichita, Kansas (ICT) WSR-57 S-band
radar from Smull and Houze (1987). Positions of CP3 and CP4 C-band Doppler radars are indicated.
Superimposed straight line indica azimuth angles of vertical cross sections shown by Smull and
Houze but not shown here. Ground clutter region within 20 km of ICT has been blanked out.
Horizontal scale and north direction are indicated. (a) Reflectivity pattern for 2140 CST 10 June
1985. (b) Reflectivity pattern for 0701 CST 28 May 1985.
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Figure 14 Schematic of the radius-height circulation of the inner core of Hurricane Alicia. Shading depicts the
reflectivity field (5, 30 and 35 dBZ). The primary circulation (Vgm s‘l) is depicted by dashed lines and the
secondary circulation by the wide hatched streamlines. Convective downdrafts are denoted by the thick solid
arrows,. Mesoscale up- and downdrafts are shown by the broad arrows. The level of the 0°C isotherm is
labeled. Hydrometeor trajectories are denoted by dashed and solid lines labeled 0-1-2-3-4 and 0-1'-2",
Horizontal projections of these trajectories are shown in Fig. 15. From Marks and Houze (1987).
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Figure 15 Plan view of the low-level reflectivity field in the inner core of Hurricane Alicia. Superimpqsed
horizontal projections of calculated trajectories of precipitation particles falling from 12 to 1 km altitude
correspond to those shown in Fig. 14.. Reflectivity contours are for 20 and 35 dBZ. Storm center and
direction of motion are also shown. From Marks and Houze (1987).
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From subsections 3..1—3.5, it is evident that the conceptual model designed initially to describe
tropical cloud clusters applies to a wide variety of MCSs, including various types of tropical
cloud clusters, midlatitude convective complexes, subtropical monsoon depressions and
hurricanes. In all of these precipitation systems, large areas of stratiform rain accompany deep
convection. The different types of systems vary in the horizontal arrangement of the

convective and stratiform precipitation. However, in vertical cross section they all resemble

Figs. 1 and 2.
4. OBSERVED VERTICATL VELOCITY PROFILES IN CONVECTIVE AND
STRATIFORM REGIONS

In this section, we examine observational evidence regarding the vertical distribution of vertical
air motion in the convective and stratiform regions of MCSs. These results, which have been
obtained mostly within the last five years, can be used to indicate whether the vertical profiles
of diabatic heating suggested by Houze (1982) to apply within the convective and stratiform
regions of his idealized MCS (Sec. 2.2) are in fact reasonable.

4.1  Stratiform region profiles
Since 1982, the vertical profile of w in the stratiform regions of MCSs has been determined by

four different methods: composite analysis of rawinsonde and aircraft observed winds, single-
Doppler weather radar® analysis, synthesis of dual-Doppler weather radar observations and
analysis of vertical-incidence wind profiler’ measurements. These profiles have, moreover,
been determined for MCSs in various meteorological settings: oceanic tropical, tropical island,

continental tropical and midlatitude continental. These results are summarized in Figs. 16-18.

4.1.1 Tropical oceanic and island cases
The tropical oceanic and island cases (Fig. 16) all show upward motion in the upper

troposphere. The Johnson (1982) curve (J82) was obtained from his composite analysis of
ship rawinsonde data in the vicinity of stratiform regions of Winter MONEX cloud clusters
over the South China Sea. The Houze and Rappaport (1984) and Gamache and Houze (1985)
curves (HRTZ, HRSF and GHS5) were determined from composite analyses of ship
rawinsondes and aircraft data taken in and near GATE squall line systems in the eastern
tropical Atlantic. The Balsley ez al. (1987) curve (B87) was obtained by averaging vertical-
incidence profiler data from a single island station in the west Pacific (Pohnpei) for all of the
light rain situations (0.5-12.7 mm/h) in a two-year period. These estimates all agree well,

6 Weather radar refers to a 5- or 10-cm wavelength radar (15-30 GHz), which primarily detects precipitation
targets.

7 Wind profiler refers to a class of meteorological radar in the UHF to VHF frequency range (30-300 MHz) that
is designed to detect atmospheric targets consisting of air density fluctuations and may be operated in clear or
cloudy conditions.
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Figure 16 Tropical oceanic and island stratiform-region vertical velocity profiles. The GH8S5 curve is from
Gamache and Houze's (1985) composite sounding and aircraft wind analysis of the 12 September 1974
GATE squall line. The HR curves are from Houze and Rappaport's (1984) composite sounding and aircraft
wind analysis of the 28 June 1974 GATE squall line; HRTZ is for the transition zone and HRSEF is for the
stratiform region proper. Curve J82 is from Johnson's (1982) rawinsonde analysis of Winter MONEX cloud!
clusters. The B87 curve is from the study of Balsley et al. (1987); it shows the two-year average vertical
velocity during periods of light rain (0.5-12.7 mmv/h) at Pohnpei in the tropical western Pacific.
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Figure 17 Stratiform-region vertical velocity profiles for a continental tropical squall-line system over Ivory
Coast in western Africa. Profiles were derived by single-Doppler radar analysis by Chong et al. (1987).

Curves are shown for three locations in the stratiform region; numbering system corresponds to paper of
Chong et al.
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ihdicating a maximum value of about 15 cm/s in the upper troposphere (7-11 km). The curves
approach zero between 4 and 6 km height and indicate downward motion below this level.

The curves derived from sounding data were constrained by mass balance assumptions to go to
zero at the tropopause level. The profiler curves were subject to no such boundary condition
and indicate that rather strong descent was occurring in the lower stratosphere, just above the
stratiform cloud layer (above = 15 km in Fig. 16). This descent remains to be explained but
may be associated with the strong divergent horizontal outflow that characteristically occurs at
the tops of MCSs (Ninomiya, 1971a,b; Maddox, 1980, 1981; Fritsch and Maddox, 1981a,b;
Maddox et al., 1981). This divergence may be partially compensated by subsidence in the
lower stratosphere.

4.1.2 Continental tropical case

The continental tropical case (Fig. 17) was a squall system over western equatorial Africa
during COPT '81. The vertical velocity was determined by Chong ez al. (1987) from single-
Doppler radar by the Velocity Azimuth Display (VAD) analysis method in which w is
computed from the radial wind component measured around the edge of a cylindrical volume
centered on the radar site (Browning and Wexler, 1968; Srivastava et al., 1986). Chong er al.
computed the vertical velocity profiles in the stratiform region at successive distances from the
leading convective squall line. Figure 17 shows the profiles at three positions; profiles 2, 3
and 4 were taken at 80, 120 and 150 km to the rear of the squall line, respectively. All three
profiles show more intense upward velocities in the upper troposphere (25-45 cm/s peak
values) than do the oceanic tropical profiles in Fig. 16. The lower troposphere is characterized
by stronger descent than the oceanic cases. The level of zero vertical velocity was near the 0°C
level in profiles 3 and 4, but about 2 km higher in profile 2.

It is not certain whether the greater magnitudes of w seen in Fig. 17 compared to Fig. 16 are
meteorological differences between land and ocean convection, or whether they are the result
of the different observational and analysis techniques. The oceanic results determined by
composite analysis (Johnson, 1982; Houze and Rappaport, 1984; and Gamache and Houze,
1985) represent averages of smoothed data over large areas, while those determined from
profiler data (Balsely ez al., 1987) were averaged over many cases. The continental tropical
case in Fig. 17 was obtained from high resolution single-Doppler radar at specific points and
times within a well defined mature storm system.

4.1.3 Midlatitude continental cases

The midlatitude case illustrated in Fig. 18a was examined by two methods. The OL profile |
was derived by Johnson (1982) from Ogura and Liou's (1980) rawinsonde composite analysis

of a squall-line system over Oklahoma. Johnson averaged Ogura and Liou's results over the
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IFigure 18 Stratiform-region vertical velocity profiles for three midlatitude continental squall-line systems. (&)

© Oklahoma squall line of 22 May 1976. Curve OL is from Ogura and Liou's (1980) composite rawinsonde
analysis. The other two curves are from Smull and Houze's (1987) dual-Doppler radar analysi. SH1 is for
the transition zone and SH2 is for the stratiform region proper. (b) Kansas squall line of 11 June 1985 (see
Fig. 13a). Profiles were derived by single-Doppler radar analysis. Curves 1 and 2 are from the CP3
Doppler radar; curve 3 is from the CP4 radar. Locations of CP3 and CP4 radars are shown in Fig. 13a. (¢)
Illinois squall line of 17 June 1978. Curve is from single Doppler analysis of Srivastava et al. (1986).
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150 km wide region containing the stratiform precipitation. The two curves labelled SH1 and
'SH2 were obtained by Smull and Houze (1987) by synthesis of wind observations by two
Doppler radars for two subregions of the same stratiform region at a specific time in storm'’s
lifetime. Curve SH1 is for a 20 km wide subregion immediately behind the convective line,

- while curve SH2 is for 4 subregion of similar width lying immediately behind the first region.
The negative w at the top of the profile is an artifact of the analysis technique, which involved a
variational adjustment, and a relatively small amount of data at these levels.

When curves SH1 and SH2 are compared to the averaged Ogura-Liou data (curve OL), we see
how the effects of the sounding composite and the averaging are to reduce the magnitudes of

- the maxima and minima of the diagnosed w profiles. Nonetheless, even the averaged
sounding composite data in this case exhibits maxima and minima that are about a factor of two
greater than those in the tropical oceanic cases examined by similar methodology (cf. curve OL
in Fig. 18a and the three sounding composite curves in Fig. 16). However, the sounding data
in the Oklahoma case were of higher quality and resolution than the oceanic tropical soundings;
so even this comparison cannot be regarded as conclusive. Moreover, the GATE squall lines
represented by the Houze and Rappaport (1984) and Gamache and Houze (1985) cases were
not the most intense (in terms of radar reflectivity observations) seen in GATE. The GATE
oceanic squall line described by Houze (1977) had more intense reflectivity (i.e. rainfall rates)
and if a composite sounding analysis had been done for that case, stronger w's might have
been found.

The dual-Doppler derived w profiles (curves SH1 and SH2) in Fig. 18a indicate peak upper
tropospheric updraft velocities of 40 cm/s and lower tropospheric downdraft magnitudes of 15-
40 cm/s. They also indicate that immediately behind the convective line the mesoscale descent
layer was deeper and originated about 2 km above the 0°C level, whereas somewhat farther
behind the line the descent was shallower, originating at the 0°C level. This behavior
resembles that seen in the continental tropical system represented in Fig. 17.

Two more midlatitude cases have been studied. The case represented in Fig. 18b (from
Rutledge er al., 1987) occurred in Kansas and Oklahoma, while that in Fig. 18¢ (from
Srivastava et al., 1986) occurred in Illinois. The w profiles for these storms were determined
by the single-Doppler VAD technique. Both storms were squall lines with trailing regions of
stratiform rain, and their w profiles strongly resemble those of the Oklahoma case in Fig. 18a
and the continental tropical case in Fig. 17.

The case in Fig. 18b exhibited the strongest stratiform w's of any case. The horizontal pattern
of radar reflectivity was shown in Fig. 13a. The maxima of upward motion in the upper
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troposphere seen in Fig. 18b were 50-60 cm/s, while the descent at lower levels reached 45-65
cm/s. Profiles are shown for three locations in the stratiform region. Curves 1 and 2 were
located near the northern edge of the stratiform region. The top of the descent layer was 2 km
above the 0°C level in these two curves, while in curve 3, obtained farther south nearer the
center of the stratiform region, the top of the descent layer was at the 0°C level. In curve 1, the
maximum w in the ascent layer was lower (7 km) than in the other two profiles, which were
located farther rearward in the stratiform region and exhibited maxima of w at about 11 km.
The deeper descent layer on the northern edge of the system is attributed by Rutledge et al.
(1987) to a deeper layer of dry inflow from the rear of the system at that location. The upward
velocity of 10 cm/s near the ground in curve 2 is associated with the mesoscale wake low that
characterizes that location (Fujita, 1955; Pedgley, 1962; Johnson and Nicholls, 1983;
Johnson, 1986; Johnson and Hamilton, 1987).

The Ilinois case represented in Fig. 18c has characteristics similar to the foregoing cases. Itis
particularly similar to profile 2 in Fig. 18b, in which the shallow layer of upward velocity is

seen near the ground.

4.2 Convective region profiles

Observational studies of the vertical profiles of w in the convective regions of MCSs have been
carried out by a variety of methods; however, the results are not as consistent from case to case
as for the stratiform regions. One difficulty with the convective regions is the small scale of
the individual updrafts and downdrafts and the problems associated with sampling them, either
individually or as a group. The following subsections first summarize information available on
the structure and intensities of the the individual updrafts and downdrafts in MCSs then
examine results that diagnose the mean vertical motions in regions of MCSs containing
ensembles of drafts.

4.2.1 Individual updrafts and downdrafts
The scales and intensities of convective updrafts and downdrafts in oceanic tropical MCSs

were investigated by LeMone and Zipser (1980). Using GATE aircraft measurements of w,
they derived statistics of vertical velocity "cores," which were defined to exist wherever w > 1
m/s continuously over a horizontal flight track segment > 500 m in length. The diameters and
mean and maximum velocities of the cores are indicated as functions of height in Fig. 19. The
cores were nearly all < 2 km in diameter at all altitudes, and their peak intensities
(lwmax|)tended to be < 8 m/s for updrafts and < 5 m/s for downdrafts. Zipser and LeMone
(1980) compared their results with data from the Thunderstorm Project (Byers and Braham,
1949) and found that the GATE updrafts and downdrafts were about a factor of two less than

those of the midlatitude and subtropical continental storms investigated in the Thunderstorm
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Figure 19 Aircraft observed properties of convective updrafts and downdrafts in oceanic tropical convection in
GATE. Variation with altitude of median (50%) and 10 % level (stronger than 90 % of the population)
updraft and downdraft cores, with respect to core diameter, mean vertical velocity of cores, maximum 1 s
vertical velocity within core, and core mass flux. From LeMone and Zipser (1980).
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Project. Jorgensen et al. (1985) further showed that the peak draft intensities in cores in
hurricanes were similar to those in the GATE MCSs examined by LeMone and Zipser.
Questions remain regarding whether the GATE flights sampled the most intense convection
that occurs within oceanic tropical MCSs, whether the flight-level data examined by Jorgensen
et al. were representative of the most intense vertical motions in hurricanes and whether drafts
in the air-mass storms studied in the Thunderstorm Project are similar to the drafts in larger
midlatitude MCSs. However, these results are presently the best available statistical indicators
of the scales and intensities of the individual drafts.

Prior to the writing of Houze (1982), it was thought that the convective downdrafts were
primarily located in the lower troposphere and were the result of precipitation loading and
evaporation into dry environmental air entrained at low to middle levels. However, upper-level
downdrafts adjacent to the upper portions of intense convective updrafts have now been found
in midlatitude squall lines by Heymsfield and Schotz (1985) and Smull and Houze (1987).
Recently, these upper-level downdrafts have been documented in several midlatitude MCSs in
the PRE-STORM program. An example dual-Doppler radar data analysis showing a vertical
motion pattern typical of the convective regions of these MCSs is shown in Fig. 20. The
system was moving from left to right in this cross section. A reflectivity core in the squall line
is seen at x = 20 km. Three major updraft peaks are seen at progressively higher altitudes at x
=30, 20 and 13 km. A low-level downdraft is seen at x = 17 km. Upper-level downdrafts
located between the updrafts are seen above the 8 km level at x = 18 and 21, immediately ahead
of and behind the intense reflectivity cell.

4.2.2 A midlatitude continental case

A midlatitude MCS for which estimates of the mean vertical velocity in the convective region
are available is the 22 May 1976 Oklahoma squall line, whose stratiform-region w profiles
were illustrated in Fig. 18a. The convective-region w profile in this storm (Fig. 21) was
diagnosed from rawinsonde data by Ogura and Liou (1980, curve OL) and from dual-Doppler
radar data by Smull and Houze (1987, curve SH). The two curves exhibit similar shapes,
particulary the sharp peak at about 3 km altitude. However, the maximum value (0.3-0.5 m/s)
is considerably less that the typical peak values seen in individual drafts (e.g., Figs. 19 and
20). Although these two estimates are in reasonable agreement, they both may be
underestimates. The Smull and Houze curve was computed for a portion of the region of radar
reflectivity (i.e., precipitation) that had convective structure. Convective drafts that existed in
developing clouds ahead of the band of precipitation were thus not included in the average.
The updrafts in the developing clouds were likely quite intense, and their inclusion would
probably have increased the areal averaged w. The Ogura and Liou average was computed

from a time-space composite of rawinsonde data. The rawinsonde data had relatively low
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Figure 20 (a) Vertical velocities derived by dual-Doppler radar analysis for a representative cross section through
the convective region of the Kansas squall line of 11 June 1985 (see Fig. 13a). Contours in m/s. (b) Radar
reflectivity (dBZ) for same cross section.
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resolution in time and space (compared to the radar data) and the composite procedure has the
effect of smoothing the wind field.

4.2.3 Tropical oceanic and island cases
Composite analyses of ship rawinsondes and aircraft data taken in and near GATE squall line

systems were performed by Gamache and Houze (1982,1985) and Houze and Rappaport
(1984). The stratiform-region w profiles for these two storms were shown in Fig. 16. The
convective-region profiles are shown in Fig. 22. For the Gamache and Houze case (12
September 1974) three curves are shown. The GH82 AVE curve was derived from hand
analyzed data for a 1.5 x 104 km2 area containing the convective region. This region was
considerably larger than the area of convective precipitation and was based on only eight levels
of data. The GH82 PEAK curve was obtained from a contour analysis of the data at the
location of the maximum w (a = 25 km, b = -25 km in Fig. 15 of Gamache and Houze, 1982).
The GHB85 curve was obtained in a reanalysis of the composite wind field in the 12 September
1974 storm. The vertical resolution was improved, but the objective analysis of the composite
fields evidently produced more smearing in the horizontal than did the hand analysis. The
curve shown is an average for the same region as the GH82 AVE curve; however, lower
values of w (by about a factor of three) were obtained for the GHS5 curve.

The curve for the Houze-Rappaport case (28 June 1974) is indicated HR84 in Fig. 22. It was
derived from hand analysis of composite wind data at five levels. The composite procedure
and the low time and space resolution of the data probably both contributed to lowering the
magnitude of the average w in the convective region. The curve obtained, however, is highly
consistent with the GH82 and GH85 curves and with the profiles for the midlatitude case in
Fig. 21. The shapes of the GH85 and HR84 curves are remarkably similar.

Also shown in Fig. 22 are mean convective region vertical motion profiles obtained by Balsley
et al. (1987) by averaging the Pohnpei profiler data for all the heavy rain occurrences in a two-
year period. Two categories of heavy rain occurrences were considered: those in which
hourly rain accumulations exceeded 12.5 and 25 cm. The B>12 and B>25 curves in Fig. 22
show the average profiles for these two rainfall thresholds. The magnitudes of the peak values
of mean w in these profiles are 1 m/s for the 12.5 cm rain threshold and 1.8 mv/s for the 25 cm
threshold. Strong maxima of w are indicated in the high troposphere; both the magnitudes and
the shapes of the profiles of w differ strongly from the GATE cases in Fig. 22 and the
midlatitude case in Fig. 21.

As noted above, the lower magnitudes of the GATE squall-line convective-region w profiles in
Fig. 22 (GH82, GH35 and HR84) and the Ogura-Liou (1980) midlatitude squall-line profile in
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Figure 21 Convective-region vertical velocity profiles for the Oklahoma squall line of 22 May 1976. Curve

OL is from Fig. 16 of Ogura and Liou ( 1980); data are from their x = -22.5. Curve SH is from the dual-
Doppler radar analysis of Smull and Houze (1987).
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Figure 22 Convective-region vertical velocity profiles for tropical oceanic and island cases. Curve GHSS5 is
from Gamache and Houze's (1985) objective analysis of the composite sounding and aircraft wind data for
the 12 September 1974 GATE squall line. The GH82 AVE profile is Gamache and Houze's (1982) estimate
for the same region based on subjectively analysis maps of the same data. The GH82 PEAK curve shows
their analyzed values at the location of the maximum w (a = 25 km, b = -25 km in Fig. 15 of Gamache and
Houze, 1982). Curve HR84 is from Houze and Rappaport's (1984) composite sounding and aircraft wind
analysis of the 28 June 1974 GATE squall line. The curves labelled B>12.5 and B>25 are from Balsely et
al. (1987); they are the average profiler-detected vertical velocities for a two-year period at Pohnpei island in
the western Pacific.
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Fig. 21 probably were a result of smearing inherent in the composite procedure and low time
and space resolution of the sounding and aircraft wind data. There is, however, no reason to
expect that the shapes of these profiles were biased with respect to the shape of the vertical
profile. None of these studies indicates that the mean vertical velocity profile in the convective
regions of MCSs has a strong maximum at very high levels, although the GH85 and HR
curves do indicate a maximum at about 8 km. The strong upper tropospheric maximum seen at
12-14 km in the Pohnpei profiler results (B>12 and B>25 curves) is thus quite different than
-the others, and this difference requires explanation. The convection in the western Pacific may
differ meteorologically from that in the eastern Atlantic, where the GATE data were obtained;
the thermodynamic structure of the environment is somewhat more unstable in the western
Pacific (Thompson ez al., 1979). However, the low-level convective heating maximum found
by Johnson (1984) for the western Pacific (Sec. 2.2, Fig. 7) argues against an upper-level
vertical velocity maximum. (Pohnpei is in the same region as that studied by Johnson, 1984.)
It is possible that the sampling by the Pohnpei profiler was biased in some subtle way toward
periods when velocities were maximum at upper levels. To reconcile the results of the Balsley
et al. profiler data with the other observational studies of vertical motions in convective regions
of MCSs, future studies in which profilers are colocated with precipitation radars, which will
provide a mesoscale horizontal context for the profiler time series, might help the interpretation
of the profiler data.

The mean profiles of w in convective regions of MCSs represent the net result of all the
upward and downward motions at any level. The absence of an upper-level peak in the profile
of the average w in the convective regions of both the GATE squall-lines (Fig. 22) and the
midlatitude squall line (Fig. 21) may have been the result of the presence of upper-level
convective downdrafts in the convective regions of these MCSs (Fig. 20). The partial
cancellation of the updraft motion by the downdrafts would have reduced the average w at
upper levels. Individual time sections of the Pohnpei profiler data show occasional upper-level
downdrafts (Balsley, personal communication). However, the strong upper-level maximum of
average w in the Pohnpei profiler data for heavy rain periods (Fig. 22) indicates that updrafts
were observed much more than downdrafts at upper levels. The preference for updrafts could
be related to some bias in the sampling. For example, the complex orography of the island of
Pohnpei, which has several mountains of 600-800 m in height, may have produced a vertical
motion regime in which the upper-level updrafts were favored over the upper-level
downdrafts.

Despite the diversity of convective-region vertical velocity profiles seen in Figs. 21 and 22, all

of the results suggest that the mean vertical motion at the 2-4 km levels is in the range 0.1-0.6

m/s. However, the magnitudes of the velocities and shapes of the profile above those levels is
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widely disparate among the various studies and remains to be resolved. Some of the
disagreement in velocity profiles at upper levels is eased by the fact that the density of air and
water vapor mixing ratio are smaller at upper levels. Consequently, the differences in mass
transport and condensation are not as drastic as the differences in w. However, the differences
in w seen at upper levels in Figs. 21 and 22 are nevertheless great enough that significant
differences in mass flux and condensation are produced. The effects of these differences on
diabatic heating profiles are seen in the next section.

4.3 Consistency of observed vertical velocity profiles with large-scale heating profiles of

the conceptual model MCS
The conceptual model heating rates of Houze (1982) shown in Fig. 1 were calculated for a

large-scale region over which an average of 3 cm/d of rain was falling. The magnitude of the
vertical velocities used in Houze's (1982) calculations were directly proportional to this
assumed rainfall rate. This amount of rain would, however, only occur only in a very
disturbed situation. When Johnson (1984) reassessed the western Pacific heating profile of
Yanai et al. (1973), he estimated that the average rain rate for typical disturbed conditions in the
region of the Intertropical Convergence Zone examined by Yanai et al. was 1.4 cm/d; however,
for simplicity, he normalized his results (such as those in Fig 7) to correspond to a 1 cm/d rain
rate. In this section, we adopt 1.4 cmn/d as a typical rain rate and renormalize both Johnson's
(1984) and Houze's (1982) results to a rain rate of 1.4 cm/d.

4.3.1 Stratiform-region heating profile

When the stratiform-region heating rates of Houze (1982) (Fig. 3b) and Johnson (1984) (Fig.
7) are normalized to a large-scale area rain rate of 1.4 cm/d, they have the values shown in Fig.
23 (curves H and J). This same comparison was shown in Fig. 6 by Johnson and Young
(1983) using a different normalization scheme. As before, excellent agreement is seen. It was
achieved primarily because the vertical motion profile diagnosed by Johnson (1982) from
Winter MONEX sounding data (Fig. 16) was consistent with the vertical velocity profile
assumed by Houze (1982) for the stratiform region.

The similarity of the other oceanic tropical mean stratiform-region vertical motion profiles
shown in Fig. 16 to that of the Johnson (1982) profile indicates that these profiles also produce
heating rates similar to the Houze (1982) heating profile. The HR profile shown in Fig. 23
illustrates this point. Since the mesoscale condensation and evaporation in the stratiform
region [term (iii) in Eq. (1)] dominate the diabatic heating in the stratiform region, this term can
alone can be used to estimate the stratiform-region heating profile. This term in the Houze
(1982) stratiform-region heating profile (Fig. 3b) was recomputed with Houze and
Rappaport's (1984) stratiform region vertical velocity profile (in Fig. 16) substituted for the
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vertical velocity profile used in Houze (1982). The result is the HR profile in Fig. 23. This
curve is very similar to the Houze (1982) and Johnson (1984) stratiform-region heating
profiles.

Figures 17 and 18 show that at specific locations in the stratiform regions of continental
tropical and midlatitude squall-line MCSs the vertical velocity is a factor of 2-4 greater than in
the average profiles for tropical oceanic and island sratiform areas (Fig. 16). The
corresponding difference in heating rate is illustrated in Fig. 24, where the Houze (1982)
stratiform-region heating profile is compared to a profile (labelled SH) given by term (iii) in
Eg. (1) recomputed by substitution the dual-Doppler radar vertical velocity profile obtained by
Smull and Houze (1987) in the stratiform region of a midlatitude squall-line MCS (curve SH2
in Fig. 18a) for the vertical velocity profile used in Houze (1982).

4.3.2 Convective-region heating profile
When the convective-region heating profiles of Houze (1982) and Johnson (1984) from Figs.

3a and 7 are normalized to a 1.4 cm/d rain rate and compared, the result in Fig. 25 is obtained.
The magnitude of the maximum heating rates are similar; however, the peak convective heating
is found at a lower altitude by Johnson(1984). As noted in Sec. 2.2, this difference in vertical
profile of heating may be associated with the inclusion of the effects of smaller cumulus in
Johnson's (1984) estimate but might also result from Houze's (1982) assumption of a weakly
entraining jet to represent the vertical velocity profile. Neither Johnson's (1984) nor Houze's
(1982) convective-region heating profiles are based on observations of convective-region
vertical velocities. The shape of Houze's (1982) w profile was assumed. Johnson's profile
was deduced as a residual from other observationally based profiles. His profile, however, is
probably the better estimate since he did not assume any profiles a priori.

Observations of winds in and near convective regions of squall-line MCSs were used by Smull
and Houze (1987), Houze and Rappaport (1984) and Gamache and Houze (1985) to obtain the
convective-region vertical velocity profiles labelled SH, HR84 and GHS85, respectively, in
Figs. 21 and 22. The convective region heating profile of Houze (1982) was recalculated by
substituting these heating profiles into term (ii) of Eq. (1) in place of the vertical velocity used
by Houze (1982) and using this term alone to estimate the total convective heating profile.
[This estimate could be in significant error if term (v) in Eq. (1) is more important than
previously thought as a result of the upper-level downdraft activity noted in Sec. 4.2.1.] The
recalculated profiles, labelled SH, HR and GH, are compared with Johnson's (1984) profile
(labelled J) in Fig. 26. All three of these observationally based profiles suggest a lower

tropospheric maximum of heating, similar to Johnson's (1984) profile.
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Figure 23 Mean heating rate in stratiform regions of mesoscale convective systems. Curve H shows
non-radiative heating rate computed by Houze (1982) normalized to a large-scale average rain rate of
1.4 cm/d. Curve J shows Johnson's (1984) mesoscale stratiform heating rate normalized to a large-
scale average rain rate of 1.4 cm/d. Curve HR is a recomputation of Houze's (1982) net stratiform-
region heating by condensation and evaporation with Houze and Rappaport's (1984) diagnosed
stratiform-region vertical motion (curve HRSF in Fig. 16) substituted for Houze's (1982)
stratiform-region vertical motion estimate based on rain amount and a simple cumulus model.
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Figure 24 Comparison of Houze's (1982) mean stratiform-region heating rate (curve H) with the heating rate in
a small s_ubrgglon of the stratiform region of the midlatitude squall-line system( curve SH). Curve H is the
same as in Fig. 23. Curve SH is from the dual-Doppler radar analysis of Smull and Houze (1987).
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Figure 25 Indirect estimates of heating rate in convective regions of mesoscale convective systems. Curve H
shows heating rate estimated by Houze (1982) using rain amount and a simple cumulus model. His values
are normalized to a large-scale average rain rate of 1.4 cm/d. Curve J shows Johnson's (1984) convective
heating rate obtained as a residual of total heating inferred from large-scale sounding data and stratiform
region heating profiles. His values are also normalized to a large-scale average rain rate of 1.4 cm/d.
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Figure 26 Johnson's (1984) indirect estimate of the convective heating rate (curve J, same as in Fig. 25)
compared with heating rates computed from three different observed convective-region vertical motion
profiles. Profile SH is a recomputation of Houze's (1982) net convective region heating by condensation
and evaporation with Smull and Houze's (1987) convective-region vertical motion profile derived from dual-
Doppler radar analysis (Fig. 21) substituted for Houze's (1982) convective-region vertical motion estimate
based on rain amount and a simple cumulus model. Profiles GH and HR are similar recomputations using
Houze and Rappaport's (1984) diagnosed convective-region vertical motion (curve HR84 in Fig. 22) and
Gamache and Houze's (1985) diagnosed convective-region vertical motion (curve GH85 in Fig. 22).
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As noted in Sec. 4.2.3, the tropical island data of Balsley ez al. (1987) are characterized by a
strong upper-level maximum of average vertical velocity in intense rain situations. To examine
the implications of their profile for large-scale heating, term (v) in Eq. (1) has been
recomputed using their extreme profile (curve B>25 in Fig. 22) in place of the vertical velocity
used by Houze (1982). The result is shown in Fig. 27 in comparison to the convective-region
curve of Houze (1982) (normalized to a rain rate of 1.4 cm/d). The shape of the curve is
startling similar to the Houze (1982) curve. However, the significance and interpretation of
this result are not clear. The shape of the Houze (1982) curve was based on the assumption of
a weakly entraining jet model. The Johnson (1984) profile and the three observationally based
profiles in Fig. 26, which involve no such assumption, all suggest a lower tropospheric
profile. As noted in Sec. 4.2.3, a major remaining problem is to explain the difference
between the results from the tropical island profiler data and the other studies of convective air
motions in MCSs.

5. CONCLUSIONS
During the last five years, the conceptual model of an MCS presented by Houze (1982) has

been confirmed and refined. As he proposed, the mesoscale convective systems responsible
for most tropical rainfall exhibit a structure in which regions of deep convection are
accompanied by mesoscale stratiform precipitation areas. The stratiform cloud is based in the
mid-troposphere and contains a mesoscale updraft, while mesoscale subsidence occurs below
the cloud base. Ice particles detrained or left aloft by the deep convective towers seed the
stratiform cloud and grow through deposition of water vapor condensed in the mesoscale
updraft. The ice particles melt into raindrops that partially evaporate in the region of
subsidence below the stratiform cloud base.

‘This type of precipitation structure is also seen in the MCSs that produce much of the warm
season rainfall over the continental U.S. and in hurricanes, which account for a significant
proportion of tropical rainfall.

The horizontal configurations and arrangements of the convective and stratiform precipitation
areas vary. However, large areas of stratiform rain are typically found adjacent to convective

areas, and vertical cross sections similar to Fig. 2 apply.

The net heating of the large-scale environment by an MCS is the combined effect of the heating
by the convective and stratiform components of the system. Houze (1982) demonstrated that
this heating is determined primarily by the condensation and evaporation associated with the
vertical air motions in the convective and stratiform regions. Melting of snow in the stratiform

region and radiative flux convergence also contribute significantly to the net heating but are not
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Figure 27 Comparison of Houze's (1982) estimate of convective heating rate (curve H, same as in Fig. 25) with
heating rate computed from the profiler-observed vertical motion of Balsley et al. (1987) for heavy rain
conditions on Pohnpei (rain rates over 25 mm/h). Profile B>25 is computed the same way as are profiles
SH, GH and HR in Fig. 26, except that curve B>25 in Fig. 22 is the one substituted for Houze's (1982)
convective-region vertical motion estimate based on rain amount and a simple cumulus model.
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dealt with in this paper. Recent observational evidence on the vertical profiles of vertical
motion in the convective and stratiform regions of MCSs have been reviewed here to determine
their consistency or otherwise with the convective and stratiform heating profiles hypothesized
by Houze (1982).

Data on vertical motion profiles in the stratiform regions of oceanic tropical, tropical island,
continental tropical and midlatitude continental MCSs all agree rather well with the stratiform-
region w profiles assumed by Houze (1982). Upward motion, with a maximum of 10-50
cm/s, occurs in the upper troposphere. Mesoscale subsidence of similar intensity occurs in the
lower troposphere. The level of zero vertical air motion, assumed by Houze (1982) to occur at
the 0°C level, actually occurs at or slightly above the 0°C level. The height of the w = 0 level
can vary within a single storm from O to 2 km above the 0°C level. This height is determined,
at least in some cases, by the depth of dry air layers that flow into the stratiform region. Thus
the depth of the subsidence layer in the stratiform region appears actually to be greater than
assumed in Houze (1982). Since this subsidence constitutes the evaporational cooling layer of
the stratiform region, which reduces the net heating of the large-scale environment by the MCS
at lower levels (Figs. 3b and 5), it appears that this reduction of the net heating occurs through
a slightly deeper layer than previously thought.

Data on vertical motion profiles in the convective regions of MCSs show more variation from
study to study than do the observations of stratiform-region vertical motions. It is difficult to
determine whether the differences in estimates are meteorological, arise from different types of
observations, are caused by different analysis methods or are the result of different sampling
strategies. All of the results suggest that the mean vertical motion at the 2-4 km level is 0.1-0.5
m/s in convective regions. However, in the upper troposphere there is considerable
disagreement in both magnitude and vertical profile among the various estimates. In future
observational studies, particular attention should be paid to clarifying the magnitude and
vertical distribution of mean vertical velocity in convective regions of MCSs.

Recent Doppler-radar studies have shown the presence of upper-level convective downdrafts in
the convective regions of MCSs. Future studies should also assess the impact of these
downdrafts on the profiles of mean w in convective regions and on the eddy flux convergence
[term (v) in (1)]. Owing to these downdrafts, this term may be larger in the upper troposphere
than thought at the time of writing of the Houze (1982) paper.

The various data on vertical motion profiles have been examined for their consistency with the

hypothesized heating profiles of Houze (1982). The mean stratiform-region vertical velocity

profiles observed in tropical oceanic and island cloud systems consistently produce heating
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profiles very similar to the the stratiform-region profile estimated by Houze (1982): heating at
upper levels and cooling at lower levels, where the mesoscale subsidence occurs. However, a
dichotomy of results has emerged for the convective regions. Most observational studies
indicate a maximum of convective heating in the low troposphere. Having no observational
guidance regarding convective region vertical velocity profiles, Houze (1982) assumed the
vertical velocity profile of a weakly entraining plume, which produces a maximum of heating
in the middle troposphere. This assumption would have to be discarded entirely in favor of the
observational studies that are characterized by a lower tropospheric maximum of heating,
except that a second type of observational result has recently been obtained by Balsley ez al.
(1987). Their data suggest a midtropospheric heating maximum that bears an uncanny
resemblance to that produced by the weakly entraining plume. Thus, work remains to
determine whether convective-region heating profiles are characterized by a low or middle

tropospheric maximum or whether the profile varies from one situation to another.
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