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ABSTRACT

A squall-line cloud cluster observed in the Global Atmospheric Research Program’s Atlantic Tropical
Experiment (GATE) is studied as an example of a mesoscale convective system in the tropics. The system
is divided into convective and stratiform regions. Composite wind, vertical motion, humidity, radar and
satellite data fields have been derived for the system and are used to calculate the components of the water
budgets of each region. Particular attention is devoted to understanding the sources of condensate for the
stratiform region. The mesoscale updraft in the stratiform cloud accounts for 25-40% of the condensate
making up the stratiform cloud, while the remaining 60-75% is supplied by horizontal transfer to the
stratiform region of condensate generated in the cumulonimbus towers of the convective region.

1. Introduction

Most of the precipitation in the tropics, and in
- many mid-latitude locations during the warm season,
falls in mesoscale convective systems which contain
both deep convective and stratiform clouds and pre-
cipitation. A mesoscale convective system is typically
identified in satellite imagery by a large cirrus shield
(~200-1000 km). In the tropics these systems are
referred to as cloud clusters (Martin and Suomi, 1972;
Frank, 1970) and in the mid-latitudes as mesoscale
convective complexes (Maddox, 1980). The structure
of cloud clusters has been discussed in detail by
Houze and Betts (1981) and Houze (1982), while
Maddox (1981) has given a detailed description of the
composite structure of mesoscale convective com-
plexes. Houze and Hobbs (1982) have noted apparent
similarities in the structures of cloud clusters and
mesoscale convective complexes. To the extent that
mesoscale convective systems are similar in the trop-
ics and mid-latitudes, what is learned about either
type of system will contribute to the general knowl-
edge of mesoscale convective systems. In this study,
a tropical cloud cluster is examined.

As a result of the observations and analyses of the
Global Atmospheric Research Program’s Atlantic
Tropical Experiment (GATE) and Monsoon Exper-

-iment (MONEX), a conceptual model for a tropical
cloud cluster has been developed. Houze and Betts
(1981) discussed this model in detail and various as-
pects of its horizontal and vertical air motion field
were confirmed by Gamache and Houze (1982; here-
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after referred to as GH). A schematic of the model
is shown in Fig. 1. The schematic can be interpreted .

- as representing either the mature cluster or its time-

averaged structure. The left portion of the schematic
represents the portion of the cluster occupied by cu-
mulonimbus clouds. This region is called the con-
vective region. In the convective region, water and
ice are condensed (C,) in convective updrafts which
carry warm moist high-6, air from the boundary layer
to the upper troposphere. Much of the condensate
(C,) falis out of the updrafts and either evaporates
(E.») in the nearly saturated convective downdrafts
or reaches the surface as heavy convective rain (R,).
The rest of the condensate is eventually detrained
from the updrafts. It then either evaporates into the
environment of the cumulonimbi (E,,.) or is carried
unevaporated (C,) into the mesoscale stratiform
cloud adjacent to the convection. The stratiform re-
gion is represented by the right-hand portion of the
schematic shown in Fig. 1. Mesoscale quiescent as-
cent present within the stratiform cloud produces
condensate (C,,,), which can either fall from the strat-
iform cloud or be advected out of the cloud cluster
where it is evaporated in the environment (E,,.). The
condensate that falls from the stratiform cloud either
reaches the surface as relatively light, steady strati-
form rain (R,,) or evaporates (E,,;) in unsaturated air
in the mesoscale downdraft below. Concentrated
melting of the precipitation occurs in a layer of air
just below the 0°C level. Melting and evaporation
cool the air and help to maintain the mesoscale down-
draft.

Following Houze et al. (1980), we express the water
budget depicted in Fig. 1 in two equations, one for
the convective region,
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FIG. 1. Schematic diagram of the squall-system water budget.
The squall-line and stratiform-cloud water budgets are depicted in
the left and right portions, respectively, of the figure. The water
budget parameters C,,, E.4, E., C4, Re, Cous Emas Eme and R, are
defined and discussed in Section ! and used in Egs. (1) and (2).

R =C,—Ey— E,.— Cy, )
. and the other for the stratiform region,
= Cpu — = Epe + C4. 2

Leary a;ld Houze (1980; hereafter referred to as LH) .

"and Houze and Cheng (1981) used the above for-

. mulation to study the mass, moisture, and sensible

heat fluxes associated with cloud clusters observed in
GATE. They used simple models of the vertical mo-
tions and thermodynamic structures of the convec-
tive and mesoscale updrafts and downdrafts to relate
the terms in (1) and (2) to the mass fluxes necessary
to produce the values of those terms. Leary and
Houze considered three hypothetical cases. In case
A, it was assumed that neither mesoscale updraft nor
downdraft existed within the mesoscale cloud system
(ie., Cpu = E,.y = 0). In case B, a mesoscale down-
draft was assumed to exist, but with no mesoscale
updraft (C,,, = 0, E,,; > 0), while in case C both
mesoscale updraft and mesoscalé downdraft were as-
sumed to exist (Cy,..., Enq> 0). Because of the different
natures of the vertical motion and thermodynamic

" profiles in the convective and stratiform clouds, sig-

nificantly different mass and heat fluxes were ob-
tained for a cloud cluster, depending upon which
hypothetical case was assumed.

Leary and Houze considered hypothetical cases
since they were unable to determine directly several
of the terms in (1) and (2) (specifically C,,..,, E e, Ema,
E,., and C,) because they did not have adequate data
on the mesoscale available to them. However, such
a data set has now been developed in the form of a
composite analysis by GH. By locating wind and ra-
dar data obtained at several observation times in a
coordinate system moving with a squall line (the 12

- September 1974 squall line over the GATE ship ar-

ray), GH were able to deduce the mesoscale air mo- -

tions associated with the convective and stratiform
regions of the squall system. In this study, we extend
the composite analysis of GH and use it to determine
a water budget based upon observations. The terms
in (1) and (2) are determined empirically from the
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composite data fields and compared to the hypo-
thetical budget values considered by LH.

2. The composite coordinate system and its use in
this study

Gamache and Houze used radar data to determine
a coordinate system moving with the leading edge of
the squall line (see Fig. 2 of GH and associated dis-
cussion). Radar data for each individual observation
time were then analyzed to determine which radar
echoes were convective-scale echoes and which were
stratiform echoes, and this information was then
transferred into the moving coordinate system to de-
termine the extent and frequency of convective and
stratiform precipitation within that system (the spe-
cific criteria for determining whether a particular
echo was convective or stratiform was discussed by
GH and the results are shown in Figs. 4a and b of
GH). Fig. 2 shows the sizes and relative locations of
the regions whch GH determined to be stratiform and
convective. The smaller box is the convective or
“squall-line” region, while the larger box is the strat-
iform or “anvil” region. The cross represents the or-
igin of the coordinate system attached to the moving
squall line. The a-axis is parallel to the direction of
motion of the squall line, which moved from 37° east
of north, while the §-axis is perpendicular to the a-
axis and represents roughly an axis parallel to the
leading edge of the squall line. Henceforth, when re-
ferring to the a—-B coordinate system, forward will
mean the direction of motion of the squall line (neg-
ative « direction), and rearward will mean the op-
posite direction (positive « direction). Left will mean
the negative g direction, and right will mean the pos-
itive 8 direction.

Gamache and Houze transferred wind data from
various observation times into the a-8 coordinate
system and from these data determined mesoscale air
motions associated with the squall system. We use
the mesoscale air motions determined by GH and
extend the analysis by plotting and analyzing the hu-
midity, temperature, satellite-derived cloud bright-
ness, and radar-derived precipitation rates in the a-
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FIG. 2. The corhposite convective and stratiform regions
as located in the a-8 composite coordinate system
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FI1G. 3. Composite surface rainfall for the convective and stratiform regions as determined from
hourly radar observations. Contours indicate the surface rainfall rate in mm h™'.

B coordinate system. The composite mesoscale mo-
tion fields of GH, the humidity fields, and the surface
radar rainfall data are then used to determine the
values of all the terms in (1) and (2) except C,, which
is determined as a residual. Since C, appears in both
(1) and (2), two estimates of C, are obtained and
compared. The values of the terms in (1) and (2) are
then compared to the hypothetical budget values con-
sidered by LH.

3. Data
a. Radar

In addition to the use of radar data by GH to de-
termine the squall-line a—f coordinate system and to
identify the convective and stratiform regions, we
have used the radar reflectivity data to construct a
composite surface-rainfall field by locating radar-de-
termined rainfall rates at each hour from 1300 to
1800 GMT (when the squall line was detectable with
the Oceanographer and Researcher shipboard radars)
with respect to the a—f8 coordinate system and then
finding the mean field of rainfall rate over the whole
time period. The resulting composite surface-rainfall
field is shown in Fig. 3.

The hybrid digital form of the Oceanographer and
Researcher radar data? was used. These data are deci-
bel values of the average radar reflectivity factor in
4 km X 4 km squares located within the range of
each radar. Hudlow et al. (1979) discussed the bias
associated with the data of each radar, when com-
pared with raingages and other radars. They found
that a correction of 2.75 dB(Z) and 2.25 db(Z) for
the Oceanographer and Researcher radars, respec-

2 Data sets No. 3.36.02.103 and 3.36.02.104, GATE Data Cat-
alog, National Climatic Center, Asheville, North Carolina 28801.

tively, greatly reduced the discrepancies among the
radar and raingage observations. They also noted the
need to correct for attenuation by atmospheric oxy-
gen and water vapor. Although this correction is ac-
tually range dependent, we simplified the procedure
by adding 1.5 dB(Z) to all the data (equal to a cor-
rection for attenuation at 70 km in range). Then, the
corrections were 3.75 dB(Z) for the Researcher and
4.25 dB(Z) for the Oceanographer radar. To calculate
the rainfall rate R (mm h™!) from the corrected radar
reflectivity factor Z (mm® m™3), we used the rela-

tionship
Z = 230R'», 3)

This relation was used by Hudlow et al. and is not
significantly different from the refined Z-R relation-
ship reported by Austin and Geotis (1979).

To determine the composite surface rainfall field
shown in Fig. 3 the region was divided into 25 km
X 25 km boxes. The values of rainfall rate in Fig. 3,
particularly those in the convective region, are 25 km
square averages and therefore do not reflect the real
maxima in precipitation rate (~100 mm h™!). The
rainfall rates observed by both radars for each hour
from 1300 to 1800 GMT in each 25 km X 25 km
box were compared and the larger rate for that hour
was accepted as the rainfall rate for that box. Assum-
ing that beam geometry and attenuation may lead to
underestimates of true rainfall rates, we choose the
larger rainfall rate as the best estimate for any given
situation. Since the squall line was travelling away
from the Oceanographer and toward the Researcher
during most of the period of the composite analysis,
the Researcher rainfall estimates were usually higher
for the leading squall line, while the Oceanographer
rainfall estimates were usually higher for the trailing
stratiform region.

To determine R, and R,,, the rainfall-rate fields
shown in Fig. 3 for the convective and stratiform
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regions were integrated over the areas of each region
and these integrations were multiplied by 9 h, the
period of time analyzed. The values determined. for
R. and R,, were 7.2 X 10" kg and 6.9 X 10" kg,
respectively. An alternative method would have been
to sum all the rainfall associated with echoes deter-
mined to be either convective or stratiform at each
observation time over the whole time period that ra-
dar data was transferred to the a—3 coordinate system,
regardless of whether the particular echoes were ac-
tually located within the rectangular convective or
stratiform regions as displayed in Fig. 2 (see Figs. 4a
and 4b of GH to see how convective precipitation at
one time overlapped with stratiform precipitation at
another time within the composite coordinate sys-
tem). Although this method would have been more
accurate in determining the actual amounts of R, and
R,,, it would have been more time consuming and
the values for R, and R, would have been inconsis-
tent with the time and area integrals of the composite
rainfall fields for each region in Fig. 3. However, we
do not believe the resulting values of R, and R,, would

be significantly different.
' The surface-rainfall field for the stratiform region
shown in Fig. 3, displays a rainfall rate which varied
from 0.03 mm h™! near 8 = 75 km and « = 225 km
to 8 mm h™! at 8 = 40 km and « = 50 km. The
average rainfall rate in the stratiform region was 2.6
mm h™}. Vertical cross sections of radar reflectivity,
obtained at individual times during the period of the
composite analysis and cutting through the local pre-
cipitation maximum centered at § = 40 km and «
= 150 km (rainfall rate of 6 mm h™'), show a well-
defined radar bright band (owing to melting in a
broad shallow layer), which is strong evidence that
stratiform precipitation was present. The 8 mm h™!
maximum and 6 mm h™! local maximum were both
part of a band associated with and stretching rearward
from intense convection located at or to the near left
of the intersection of the squall line with a nearly
perpendicular line of strong convection ahead of the
squall line (see Fig. 3b of Shupiatsky et al., 1976; Fig.
5a of GH). The 8 mm h™! peak at the leading edge
of the stratiform region appears to have been asso-
ciated with convective cells near this intersection
which were in the process.of merging into the strat-
iform rain shield. The remainder of the band of max-
imum rainfall rate was probably due to the advection
rearward by the relative winds from 200 to 650 mb
(see Figs. 7-10 of GH) of hydrometeors produced in
the intense convection near the intersection of the
squall line with the convective line. As they drifted
downward, the cloud and precipitation ice particles
ejected from this particularly vigorous convection
probably grew in the strong mesoscale updraft in the
forward part of the stratiform region (see Fig. 15 of
GH) and fell out along the band of maximum rainfall.

The local maximum of precipitation in the center
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of the stratiform region roughly coincided with the
independently determined region of greatest surface
divergence (Fig. 5¢ of GH) and the region of maxi-
mum evaporation (Fig. 11 of this article; see Section
5a), and was near the region of maximum mesoscale
downdraft vertical velocity. This collocation agrees
with the results of Zipser (1969) and Brown (1979),
who described observational and modeling evidence
that the mesoscale downdraft is maintained by cool-

 ing associated with evaporation of the stratiform rain.

b. Satellite imagery

Infrared satellite data in the form of contoured
black-body radiative temperatures were used to de-
rive the composite analysis of cloud-top temperature
shown in Fig. 4. These contour plots were constructed
from the gridded satellite data of Smith ez al. (1979).
Data available between 0900 and 1800 GMT were
transferred into the coordinate system using the
method of GH and the mean values over the com-

" posite period are shown in Fig. 4.

In most aspects, the composite satellite tempera-
ture field is consistent with the composite rainfall,
vertical motion, and horizontal wind fields. It shows
that there was a strong gradient from front to back
in the convective region, since most of the convection
occurred in the rear half of the region. Time was
required for the convective cloud tops to spread out
and fill in the spaces between the clouds, and in that
time the relative motions carried cloud-top material
toward the rear of the convective region where the
minimum cloud-top temperature was 217 K corre-
sponding to 12 km or 200 mb. The line of minimum
cloud-top temperatures extended toward increasing
B with increasing « and was located to the right of
the secondary maximum in surface-rainfall’ rate.
These patterns are consistent with the relative winds
at 300 and 200 mb (see Figs. 9b and 10b, respectively,
of GH), which evidently advected cloud ice rearward
and to the right, while heavier ice particles fell out
as precipitation.

Cloud-top temperatures increased from lower val-
ues at large 8 to higher values at low 8, both in the
convective and stratiform regions. This gradient of
cloud-top height is in agreement with radar vertical
cross sections which show that the southeastern por-
tion of the squall line (lower 8) was occupied by con-
vection whose radar-echo tops were at only 4-5 km,
much lower than the values for the center and north-
western parts of the squall line, where the tops ranged
up to 16 km. In the left portion of the stratiform
region, the lower cloud tops appear to be somewhat
inconsistent with the vertical motion cross section
(see Fig. 6 below) which shows vigorous upward mo-
tion to the rear at the 300 mb level. However, the
vertical motions in the left portion of the composite
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FIG. 4. Composite satellite-derived cloud-top temperatures. Contours indicate the blackbody
infrared radiative temperatures (k) of clouds as observed by satellite.

analysis are more uncertain as a result of sparse wind
data in that area.

¢. Horizontal wind fields

Rawinsonde and aircraft winds were the main data
sources for GH and are discussed in that article. Ga-
mache and Houze constructed composite charts of
wind data for the 9 h period from 0900 to 1800 GMT.
The composite analyses were based on 150 surface
observations, 50 rawinsondes and flight track winds
from 3 aircraft. There were only 28 rawinsonde ob-
servations at 300 mb due to the truncation of some
soundings at lower levels. Above the surface at levels
without aircraft data the resolution of wind data in
the squall system was between 50 and 100 km. The
analyses of GH are used in this study to help deter-
mine E, E,., C,.,, and E,, ;.

d. Vertical motions

Divergence fields were calculated by GH from their
composite wind charts at all analyzed levels, and av-
erage values of divergence for the convective and
stratiform regions were also determined. The vertical

motions given in GH have been recomputed using

a cubic-spline fitting of the divergence instead of a
least-squares polynomial fit. This procedure was
found to decrease somewhat the value of vertical
motion at cloud top. Mass balancing to obtain cor-
rected vertical motions followed the same procedure
as in GH. Results for the vertical profiles of vertical
motion in the squall-line updrafts and downdrafts
and the mesoscale updraft and downdraft associated
with the stratiform cloud and precipitation are shown
in Fig. 5. As will be described in Section 4, these
region-average vertical motions will be used, together
with vertical cross sections of the vertical motion, to

determine the values of the water budget terms C,,,,
Emda Clu and Ecd-

In GH the vertical cross sections of vertical motion
shown in Fig. 15 of that paper were inadvertently

.described as including divergence data at 900 mb and

960 mb. Actually, the divergences at these two levels
were only incorporated in the average profiles shown
in Figs. 12-14 of GH. For this paper, the vertical
cross sections have been recomputed using cubic
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FIG. 5. Area-averaged vertical motion for the convective and
stratiform regions given as pressure velocities. The solid curve in-
dicates the average motion for the stratiform region, the dashed
curve indicates the average motion in the convective region due
to upward motion in convective updrafts, and the dash-dot curve
indicates the average motion within the convective region due to
convective downdrafts.
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splines and including the divergence fields at 960 and
900 mb (Fig. 6). Owing to the much greater diver-
gence in the left half of the stratiform region at 960
and 900 mb and the lesser divergence or convergence
in the right half, the mesoscale downdraft intensity
was increased in the left half of the stratiform region
and decreased in the right half of the region (compare
Fig. 6 with Flg 16 of GH).
~ No attempt is made to account for enwronmental
downward motion within the convective region which
would be compensating the motion within the cu-
mulonimbus and which would be near enough to the
squall line for its effects to constitute a portion of the
vertical profile of divergence used to calculate mo-
tions in the convective region. It is assumed that all
environmental compensating downward motion oc-
curred outside the convective region. If such com-
pensating motion actually occurred within the con-
. vective region, the effect would probably not seriously
affect our results since compensating downward mo-
tion probably was confined mainly to the upper tro-
posphere (Fritsch and Chappel, 1980), where only a
- small portion of the total condensation occurred. In
the lower troposphere, net motion due to the sum-
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FIG. 6. Vertical cross sections of vertical motion. The contours
indicate the vertical motion, gwen as pressure velocity, in mb h™'.
Cross sections are dxsplayed in the a-p plane where @@= 75
(b) 25, and (c) -25 km,
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mation of all updrafts and downdrafts was smaller,
and less compensating motion is therefore expected.

e. Humidity

A composite humidity field has also been con-
structed in the a-@ coordinate system of GH. The
humidity and its horizontal and vertical gradients are
needed to compute C,, E.y, Cp, .Emg and E.. The
corrected humidity and temperature data derived and
used by Albright ef al. (1981) have been used in this
study. The temperature data are needed to determine
a value of saturation specific humidity within clouds,
which tended to appear unsaturated from rawinsonde
humidity data.

The data from each rawinsonde were averaged over
50 mb layers and then corrected. The correction for
each rawinsonde station (in this case research ships)
was constant over time, and different corrections were
applied to each ship in a manner required to produce
reasonable, coherent, three-dimensional mean fields
of temperature and humidity for phase III of GATE.

Two cases were assumed when deriving the hu-
midity fields within the stratiform region at 450 mb
and 300 mb, where cloud evidently existed according
to the composite satellite analysis (Fig. 4), the vertical
motion field (Fig. 6) and the conceptual model (Fig.

- 1). In case I, saturation at a value halfway between

ice and water saturation was assumed at 450 mb and
ice saturation was assumed at 300 mb. In case 11, the
observed values of humidity were used at all levels.
The concern associated with case II is that, at the
observed temperatures, humidities were below ice
saturation except toward the rear of the anvil region,
which implies that cloud should not have persisted
in the forward part of the stratiform region. This,
however, would not be consistent with the surface
rainfall pattern (Fig. 3) and the satellite composite
(Fig. 4) which show high cloud tops and continuous
surface rainfall in this region during the composite
period. However, the fact that the regions of higher
humidities tended to be correlated with the region of
greater vertical motion toward the rear indicates that
perhaps there was significant information in the fields
of observed humidity that was not present in the hu-
midity fields where saturation was assumed. There-
fore, both cases I and II were considered.

The levels for which humidity was analyzed were
the surface, 960, 900, 850, 750, 650, 450 and 300
mb. The humidity fields for these levels including
case | fields for 450 and 300 mb are shown in Fig.
7 a-h. The case II fields for 450 and 300 mb are
shown in Figs. 71, j.

At the surface (Fig. 7a), a minimum in specific
humidity within the stratiform region can be seen for
all values of 8 around « = 175 km. This pattern agrees
with Zipser’s (1977) observation that surface specific
humidity tends to reach its minimum several hours
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after squall line passage and lags the temperature in

recovering to ambient values. The gradient o
humidity from left to right was perhaps relat

‘

f specific
ed to the

somewhat greater rainfall rate and weaker mesoscale
downdraft in the right half of the region (Figs. 3
and 6).
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The humidity pattern for 960 mb (Fig. 7b) shows
a minimum in the left-center portion of the stratiform
region in association with the strongest downward
motion, which occurred in the foreward half of the
region from the surface to about 900 mb (Fig. 6). At
900, 850 and 750 mb (Figs. 7c-¢), humidity decreased
rapidly from the front to the rear, especially along the
border between the convective and stratiform regions.
In this area, the air was sinking in the mesoscale
downdraft rapidly enough to counteract the effects
- of evaporation of rainfall (Leary, 1980). At 650 mb
(Fig. 7f), this decrease was more gradual and farther
to the rear, probably since the mesoscale downdraft
was present at this level only toward the rear of the
system (Fig. 6).

From 960 mb to 750 mb, humidity was lower in
the middle of the stratiform region than on either the
left or the right side. At 960 and 900 mb, the humidity

was generally higher in the right half of the stratiform .

region, where the mesoscale downdraft was weaker,
while at the 850 mb level, humidity was lowest in the
center and increased approximately equally towards
both the left and right borders of the region. At 750
and 650 mb, the humidity was higher in the left half
of the region. This appears to have been associated
with the advection of high humidity air from the con-
vective region by the relative wind at the 750 and 650
mb levels (see Fig. 7b of GH). In the left half of the
squall line region, these were important cumulus out-
flow levels. Radar cross sections and the satellite com-
posite in Fig. 4 indicate that the convection was
capped at about 4-5 km (immediately above the 650
mb level). At this normally dry level, strong convec-
tive outflow resulting from the forced spreading and

detrainment of convective updrafts apparently in- -

creased the humidity at 650 mb, and advection by
the rearward relative flow accounted for the moist
tongue of air extending into the stratiform region.
At 450 and 300 mb, the humidity fields for case
I (Figs. 7g, h) were nearly constant, since they simply
reflected the temperature field. The case II fields (Figs.
7h, i) show increasing humidity toward the rear of
the stratiform region, and saturation only near the
rear; this situation was counter to the conceptual
model of a tropical cloud cluster (Fig. 1), in which
convective clouds blend in to the trailing stratiform
cloud with no break in saturated conditions. If large
quantities of water and ice (C,) and warm saturated
convective-updraft air were ejected from the convec-
tive cloud as this study suggests (Sec. Sb) and upward
motion existed near the front of the stratiform region,
as was found by GH, then saturation of the air flowing
through the convective region into the stratiform re-
gion should have occurred rapidly. It might be sug-
gested that one or more of the stratiform-region
soundings occurred outside of the stratiform cloud.
In Section 3 of GH, it is noted that the squall system
was not in an absolutely steady state, and from their
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Fig. 4, it is apparent that the precipitation coverage
was somewhat variable. However, the satellite data
(Fig. 3) indicate that, even though precipitation was
not reaching the ground over all the stratiform region
throughout the composite period, all soundings in the
stratiform region did ascend through the cloud shield.
The composite of infrared satellite temperatures
shown in Fig. 4 indicates that much of the cloud top
was at 200-250 mb throughout the stratiform region.
From the above information, we infer that case I,
with saturation in the upper troposphere throughout
the stratiform region, is probably the more realistic
case. A probable explanation for unsaturated condi-
tions being reported by rawinsonde is that errors oc-
curred because the instruments became wet in the
presence of cloud water, ice and saturated conditions.
This error might have been particularly large in the
forward part of the anvil region where vertical motion
fields indicate that the cloud was deeper than in the
rear part, so that the radiosonde was in cloud for an
extended period.

From the foregoing discussions, it is ev1dent that,
in general, the composite radar, satellite, wind and
humidity data fields constructed in GH and in -the
present paper for the GATE 12 September squall sys-
tem are physically consistent with each other. The
composite surface pressure field for this case has also
been constructed by Johnson and Nicholls (1982),
and it too is consistent with the other fields. This
overall consistency of the composite data set lends
confidence to the deductions we make from it in the
remainder of this paper.

4. Determination of condensation and evaporation
terms in the water budget equation

As noted in Section 3a, the convective and strati-
form precipitation amounts R, and R,, are deter-
mined from composite radar data. The term C, in
(1) and (2) is determined as a residual. The remainder
of the terms which represent various forms of con-
densation (C, and C,,,) and evaporation (E,4, E,.q4,
E., E,.), are determined, as explained below, from
the mesoscale composite wind, vertical motion and
humidity fields.

a. Condensation and evaporation in convective up-
drafts and downdrafis

In this section, we discuss the computation of the
total condensation C,,, and evaporation, E_;, in con-
vective updrafts and downdrafts, using vertical mo-
tion profiles derived from the composite vertical mo-
tion and humidity fields described in Sections 3d and
e, respectively. »

The values of humidity in the convective updrafts
and downdrafts are derived by first assuming that all
updrafts had the same thermodynamic and vertical
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motion profiles and all downdrafts also had the same
profiles. The value of 4., the moist static energy
within the draft, is determined for each pressure level
by methods outlined below. Then assuming satura-
tion,’ we determine the specific humidity in the draft
according to a Taylor series expansion of saturation
specific humidity in terms of temperature at constant
pressure [Eq. (13) of Houze et al. (1980)].

The value of 4, is determined under the assump-
tions that detrainment was zero at inflow levels and
entrainment was zero at outflow levels. Since only
entrainment can change /., the following equations
are used:

dh, _ 1 dw, dw,

o o p Bh >0 @)
oh, B, ’ |
=" o <0 (5)

where w, represents the vertical pressure-velocity of
either the convective updraft or downdraft, and 4 is
the moist static energy of the environment. Values
of / are assumed to be the average of three soundings
taken immediately in advance of the squall line. Rel-
ative winds indicate that the air sampled by these
soundings was drawn into squall line updrafts and
downdrafts. Egs. (4) and (5) represent conditions of
entrainment and detrainment, respectively. These
equations are integrated trapezoidally in 10 mb in-
tervals, beginning at the level of origin of either the
updraft (surface) or downdraft (650 mb). For sim-
plicity, the updrafts are assumed to have started at
the ocean surface. The initial values for 4, in the up-
draft and downdraft are the values of / at the surface
and 650 mb, respectively. Values of w, are obtained
from the convective updraft and downdraft profiles
of Fig. 5. Convergence in the squall-line region is
assumed to have been into the updrafts from the sur-
face to 900 mb, and convergence is assumed to have
fed convective downdrafts from 650 mb, the level of
squall-line region non-divergence, to 900 mb (see Sec.
6¢ of GH). The 900 and 650 mb levels are chosen on
the basis of the stability of the pre-squall soundings
mentioned above. All downdraft outflow is assumed
to have occurred below 900 mb. :
The result of integrating (4) is a nearly constant
value for moist static energy /4. in the updraft, equal
to the environmental value % at 900 mb (the inflow
layer from the surface to 900 mb is rather uniform
in A), since we assume no entrainment into the up-
draft above the 900 mb level. However, the resulting
values for 4. in the downdraft change dramatically
from 900 to 650 mb, since # decreases with height

3 Zipser(1977) studied several tropical squall systems and found
cold, nearly saturated air near the surface which was attributable
to convective downdrafts.
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rapidly and the downdraft is assumed to have en-
trained air from all levels in this layer. The values of
humidity computed for the drafts are shown together
with the mean pre-squall environment humidity in
Fig. 8.

Using the values of specific humidity g, determined
from A, as described above, the vertical motions from
Fig. 5 and neglecting entrainment effects, we obtain
the total masses of condensation in updrafts C, and
evaporation in downdrafts E; according to

A7 [Pe 0q,
Cum =2 (" vty 22 ap, ©)
“ ot op
Ax [P i)
Fu = [ wtp) 2%, (7)
g Yo dp

where g, and g, are the specific humidities in the
convective updrafts and downdrafts, respectively, 4,
is the area of the convective region rectangie (Fig. 2),
7 is the 9 h period of the composite, pg is the pressure
at cloud base (950 mb), pr is the pressure at the top
of the updraft (150 mb), Py, is the pressure at the top
of the downdraft (650 mb), p, is surface pressure
(1014 mb), g is the gravitational acceleration, and
wq and w.y are the pressure-velocities for the squall
line updrafts and downdrafts, respectively. In general,

200t
—— environment

\ . -~ - updraft

300 \ —.— downdraft

400
500

600

p (mb)

700

800

900

1000 1 1 1 1 1 1 Y \ L 1
2 4 6 8 1012 14 16 1820
q (g kg™)

FiG. 8. Vertical profiles of specific humidity used in the calcu-
lations of C, and E (see Section 4a). The solid curve shows the
values of humidity in the pre-squall environment, which supplies
most of the inflow into the convective region, the dashed line shows
the profile computed for the convective updrafts in the squall line
and the dash-dot curve shows the profile computed for the con-
vective down-drafts in the squall line.
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an entrainment term should appear in the integrands
of (6) and (7) [see Eqgs. (29) and (39) of Houze et al.
(1980)]. However, the entrainment term in (6) is zero
by the assumptions we have made, except between
Pz (=950 mb) and 900 mb, and therefore has a neg-
ligible effect. In (7) the entrainment term can be ne-
glected since the environment and downdraft values
of g are nearly the same (Fig. 8). Eqs. (6) and (7) are
integrated trapezoidally from p; to pz and pp to p;,
respectively, in 50 mb intervals, and dq,/dp and dq,/
dp are calculated by centered differencing using 50
mb intervals of q.

b. Computation of stratiform condensation and evap-
oration

To compute the condensation C,,, that occurs in
the stratiform cloud and the evaporation E,,; that
occurs below the base of the cloud, the stratiform box
(Fig. 2) is subdivided into 50 km X 50 km horizontal
grid squares. Each grid square defines a vertical col-
umn within which condensation and evaporation are
obtained by integrating vertically. Then the values of
Cwm. and E,; are obtained by adding the results for
all the vertical columns. This procedure allows the

horizontal variation of the height of the base of the -

stratiform cloud to be taken into account.

The condensation and evaporation in each grid
column are determined from the water continuity
equation

dq _ e—g¢
‘ dt
where e is evaporation and ¢ is condensation. Appli-
cation of the chain rule of partial differentiation and
averaging horizontally over a grid column allows (8)
to be rewritten as
L]

aq
Z1e=4+V,-V§
a_ “op 7

®

'

+ w':;—;- +Vi Vg =é—¢ (9)
where V, is the horizontal wind relative to the motion
of the squall line. The barred quantities represent
averages over a grid square. The primed quantities
are deviations from these averages and are involved

"in turbulent-flux terms. Humidity and winds in the
convective and stratiform regions are assumed to
have been in a steady state following the motion of

.the squall system. Hence, in the coordinate frame '

moving within the system,

9q
at

Then, neglecting turbulent fluxes, we obtain for the
stratiform region

=0. ' - (10)
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aq ‘
+V,.Vg=
ap g=e-

(11)

This equation is used at all levels. Since at 960 mb
and at the surface, i.e. within the boundary layer,
neglect of turbulent fluxes is not justified, diagnosed
values of € — ¢ at these levels must therefore be in-
terpreted carefully (see discussion in Section 5a). To
evaluate é — ¢, values of ¢ are obtained from Figs.
7a-j at all grid points where « = 50, 100, 150, 200
or 250 km, and 8 = —50, 0, 50 or 100 km.

The vertical air motions illustrated in Fig. 6 are
used to determine the value of w in (11). The values
of w are obtained at « = 75, 125, 175 and 225 km
and 8 = —25, 25 and 75 km. Values of humidity and
its gradients for these points are obtained from

o, B) = [@la + Ac, B+ AB) + Gla + A, B — AB)
+ qla — Aa, 8+ AB)
+ dla— Aa, B — AB))/4, (12)
g" [de +Aa,,3+AB)+q(a+Aa 8 — AB)
— fa— A, B+ AB)
— Ja ~ Aa, B — AB))/4Ac, (13)
Z_g=[ti(a+Aa,ﬁ+AB)+¢7(a—Aa,ﬂ+A5)
— Ha+ Ae, B — AB)
= (o — Aa, B — AB)}/4AB, (14)

where Aa and A8 = 25 km. The values of §and V, -
V4 are then fitted in the vertical with respect to pres-
sure using a cubic-spline interpolation for each grid
column. Vertical derivatives of § are obtained using
the spline coefficients. Vertical cross sections, at 3
= 75, 25, and —25 km, of the fitted values of
@3d/dp, V,-V3, and é — ¢ are shown in Figs. 9-11,

respectively. These figures will be discussed in Sec-
tion Sa.

The composite fields of & — ¢ are integrated ver-
tically (using a trapezoidal integration with a 50 mb
interval) in each 50 km X 50 km grid column and
then all grid columns are summed to obtain the bulk
values of C,,, and E,,; as follows

Cmu=—§fA” (& — &)dpdA,

Prs

. . T Ps )
" Epg= —f ff (é— ¢)dpdA,
’ g As Pm

where A, is the area of the stratiform-region rectangle,
Py, refers to the top of the stratiform cloud (150 mb),
P, the surface pressure (1014 mb) and p,, is cloud

(15)

(16)

- base, defined here as the pressure level where é — ¢

changes sign. This level corresponds roughly to the
height where @ = 0.
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¢. Calculation of evaporation of condensate in envi-
ronmental air

Evaporation of convective cell condensate into en-
vironmental air (E,,) is assumed to have occurred as
air flowed horizontally through the convective region
from front to rear. Condensate ejected from the tops
of convective cells is assumed to have evaporated into
this environmental air as it passed through the con-
vective region and around the convective towers.
Another important factor in modifying the humidity
of the air passing through the region was the ejection
of saturated air from cumulus cells. Water vapor di-
verging from convective updrafts and downdrafts
constituted vapor added to the air in the environment
of the cells, while water vapor converging into con-
vective drafts was vapor that was removed from the
air passing around the cells.

The evaporation in the environment E,, should not
be confused with the evaporation E. occurring
within the convective cells [recall Eq. (1)]. To com-
pute E,_., we have to specify the region to be consid-
ered as the environment of the cells. We assume here
that the evaporation in the environment occurs
within the convective region but outside the cells; that
is, the environment region consists of the convective
region (defined in Fig. 2) minus the areas covered by
active cells. The net inflow (outflow) of water vapor
into (from) this environment region is the sum of
vapor flowing into (out of) the convective region
across the outer boundary of the convective region
and the vapor flowing out of (into) the convective
drafts and thence into (out of ) the convective region.

The total mass of water vapor entering the region is

thus given by
7 [650mb .

Qin =—-- f 6ianVrB" dndp
& Ypr /]

Agr [650mb _
+— J- Qu(v * Vr)udp: (17)
8 Yor :
and the total mass of water vapor leaving the region
is given by

+ [650mb L
Qout =" f 6outhVrB * dndp (18)
& Ypr 7]

O, and Q,,, represent the total masses of water vapor
transported into and out of the environment region
above 650 mb, &, is set to one for outflow and zero
for inflow, and 6, is set to one for inflow and zero
for outflow. The value of specific humidity along the
border of the convective region is given by gg, /5 is
the border of the convective region, n is the unit vec-
tor normal to /5, and V,z is the horizontal relative
wind at the boundary of the convective region. The
subscript u refers to the convective updraft. The first
term in both (17) and (18) represents the advection
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of humidity across the outside border of the convec-
tive region. The second term in (17)_represents the
outflow of water vapor from convective updrafts into
the environment region. The 650 mb level was chosen
as the boundary of the integration because it is the
lowest level of updraft outflow and therefore the low-
est level at which cloud water and ice are expelled
from the cumulonimbus. Vertical advection of water
vapor through the 650 mb level need not be consid-
ered since the vertical motion outside the convective
drafts is assumed to be zero. Eqgs. (17) and (18) are
integrated trapezoidally from one analyzed level to
the next. Grid point values of gz (from the analyses
in Fig. 7) and V, (from the analyses in GH) are de-
termined around the border of the convective region
at 50 km intervals.

The amount of evaporation E. is the difference
between Q. and Q,,, i.e.,

Ece = Qout _. Qin- (19)

Values of E,, are determined under the two assump-
tions discussed in Section 3e.

The evaporation of stratiform cloud into the squall-
system environment (E,,.) is determined by comput-
ing the total outflow of the relative horizontal winds
from the stratiform region and assuming a hydro-
meteor concentration of g, = 0.5 g/kg (see footnote
4). Thus the amount of water that leaves the strati-
form cloud to evaporate in the large-scale environ-
ment is given by

T | Pm
Eme = —f
g

prsY g

qlmaoutvr : dndp, . (20)

where /5 is the boundary of the stratiform region. This
expression is integrated trapezoidally from one ana-
lyzed level to the next, and interpolated grid point
values of V, at 50 km intervals are used to determine
the line integral.

5. Results

a. Cross sections of evaporation and condensation in
the stratiform region

Cross sections of evaporation minus condensation
(¢ — ¢) and the terms contributing to its calculation
according to (11) are shown in Figs. 9-11. The hor-
izontal advection term V,- V§ (Fig. 9) is considerably
smaller that the vertical advection term @d4/dp (Fig.
10) everywhere except in the region of the mesoscale
updraft (Fig. 6) in case II (the unsaturated or observed

4 This value of g, is consistent with the work of Churchill (1982),
in which the hydrometeor mixing ratio indicated by radar was
approximately 0.5 g kg™! at several mid-to-upper tropospheric lev-
els in cloud clusters observed in the Winter Monsoon Experiment
(MONEX).
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humidity case). The larger value of V,- Vg in case II
would have to be explained by continuing evapora-
tion of water and ice ejected from squall line updrafts
after that water had left the convective region (recall
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FIG. 10. As in Fig. 9 except for @3§/dp (see Section 4b).
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the horizontal gradient of ¢ in Fig. 7) compared to
Fig. 7h and that the relative flow at this level seen in
Fig. 9b of GH, was from front to rear in the system).

JOHN F. GAMACHE AND ROBERT A. HOUZE, JR.

1847

This slow process of evaporation is reflected further
in a smaller value of E_, in case II (see Section 5b),
the difference from case I being that part of the evap-
oration is assumed to have occurred in the stratiform
region.

As expected, the general configuration of ¢ — ¢ (Fig.
11) shows evaporation in the lower troposphere,
within the mesoscale downdraft, and condensation
in the upper troposphere, within the mesoscale up-
draft. The border between condensation and evapo-
ration (i.e., the stratiform cloud base) sloped upward
toward the rear of the stratiform region. This slope
was associated primarily with the upward slope of the
border between updraft and downdraft, although the
border was altered somewhat by the horizontal ad-
vection term V,- V4. Condensation is-indicated to
have been greatest in the forward part of the strati-
form region, particularly along g8 = 25, where the
strongest upward vertical motion was present, de-
creased from there to o = 175 km and then increased
toward the rear of the stratiform region, resulting in
a secondary maximum in condensation, which cor-
responded in location to a secondary maximum in
upward air motion seen in Fig. 6 and discussed by
GH. The condensation in the forward part of the
stratiform region evidently contributed to the strati-
form precipitation area seen in Fig. 3, while the con-
densation at the rear of the region contributed to the
extension of the stratiform cloud (Fig. 4) beyond the
stratiform region rainfall. The condensate produced
there eventually evaporated in the large-scale envi-
ronment with little or none reaching the surface as
rain. Maximum evaporation within the stratiform
region occurred generally between 850 and 950 mb
in the warm unsaturated air within the lower meso-
scale downdraft. As noted in Section 3a, this maxi-
mum of evaporation (near a = 125, 8 = 25 km in
Fig. 11b) was roughly collocated with the maximum
mesoscale downdraft (Fig. 6; « = 125 km, 8 = —25
km) and the surface stratiform rainfall maximum at
a = 160 km and 8 = 30 km in Fig. 3. Evaporation
was somewhat less along 8 = 75 km (Fig. 11a) and
much less along 8 = —25 km (Fig. 11c). Along 8
= —25 km, condensation diagnosed near the surface
may have been partly a result of neglecting the tur-
bulent mixing in Eq. (11). In this region of diagnosed
condensation, there was strong vertical shear of the
horizontal wind, but low surface wind velocity. For
example, at § = 0 km and « = 100 km, the surface
relative wind velocity was 5 m s™! from 63° while at
850 mb the velocity was 20 m s™! from 99°. Zipser
(1977) noted that in regions of strong shear but low
surface wind velocities, the air in the boundary layer
may be dried more by the entrainment downward
into the boundary layer of dry mesoscale-downdraft
air than it is moistened by evaporation from the sea
surface. If this type of drying occurs, it is improperly
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FIG. 12. Schematic diagram of the squall-system water budget
as in Fig. 1, except the budget variables have been replaced with
their values as determined in this study. Values are expressed as
fractions of the total rainfall (R, + R,).

diagnosed as condensation (which also lowers specific
humidity) by Eq. (11).

Uncertainties in the humidity measurements and
in the determination of @ make the details of the
spatial variations of the V,- Vg, ©3G/dp and & — ¢ seen
in Figs. 9-11 somewhat uncertain; however, the vol-
ume integrals of these quantities used in the deter-
mination of the bulk stratiform condensation C,,
and evaporation E,; [Eqs (15) and (16)] should be
more accurate.

b. Water budget parameters

The water budget parameters C,, Ecy, Ece, Cous
E,. and E,; [Fig. I; Egs. (1) and (2)] have been de-
termined from the composite wind and thermody-
.namic data discussed in this paper and in GH using
the methods discussed in Section 4 of this paper.
Radar data have been used (in Section 3) to determine
R, and R,,. Finally, C, has been determined as a

TABLE 1. Values of the components of the water budget of a
mesoscale convective system for cases A, B and C of Leary and
Houze (1980, LH) and cases I and II of the present study. Numbers
in each case are expressed as fractions of the total rain (R, + R,,).

R, = C, —Ld

Case ' -E,. -Cy
LH-A 0.60 1.30 -0.17 -0.09 —0.44
LH-B 0.60 1.75 -0.23 —-0.12 —-0.80
LH-C 0.60 1.25 -0.16 ~0.09 —0.40 -
I 0.51 .70 —027 —-0.31 - -0.61
n - 0.51 1.70 -0.27 -0.05 -0.87
Case Rm = Cmu ~E, md _Eme + CA
LH-A = 0.40 ] -0 -0.04 +0.44
LH-B 0.40 0 -0.32 -0.08 +0.80
LH-C 0.40 0.40 -0.32 -0.08 +0.40
I 0.49 0.35 -0.16 -0.12 +0.42
i 0.49 0.26 -0.16 -0.12 +0.51
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TABLE 2. Contributions of C,,, and C, to total condensate of
the stratiform anvil cloud. Contributions are expressed as fractions
of the total condensate.

Ratio LH-C 1 II
Cmu
o+ C, 0.50 0.41 0.26
C4 .
Cot G, 0.50 0.59 0.74

residual in both (1) and (2). The values obtained for
these parameters are summarized in Fig. 12 and Ta-
bles 1 and 2.

It Table 1, the results of this study are compared
to the water budgets considered by LH. The numbers
in the table indicate the relative sizes of the different
parameters as a fraction of the total rainfall R (the
sum of R, and R,,) which in our case is 14.1 X 10!
kg. On the basis of results of Houze (1977) and Cheng
and Houze (1979), LH assumed values of 0.60 and
0.40 for R./R and R,,/R, respectively, to represent a
typical GATE mesoscale convective system. In our
case, R./R is found to be 0.51 and R,,,/R is 0.49. These
values are not significantly different from the typical
GATE values.

In case A of LH, it was assumed that the stratiform
rain was produced without any mesoscale updraft or
downdraft motion. Hence C,,,, and E,,.; were both set
equal to zero. Condensation could then only occur
in the updrafts of convective cells (C,), and the only
way to explain the stratiform precipitation was via
a large transfer (C,) of condensate from the cells into
the stratiform cloud. Thus, C,4 nearly matched R,, in
case A.

In case B, it was assumed that there was no me-
soscale updraft in the stratiform cloud but that there
was a substantial mesoscale downdraft. Thus, again,
the convective cells had to provide the condensate for
the entire mesoscale system. Moreover, since enough
condensate had to be supplied to the stratiform cloud .
not only to explain the observed stratiform rain (R,,)
but also to account for the water evaporated in the
mesoscale downdraft (E,.,), the amount of conden-
sation in cells (C,) and the transfer of condensate
from cells to stratiform cloud (C,) had to be greater
than in case A.

In case C, it was assumed that the stratlform reglon
of the mesoscale system had both a strong mesoscale
downdraft and a well developed mesoscale updraft.
In this case, some condensation (C,,,) occurred in the
‘mesoscale updraft within the stratiform region itself.
Therefore, the stratiform precipitation (R,,) and me-
soscale downdraft evaporation did not have to be sup-
plied entirely by transfer of condensate from cells
(C,). Hence C, and C, were smaller in case C than
in case A. Case C was devised by LH such that me-
soscale updraft condensation in the stratiform cloud
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(Cy) and transfer of condensate into the stratiform
region from cells (C,) contributed equally as sources
of stratiform cloud water (Table 1 shows C,,, = Cy4
in case C). In this respect, case C of LH resembles
Brown’s (1979) numerical model simulation of a
tropical squall line in which also roughly half (44%)
of the stratiform cloud water was produced by me-
soscale updraft condensation.

Our calculations for the GATE 12 September -

squall line system (cases I and II in Table 1) show a
water budget similar to case C of LH [their case with
both mesoscale updraft and downdraft (LH-C)] ex-
cept for E,,;, which is half of the 0.32 of LH-C, and
E,., which at 0.31 for case I is three times that of LH-
C. The higher value for E., is due to the consideration
of the strong flow through the squall line at upper
levels and the case I assumption that the air was sat-
urated upon leaving the squall line region. Except for
comparisons involving E,,; and E,, all the terms in
LH-C and our cases I and II are within a factor of
two. The primary difference in our results and those
of LH-C is in the relative magnitudes of C,,, and C,.
Since the total water supplied to the stratiform anvil
cloud is C,,, + C,, the ratios C,,./(C,.. + C,) and
C/(Cpy + C,) indicate the contributions of meso-
scale updraft condensation and incorporation of con-
densate from convective cells to the make-up of the
stratiform cloud. These ratios are indicated in Table
2 for the three cases. In LH-C, the sources were ar-
bitrarily set each to contribute 0.50 of the total con-
densate. This result indicated the substantial impor-
tance of the mesoscale updraft as a source of anvil
condensate. Our results for the 12 September GATE
squall line system, indicate again that the mesoscale
updraft was an important source of condensate for
the stratiform cloud, contributing 0.26-0.41 of the
total. .

This result, however, implies that the transfer from
the convective cells (C,), which contributed the re-
maining 0.59-0.74 of the anvil condensate, was the
more important source. Yet this transfer is the least
understood process in the water budget; in this study,
the term C, has been computed as the residual of all
the other processes (Cy, E.y, Rey Ecoy Criuy Eppes Ema

and R,,). Future work should be directed toward elu-

cidating the physical mechanisms by which the trans-
fer is made. Houze (1981) suggested that ice particles
in the upper regions of cumulonimbus towers in the
convective region fall so slowly that they are displaced
by a large horizontal distance from the convective
region before they melt and fall to the surface as rain.
Houze and Smull (1982) and Chen and Zipser (1982)
suggested further that this horizontal displacement of
ice particles may be enhanced by the relative wind
at mid-levels in mesoscale convective systems. Strong
relative flow directed toward the stratiform region
from the convective region at the 450 mb level in the
GATE 12 September squall system (Fig. 8b of GH)
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indicates that such a process was occurring in our
case. Further work on the trajectories of ice particles
in mesoscale systems is needed to evaluate quanti-
tatively the importance of the horizontal displace-
ment of ice particles from the tops of convective cells
in contributing to C,. Understanding of other pro-
cesses that may contribute to C,4 should also be
sought, and C,4 should be computed from physical
principles and observations instead of as a residual
term.

6. Conclusions

The water budget of a mesoscale convective system
in the tropics has been determined from composite
fields of horizontal wind, vertical motion, humidity
and precipitation data for a GATE squall line cloud
cluster. In most respects, the water budget determined
from these data resembles the water budget hypoth-
esized to be realistic for such systems by LH. Forty-
nine percent of the rain falling from the system was
stratiform, and condensation in the mesoscale up-
draft of the stratiform anvil cloud (C,,) contributed
significantly to the production of the stratiform rain.
However, our data show that C,,,, accounted for only
25-40% of the total condensate making up the strat-
iform anvil cloud, a somewhat smaller fraction than
suggested by LH. The remaining 60-75% of the strat-
iform cloud was created by the horizontal transfer of
condensate from convective towers into the strati-
form region of the cloud system (C,). Thus, C, was
the larger source of stratiform condensate in our case.
However, the mechanism of this horizontal transfer
of condensate is the least well understood aspect of
the water budget; in this study, C, has been computed
as a residual of the other components of the water
budget. Therefore, future efforts should be directed
toward the intensive study of the fallout and growth
of ice particles in the circulation pattern of a tropical
mesoscale convective system. Understanding gained
from such studies should allow the determination of
C, from physical principles and observations rather
than as a residual quantity.
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