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ABSTRACT

Observational evidence from GATE suggests that a significant fraction of precipitation in tropical
disturbances over the eastern Atlantic occurs beneath anvil-type mesoscale convective systems
that are frequently associated with intense cumulonimbus convection. A diagnostic model is developed
that includes heat, moisture and mass transports by both the convective-scale and mesoscale components
of these systems. An entraining plume model is used for individual convective-scale elements yield-
ing a spectral distribution of cumulus sizes. Mesoscale downdrafts are modeled using a bulk cloud
model. A parameterization links properties of the mesoscale systems to those of associated deep con-
vective-scale (cumulonimbus) clouds. A method based on a subjective comparison of model results
to observed cloud cover is used to determine mesoscale downdraft areas in relation to cumulonimbus
areas. For this reason only qualitative results derived from application of the theory can be considered
reliable.

The model is applied to GATE tropical-wave composite data (Thompson et al., 1979) for Phase III.
Radiative heating rates derived from observations during this period and storage of water in clouds deter-
mined from satellite and ground-based whole-sky camera cloud coverage data are included in the study.
Diagnostic model results may be interpreted as indicating the existence of deep convection and meso-
scale downdraft systems well in advance of the composite wave trough, followed by suppressed low-
level cloud activity with a later increase in deep cumulus convective and mesoscale downdrafts to a
maximum centered at the trough axis. Multiple layers of cumulus cloud detrainment are diagnosed to
occur in the vicinity of the wave trough. Convective-scale and mesoscale downdrafts are diagnosed
to be important contributors to the mass, heat and water budgets of the composite wave, indicating
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that their effects should be included in cumulus parameterization schemes.

1. Introduction

Observations from the GARP Atlantic Tropical
Experiment (GATE) have shown, at least in the
eastern Atlantic, that a complex mix of convective
disturbance types exists in the equatorial trough

" region during summer months. However, recent evi- .

dence has indicated that there are certain basic
precipitation structures common to many deep con-
vective systems or cloud clusters that exist in this
region. In a radar study of a tropical cloud cluster
that passed over the ship array during Phase III of
GATE, Leary and Houze (1979a) have identified
both convective-scale (~1-10 km) and mesoscale
(~100 km) precipitation features as primary com-
" ponents of the cluster. The two scales of convection
commonly coexist within mesoscale convective dis-
turbances having lifetimes of ~12-24 h. In their ma-
ture stages the mesoscale precipitation features
possess a region of convective cells along their
leading edge and a large area of horizontally uniform
precipitation to the rear. The mesoscale rain areas
have been found to account for a significant frac-
tion of the total precipitation in GATE. Lépez
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(1978) contends that the majority of precipitation
in Phase III was from mesoscale convective sys-
tems. Recently, Cheng and Houze (1979) have de-
termined using radar data that 43% of the total
precipitation in GATE fell in the uniform mesoscale
rainfall regions of these convective systems.

The mesoscale precipitation features generally
characteristic of cloud clusters are similar, though
less intense, to those observed in tropical squall
lines (Leary and Houze, 1979a). GATE squall lines
having convective-scale updrafts with nearly satu-
rated convective-scale downdrafts and associated
unsaturated mesoscale downdrafts have been re-
ported on by Houze (1977) and Zipser (1977). Similar
squall line systems that exist over Venezuela have
been described in a study by Miller and Betts (1977).
While strong squall lines were relatively rare during
GATE (four in Phase I1I), cumulonimbus convection
with associated mesoscale precipitation areas was
rather common. The mesoscale downdrafts, felt to
be common features of both the squall and non-
squall clusters (Leary and Houze, 1979a), are
thought to be sustained primarily by evaporation
of precipitation beneath widespread anvil clouds
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that themselves may be maintained for rather long
periods of time by mesoscale upward motion (Leary
and Houze, 1979b). Brown (1979) has developed a
numerical model that simulates a number of the ob-
served features: of these types of mesoscale down-
drafts. :

Efforts aimed at determining the properties of
cumulus populations through diagnostic models
(Yanai et al., 1973; Ogura and Cho, 1973; Nitta,
1975, 1977; Johnson, 1976) have treated only the
effects of convective-scale transports on the large-
scale flow. The evidence cited above suggests, how-
ever, that mesoscale precipitation systems may con-
tribute importantly to the total large-scale convec-
tive mass, heat and moisture transports. In this
paper the attempt is made to include the effects of
both convective-scale and mesoscale transports in a
diagnostic model to determine properties of cumulus
populations ‘in tropical wave disturbances. The
mesoscale component of the proposed model is
based to a large extent on GATE observations of
mesoscale downdraft systems.

We adopt the working hypothesis that although
convective systems take many forms, their net effect
on the mass and energy budgets of the synoptic
scale can be reasonably approximated as if they
consisted of convective-scale updrafts and down-
drafts modeled as saturated, entraining.plumes and
an unsaturated mesoscale downdraft having prop-
erties derived from a simple bulk cloud model. The
area coverage of the mesoscale downdrafts is di-

rectly related to that of deep cumulonimbus con-

vection. This model contrasts with that developed
by Nitta (1977) which uses a bulk cloud model
for all precipitation downdrafts.

The model is applied to the tropical wave com-
posite data of Thompson et al. (1979) for Phase III
of GATE. Effects of storage of cloud water on the
GATE B-scale are considered. Radiative heating
rates reported by Cox and Griffith (1979) for Phase
HI are incorporated into this study.

It will be seen that a precise determination of
the relative magnitudes of mesoscale and convec-
tive-scale downdrafts is not possible due to limited
information from GATE concerning areal coverages
by these downdraft systems. However, a realistic
estimate of the appropriate values will be given
based on physical interpretation of model results.

A finding of this study, namely, that mesoscale
convection contributes importantly to the mass and
energy budgets of tropical disturbances, has been
independently determined by Leary and Houze
(1980). Their results are based on a diagnostic
model developed by Houze et al. (1980) that in-
cludes effects of both convective-scale and meso-
scale updrafts and downdrafts. Results of sensitivity
tests for their model are reported by Cheng and
Houze (1980).
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2. Large-scale budget equations /

Within the large scale, on the order of the GATE
B-scale ship array (~10° km?), both cumulus
(~1-10 km) and mesoscale (~100 km) convective
systems are considered. These systems may typi-
cally comprise ~1 and ~10%, respectively, of the
total area. The region between the two types of
active-cloud systems will be called the active-cloud
environment. ‘

It will not be assumed that the active-cloud en-
vironment is cloud free. On the contrary, in ac-
cordance with the numerous GATE observations of
total cloudiness (e.g., Holle et al., 1979), it is
assumed that the active-cloud environment may be
occupied by a certain amount (to be determined) of
inactive clouds, i.e., nonprecipitating, mostly strati-
form-type clouds, containing negligible vertical mo-
tion. - Obviously, meteorological variables, espe-
cially specific humidity, are therefore not horizontally
uniform in the active-cloud environment. How-
ever, for simplicity, a single value of each variable
will be ascribed to the active-cloud environment
at each level. Since the active-cloud environment
covers most of the total area, we assume that
values in this region (designated by a tilde in later
sections) are those provided by composited radio-
sonde data (Section 3).

Averaging the water vapor and heat equations
over the large-scale area considered here, designat-
ing this average by an overbar, we obtain

ey
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where g is the specific humidity or water vapor
mixing ratio, s = ¢, T + gz the dry static energy,
¢, specific heat for dry air, T temperature, g accelera-
tion of gravity, z geopotential height, o the vertical
pressure velocity, Q, the ‘‘apparent heat source’’
(after Yanai et al., 1973), Q, the ‘‘apparent moisture
sink’’, Qy the net radiative heating rate and L the
latent heat of vaporization or fusion. é is the evapora-
tion rate of cloud condensate in the large-scale area
due to clouds that are produced within that area
during a characteristic time interval for the large
scale. Similarly, ¢ is the condensation rate for
condensate that remains in the area during this
time interval. Additional evaporation or condensa-
tion may occur in the large-scale area associated
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Fi16. 1. Frequency distribution of composite wave observa-
tions (160 total). Diagonal lines indicate average time of passage
of each category.

with a transport of cloud or precipitation into or
out of the region. This external water vapor source
is represented by S'q and is included in the defini-
tion of @, and Q, as large-scale source terms. S,
will be referred to as a cloud-storage term. The
method used to determine its value is described
in Section 4.

3. Composite wave data

The model developed in this study will be used to
determine convective transports and cloud popula-
tion properties within the B-scale area of GATE
using data reported on by Thompson ef al. (1979).
These authors have prepared heat and moisture
budgets from the surface to 100 mb at 3 h intervals
for Phase III with the use of wind, temperature and
moisture fields obtained from A/B and B-scale ship
rawinsonde data fitted quadratically over space
and linearly over 12 h time intervals by the method
of least squares. In addition, the 3 h data are
composited according to the phase of African waves
(Reed et al., 1977) to give average budgets in
various parts of the wave disturbance. In the fol-
lowing discussions these data will be referred to
eight categories of the composite wave, category 4
being the trough, 8 the ridge, 2 the position of
maximum northerly wind at 700 mb and 6 the posi-
tion of maximum southerly wind at 700 mb. Cate-
gories 1, 3, 5 and 7 occupy intermediate positions.
Basic fields of horizontal wind v, temperature T,
specific humidity g, vertical p velocity w, and Q,
and @, at 3 h intervals for Phase III were pro-
vided from the work of Thompson et al. (1979).
Additional data obtained from these authors include
surface evaporation measurements (based on the
bulk-aerodynamic method using data from four
B-scale ships) and precipitation measurements
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(based on radar observations) at 6 h intervals. The
reader is referred to their work for descriptions of
the above variables and further details pertaining to
the characteristics of this data set.

The wave composite is based on the passage of
six wave disturbances across the A/B and B-scale
network of ships during the 20-day period of Phase
III. Since observations were at 3 h intervals, a total
of 160 fitted soundings are used in the analysis. Fig. 1
gives the frequency of occurrence of each category.
It is apparent that the times of passage of most
wave categories over the center of the B array are
pot randomly distributed. Diagonal lines in the
figure indicate the average time of passage of each
category. Note, for example, that the wave trough
(category 4) passage occurs most frequently in the
late afternoon, near 1800 GMT (1630 LST). Thomp-
son et al. (1979) show that maximum precipitation
is associated with the wave trough. The fact that
African waves traversed the ship array in such a way
that peak rainfall amounts occurred in early after-
noon has been discussed by McGarry and Reed
(1978). Although there are an average of 20 observa-
tions for each category, note that in some cases
large differences in the totals exist from one category
to the next.

The apparent heat source Q, (Fig. 2) has a maxi-
mum at 600 mb in category 4 of 10°C day~'. The
apparent moisture sink Q, has a pronounced maxi-
mum ~11°C day ! near 900 mb in category 3 (Fig. 3).
The peaks in Q, and Q, are larger and centered about
one or two categories farther east (to the right)
than the peaks found by Johnson (1978) using
African wave data from the same latitudinal band
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Fi1G. 2. Apparent heat source @, including cloud-water storage.



736

based on the study of Reed et al. (1977). The
difference in the two results can be attributed to 1)
the fact that the Reed et al. (1977) composite wave
represents a combination of data taken over land
and ocean whereas this study uses strictly data
over the ocean and 2) the Reed et al. (1977) com-
positing was on the basis of 700 mb flow criteria at a
latitude band 4° to the north of the center of the
B-scale array. It is expected that the data from
Thompson et al. provide a more accurate repre-
sentation of the structure of African waves over
the ship array.

4. Cloud-water storage

Although the budgets considered in this study
are for a large-scale area, the abundant cloudiness
observed during GATE dictates a consideration of
the effects of variable cloud amount. Based on a
determination of B-scale cloudiness from ground-
based whole-sky camera photographs, Holle et al.
(1979) found that on the average 79% of the sky
was obscured by clouds during Phase III. Their data
plus the cloud cover data given by Thompson et al.

(1979) will be used in this study to evaluate the:

cloud-storage terms in (1) and (2).
The horizontally averaged cloud-condensate mix-

ing ratio is
de = Cadcac T Oicics 3)

where o,. and o, are the fractional areas occupied
by active and inactive clouds, respectively. Active
clouds are defined as those containing strong verti-
cal motions, i.e., convective-scale clouds, and inac-
tive clouds are those having negligible or weak
vertical motion. Since convective-scale clouds
occupy ~1% of the total area whereas inactive
clouds may occupy 10-50% of the area or more,
and, further, the total condensate mixing ratios for
active and inactive clouds (q.. and g..) likely
differ on the average by no more than a factor of
~5, then to a fair approximation

qdc = Gicic- 4

The total change of g, in a coordinate system mov-
ing at speed c¢(—8 m s™), the phase speed of the
westward propagating waves, is —8, (x increasing
to east), i.e., .

d ¢ ax v ©

where we have assumed a constant zonal velocity
i, have neglected meridional and vertical advection,
and have assumed that g.;. is roughly uniform across
the wave.

Two sources of data are combined to determine
o for the composite wave. Cloudiness data derived
from whole-sky photographs at hourly intervals
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from 0800 to 1900 LST (0930-2030 GMT) from the
ships Dallas, Gilliss, Oceanographer and Re-
searcher have been provided by R. Holle (NHEML,
Coral Gables) and J. Simpson (University of Vir-
ginia). These ground-based ‘measurements of sky
cover, while generally providing good estimates of

low cloud cover, give less reliable estimates of

middle and high cloud amount due to frequent
obscuration by lower clouds. Since satellite meas-
urements likely provide a better determindtion of
high cloud amount, especially in disturbed situa-
tions, the satellite-derived middle and high cloud
coverages of Thompson et al. (1979) are blended
with the ground-based photographic measurements
to obtain an optimum determination of the full
tropospheric cloud coverage.

The Phase III cloudiness data of Holle et al. were
averaged over 3 h intervals. at 0900, 1200, 1500 and
1800 GMT for each ship, then a four-ship average
was formed and the data were composited into the
eight wave categories. Three cloud groups were ob-
served: low clouds (base below 2 km), middle clouds
(base between 2 and 8 km) and high clouds (base
above 6 km). Note from these definitions that low
clouds do not necessarily imply shallow clouds.
Some clouds in this category may well extend
through the entire troposphere. This complication
makes a precise determination of cloud volumes
very difficult. Cloud-coverage values were also
made for a number of middle- or high+level clouds for
which bases could not be determined. The observa-
tions in this group have been divided equally be-
tween the middle and high cloud classifications.

In order to combine the two sources of informa-
tion, an overlap factor for middle and high clouds
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TaBLE 1. Percent cloud coverage for three cloud classifications.

Category
Cloud type 1 2 3 4 S 6 7 8
High 25 67 65 71 67 24 20 17
Middle 30 67 65 71 67 52 34 40
Low 18 64 50 44 32 36 28 22

Number of low
cloud cases 15 5 9 11 7 14 12 7

was determined. Since low-cloud cover in the wave-
ridge region (categories 1, 6, 7, 8) was generally
less than 30% as observed by the whole-sky cameras,
ground-based estimates of middle- and high-cloud
amount in this region were considered reliable.
Effects of obscuration of high clouds by middle
clouds are probably minimal here since sequences
of pictures are used in the analysis. The sums of the
middle- and high-cloud amount in these categories
were then compared to the middle- plus high-cloud
coverage data given by Thompson et al. (1979)
based on infrared satellite images. Ratios of the
two sums give estimates of the degree to which
high and middle clouds overlap in space. Using the
average overlap factor thus determined for the ridge,
the middle-plus high-cloud amount values for cate-
gories 2—-5 given by Thompson et al. were adjusted
to give total middle- and high-cloud amounts (in-
cluding overlap). Next this total amount was
arbitrarily divided equally between middle and
high clouds. The resulting cloud coverages are
given in Table 1.

The percentages given in Table 1 must be inter-
preted carefully. First, in several categories the
number of available cloudiness observations is small
compared to the total possible (an average of 20,
see Fig. 1). Second, the percentage indicated for a
particular cloud type does not imply that the entire
volume represented by that cloud stratum is filled
with that percentage of cloud. Some assumption
must be made regarding the latter point. We assume
arbitrarily as a rough upper limit that both middle
and high clouds occupy one-half the depth of their
respective layers (2—6 km for middle clouds and 6
km to the tropopause for high clouds). Percent
coverage for low clouds is assumed to vary linearly
from the value given in the table at cloud base to
the middle-cloud value, determined by the method
above, at 2 km. At best, we expect the above
determination of cloud volumes for the composite
wave to be of semi-quantitative value, at least re-
liable enough to provide upper-bound estimates of
the cloud storage effects. _

Table 1 indicates that the greatest low-cloud
cover occurs at and in advance of the wave trough.
The value in category 2 is considered less reliable
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because of the limited number of observations.
Greater than 50% middle-cloud cover occurs from
category 2—-6. High clouds are most abundant in
categories 2-35. ,

Using observations of & and an assumed g;. pro-
file that gives a decrease from ~1.0 g kg™ at cloud
base to ~0.5 g kg~! near the tropopause, dg./dt was
computed from (5). The results shown in Fig. 4
indicate that this term can be as large as ~20% of
Q. (in a vertically integrated sense) in categories 1, 5
and 6. These are the regions of the wave where cloud
amount changes most rapidly (Fig. 18, Thompson
et al., 1979) and, therefore, cloud storage effects
would be expected to be greatest. The contribution
in other regions is small. It is expected, and later
verified, that cloud-water storage is of some im-
portance in the water-vapor budget for categories
where cloud amount is rapidly changing (see also
McNab and Betts, 1978). Until more accurate
measurements of total cloudiness and cloud water
contents are available, however, the above results
regarding cloud storage effects cannot be con-
sidered conclusive.

5. Radiative heating rates

Previous diagnostic studies of this nature have
used climatological values of net radiative heating
rates (e.g., those of Dopplick, 1972) in determining
convective transports. For this study radiative
divergence estimates at 6 h intervals for Phase III
of GATE prepared by Cox and Griffith (1979)
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F1G. 4. Cloud-water storage — LS, determined from whole-sky
camera data (Holle et al., 1979) and satellite data (Thompson
et al., 1979). Values indicated are felt to provide an upper-
bound estimate of storage effects.
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F1G. 5. Net radiative heating rates for composite wave.

have been obtained. These values have been deter-
mined from composites of longwave and shortwave
radiative divergence profiles derived from radiative
transfer computational routines applied to GATE
rawinsonde data. Geostationary satellite data have
been used to form the composites. Adjustments in
the computed values have been made to achieve
consistency with radiation data collected during
GATE. _
Radiative heating rates for the composite wave
are shown in Fig. 5. There exist significant differ-
ences in the values between several of the categories.
Note, for example, that there is a pronounced mini-
mum in the cooling rates in category 1. The explana-
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tion for this feature is apparent if one considers
that all but one observation in this category occurred
between 0900 and 1800 GMT (1030 and 1930 LST,
a period of maximum shortwave heating (Fig. 1).
Most category 2 and 8 observations, on the other
hand, occurred at night. As a result relatively
strong cooling is present in these categories. In
general, the nonrandom frequency distribution of
wave categories exerts a greater control on the net
radiative heating distribution than the variable cloud
amount across the wave on this synoptic scale.
The extensive middle and upper tropospheric cloudi-
ness in the wave-trough region contributes to the
cooling maximum in the 400-600 mb layer, the
same interval within which the values given by Dop-
plick (1972) show a relative minimum. The data of
Cox and Griffith show a relative cooling minimum
near 950 mb in contrast to Dopplick’s results which
exhibit a monotonic increase in the cooling rate
from ~—1.0to ~—1.8°C day~! from 700 to 1000 mb.
Explanations for these differences are given by Cox
and Griffith.

The total tropospheric radiative divergence (the
integral of Qp through the depth of the troposphere)
is shown in Table 2. Note the significant differences
in categories 1, 2 and 8 from the mean of —120
W m~2, This result along with the observation that
the radiative term is nearly always larger than the
term

gl f”(Ql - 0.)dp

pr

in the expression for the vertical eddy heat flux at the
earth’s surface F,, where

Fy = F(p,) = g~ f”’(Ql — 0. — Ox)dp, ()

Py

TABLE 2. Vertically integrated Qg, @, — @, and Q, — Q, — Qp for the composite wave and observed S, + LE,. Units: W m~2. Also
observed precipitation Pogs and computed precipitation, with and without cloud water storage effects, P, (CWS) and Py (NO CWS).

Units: mm day™!.

Category
1 2 3 4 5 6 7 8 Mean

», .
g! J Qrdp -59 . —160 —98 -113 -137 -119 -111 -163 -120

Py .

pl
gt J (0, - 0,)dp 69 -87 —-47 49 48 30 -10 ~59 -1

Pr
F, 128 73 51 162 185 149 101 104 119
So+ LE, 84 100 129 134 142 128 129 100 118
Pogs 3.6 16.2 19.5 22.0 21.1 5.9 7.9 4.0 12.5
P, (CWS) 7.5 15.8 23.3 23.7 17.6 11.9 6.3 7.5 14.2
P, (NO CWS) 8.7 15.4 23.3 23.1 16.5 10.8 6.4 7.2. 13.9
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where p, is the surface pressure and p; the tropo-
pause pressure, leads one to conclude that the use
of constant Dopplick profiles for the wave could
lead to significant errors in diagnosed convective
fluxes, especially in the lower troposphere (see
Yanai et al., 1976). In theory (Yanai et al., 1973)
the value of F should agree with the sum of the ob-
served sensible and latent heat fluxes S, + LE,.
While the mean values for the wave agree rather well
(Table 2), it is apparent that rather large disagree-
ments exist in several of the categories. Nitta (1977)
also finds disagreement between computed and ob-
served vertical eddy heat fluxes for different con-
vective situations using GATE data. The causes of
this discrepancy are difficult to separately identify.
Most likely, errors in Q;, Q. and Qp, and to a lesser
extent errors in S, and E,, are contributing to the
differences in these independent estimates of F.

The observed precipitation is also presented in
Table 2 and indicates ‘that the heaviest rainfall
occurs in categories 2—5. Precipitation rates com-
puted from the water-vapor budget with and with-
out cloud storage effects included are compared
ifrom Eq. (26), Section 7]. The computed rate in
category 1 is reduced by ~20% when storage
effects are considered, whereas in 5 and 6 rates are
increased by ~10%. Elsewhere the results do not
change significantly.

6. Diagnostic model

In this analysis the individual contributions to
convective processes by convective-scale updrafts,
downdrafts (hereafter designated by subscripts u,
d) and mesoscale updrafts and downdrafts (sub-
scripts mu, md) will be considered. The evaporation
rate e is given by

e =e, teg+t em + €nas

)

where e, and e, represent evaporation of detrained
hydrometers from convective-scale and mesoscale
updrafts, respectively. It will be assumed that the
only detrainment from downdrafts takes place below

the level of cloud base updrafts so that e; and e,

represent evaporation within convective-scale and
mesoscale downdrafts, respectively. In accordance
with the observations of Zipser (1977), air within
convective-scale downdrafts is assumed to be close
to saturation, whereas within mesoscale downdrafts
air is unsaturated (to be discussed further later).
The condensation rate c is

C =Cy + Cpu

@®

since no condensation occurs in downdrafts.
Following the previous work of Johnson (1976),
convective-scale updrafts and downdrafts are repre-
sented as entraining plumes (with a ‘‘top-hat”
profile assumed for variables within these plumes)
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having a spectrum of sizes given by their entrain-
ment rates A (inversely proportional to cloud radius):

1 0

\H
_  —mp)=-—, 9
my(\,p) Op mulhp) p ©)
1 ) NH
_ — my\p) = — 10
manp) Op ma(\,p) » (10)

and m,(\,p) and m4(A\,p) are the mass fluxes within
individual updrafts and downdrafts per unit A.
Values of m have units of mass flux per unit area
when divided by g. Here H = R;T,/g is the scale
height of an atmosphere with a virtual temperature
T, = T(1 + 0.61g) and R, is the gas constant for dry
air. Both drafts are assumed to entrain the same air
from the active-cloud environment. The thermo-
dynamic properties of cumulus-scale updrafts and
downdrafts are determined from

mu(x,p) M
op
om (X, -
= 2D (hpy - honpn, (D)
Oh (N,
mg(\,p) ——d(i)
dp
13 s -
= dmdNP) oy b, (12)

op

where # = s + Lg is the moist static energy.

Cloud-base level p for each updraft used to solve
(11) is taken as the lifting condensation level of the
surface air: 950, 960, 965, 965, 965, 960, 955, 955 mb
for categories 1-8, respectively, of the Thompson
et al. (1979) composite wave. It is evident that
cloud base is suppressed in the wave-trough region
where convective activity is a maximum (see, e.g.,
Briimmer, 1978). As in Johnson (1976), the updraft
air at cloud-base level is assumed saturated with
virtual temperature identical to that of the environ-
ment. Cumulus updrafts are assumed to detrain
at the level where cloud buoyancy (including cloud
condensate effects) vanishes. In reality cumulo-
nimbus clouds frequently overshoot the zero--
buoyancy level by as much as 1 or 2 km. Some
consideration has been given to this effect and it has
been determined that inclusion of overshooting
primarily has the effect of raising the maximum de-
trainment level in the upper troposphere by 1 or 2
km. Rather than attempting to model the uncertain
behavior of overshooting, we will simply keep this
qualitative effect in mind when interpreting later
resuits.

Cumulus downdrafts originate in the model at a
level above pjp given by three-fourths the pressure
depth of the adjacent updrafts. Properties of air at
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the downdraft originating level are assumed in John-
son (1976) to be different from those of the sur-
rounding environmental air. John M. Brown has
pointed out that with this assumption, the integral
equation (25) in that paper, as well as several pre-
ceeding equations, is missing a term containing the
product of the downdraft mass flux and the differ-
ence between cloud and environment moist static
energy at the originating level. Physically, such a
term arises when it is assumed that air enters down-
drafts having properties different from those of the
environment, for then the removal of this air from
the environment changes the average properties of
the environment. A reanalysis of results in Johnson
(1976), however, reveals that this term is present
only in the mid- to lower troposphere and on the
average in this layer is less than 2% of the largest
terms in the equation. Therefore, with justification,
the assumption used in Johnson (1976) that the
moist static energy at the downdraft originating
level is equal to the saturation moist static energy
of the environment is repeated in this study with-
out including the additional term described above.
The convective-scale downdraft mass flux is ex-
pressed in terms of the updraft mass flux using a
parameter €(\) where

mo(\)
mg(N) .

In this expression the downdraft-originating-level-
mass-flux distribution function my(\) and the cloud-
base-mass-flux distribution function mz(\) are given
by the solutions of (9) and (10):

mu()\,P) = mB()\)'YIu()\,P),
md()\sp) = mo()\)”f)d()\,[)),

e\ =

(13)

CL)

where
y2:3

n.(\,p) = exp’[ J

p

_ﬂdp] ,
p
¥4

\H
ne(A,p) = eXP“ —dp] -
) Do
‘In the above pj, is cloud base and p, the con-
vective-scale downdraft originating level. Although
in previous work e(\) has been specified as a con-
stant for all cloud types, this approximation is not
necessary. A determination of the precise func-
tional form for e(\) from observations is difficult. In
this study we make the assumption that € is larger
for deep, precipitating clouds than for shallow, non-
precipitating clouds, i.e.,

)

)\max ’

where e(A = 0) is e for the deepest clouds and
Amax 1S the entrainment rate for the shallowest

) = e\ = 0)(1 _ (15)
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clouds. In the study of Johnson (1978) it was found
that in different regions of a composite wave for
Phase I11 of GATE there were significant differences
in the optimum value of € as determined using ob-
served precipitation. This result suggests that the
intensity of downdrafts from deep clouds may be
controlled to some extent by large-scale processes,
€.g., vertical wind shear, convergence-divergence
patterns, relative humidity or others. While it is
realistic to expect € for deep clouds to vary from
convectively undisturbed to disturbed conditions,
such a variation for shallow clouds would seem
unrealistic. The assumption given by (15) eliminates
confusion over this matter since € = 0 for the
shallowest clouds regardless of the value of € for the
deep clouds.

In this study a simple bulk cloud model (e.g., Reed
and Johnson, 1974) is adopted for the mesoscale
Observations from GATE
(Houze, 1977; Zipser, 1977; Leary and Houze,
1979b) indicate that these mesoscale systems are
characterized by a precipitating mesoscale anvil
cloud, presumably containing weak upward motion,
based near the melting level (~600 mb) and an
unsaturated, evaporatively driven downdraft ex-
tending from the vicinity of the melting level to
below the level of convective-cloud base. Typical
velocities in the downdraft region have been de-
termineéd to be ~10 cm s~ (Zipser, 1969; Brown,
1979). Leary and Houze (1979b) suggest that the
initiation of the downdraft might be a result of
cooling caused by the melting of frozen hydro-
meteors. In the model developed here it is assumed
that mesoscale downdrafts occur only for p
= 600 mb.

The air motions within and water budgets of
precipitating mesoscale anvil clouds in the tropics
are still matters of conjecture. Houze et al. (1980)
present indirect evidence strongly suggesting the
presence of upward motion. There remains the
possibility, however, that most of the precipitation
from mesoscale anvils was originally condensed
in cumulonimbus updrafts. In view of these uncer-
tainties we have chosen to ignore mesoscale up-
drafts. Thus, e, in (7) and c,,, in (8) are zero.

Denoting the mass flux in mesoscale downdrafts
by M4, we have

6hmd
ap op
ps > p = 600 mb,

Mpa -
Mot (i~ hma),

vad

(16)

where, as stated earlier, mesoscale downdrafts are
assumed to a first approximation to detrain only
below the level of updraft cloud base. Each meso-
scale system is envisioned here as being associated
with one or more cumulonimbus clouds.

There are only a few measurements of the thermo-
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TABLE 3. Average mesoscale downdraft thermodynamic
structure (from Zipser, 1977).

Pressure  Temper- Relative Moist static
level ature Dew point  humidity energy Ang
(mb) (9] O (%) Jg™

600 0.0 -2.2 84 328.4
650 3.8 -0.2 75 327.0
700 8.0 1.5 66 325.7
750 12.0 4.0 59 326.0
800 15.5 6.0 52 325.3
850 19.5 8.0 47 325.6
900 22.0 11.0 48 325.7
950 23.5 13.4 52 325.5

dynamic structure of mesoscale downdrafts. Zipser
(1977) summarized a group of soundings taken in
mesoscale anvil systems associated with tropical
squall lines. Soundings examined in his study are
primarily from GATE convective systems although
some from the western Atlantic are included. Table
3 presents the temperature, dew point and moist
static energy profiles within these systems deter-
mined by constructing best-fit curves to seven
soundings presented by Zipser. All soundings, as
well as some more recent ones obtained in meso-
scale anvils off the north coast of Borneo during
the Winter MONEX (Winter Monsoon Experiment,
December, 1978), exhibit a characteristic ‘‘onion-
shaped’’ structure (Zipser, 1977). Within the meso-
scale downdrafts below 700 mb £,,, is approximately
constant. This structure is characteristic of these

Ap@)

AD(®) B
J M)y — RYdN + J
Zoh =~

0 0
Ap(®)

Ap(p)
j m(\p)h, — B)d\ + j

0 0

RICHARD H.

ma(\,p)(ha — h)dX,

ma(Ap)(ha — B)dN + Mypa(hpg ~ B),
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relatively warm, dry downdrafts which possess a
relative humidity minimum of 45-50% near 850-
900 mb. These soundings are for strong tropical
squall-line mesoscale systems and it is likely that
the warming and drying in weaker systems is not
as extreme. !

Profiles of 4,,, and & are shown in Fig. 6 for cate-
gory 2 of the Thompson et al. (1979) composite
wave. From this figure and (16) we can conclude
that M,,, is approximately constant with height,
except in the 600-700 mb layer. In this simple
model for the mesoscale downdraft we assume that
M, is also approximately constant in the 600—700
mb layer. Zipser’s data indicate that h,,; = h near
600 mb, the originating level of the mesoscale
downdraft. Accordingly, we assume that mesoscale
downdrafts originate at 600 mb with properties of
the environmental air. Also shown in Fig. 6 are the
cumulus-scale downdraft moist static energy pro-
file hy for A = 0.05 km™!, assuming /14(A,p,) = A*(po)
and the saturation moist static energy of the en-
vironment i *.

Estimates of the fractional area occupied by meso-
scale updrafts and downdrafts in tropical dis-
turbances are not available. If they occupy ~10% of
the large-scale area, then the representation of fluxes
due to mesoscale systems in the same manner as
done for cumulus-scale fluxes will be only approxi-
mately correct, with neglected terms as large as
10% of those kept (Houze et al., 1980). Neverthe-
less, we make the approximation that cumulus and
mesoscale fluxes can be represented identically:

p < 600 mb
17

p = 600 mb,

where Ap(p), determined from (11) using (9), is the entrainment rate for clouds having their tops at

p. Combining (1), (2), (11)-(14), (16), (17) yields

QI_QZ_QR=

8(p)[hu(Ap,P) — h(p)] — (M. + M) o

where
M.=M,+ M,

Ap®)
:J [muAp) + maLp)ldh  (19)

0
and 8(p) = m,(Ap,p)dApldp represents the terminal
detrainment rate for clouds with tops at p. Effects of
detrainment from the sides of convective-scale
updrafts are not necessarily negligible (Johnson,
1977a); however, they will not be included in this
study.

8(p)hu(Ap,p) — h(P)] — M, — ,
ap

h
9 p < 600 mb

(18)
oh

for pg > p = 600 mb,

The cloud-base mass flux per unit A in convective-
scale updrafts can be expressed in terms of the
fractional area occupied by individual updrafts per
unit A, o, (\), and the vertical velocity at cloud base
wB(A):

mp(A) = —o (Mwg(N). (20)
Similarly, the mass flux in mesoscale downdrafts is

M,q.(p) = ~ OTmOna(P), (21
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where o, is the fractional area covered by meso-
scale downdrafts.

Observational studies cited in the Introduction
have shown that mesoscale precipitating systems
are the consequence of cumulonimbus convection.
The mesoscale anvil develops while the original
cumulonimbus convection is still active, and per-
sists for a few hours after most deep convection
has ended. The time resolution of the Thompson
et al. (1979) composite data is insufficient to justify
incorporation of this life-cycle effect. In this study
each mesoscale system is envisioned as being
associated with one more cumulonimbus clouds. It
is assumed that the fractional area covered by
mesoscale downdrafts is proportional to the frac-
tional area covered by deep cumuli. That is,

(22)

where the fractional area occupied by deep cumulo-
nimbus updrafts is

n = ¢'o, (deep clouds),

Ap(@")

o, (deep clouds) =J o NdN,  (23)

0

p' is the pressure delineating the detrainment level

of the shortest clouds in the deep-cloud group and

¢’ is a constant. In this study deep clouds are de-

fined as those with tops above 400 mb, i.e.,p’ = 400

mb. This choice would mean that most tropical

cumulonimbi are included in the deep-cloud group.
Combining (20)—(23) yields

—¢' wna(P) f

0

Ap@’)

a,(Nd\

If

Mmd(p)

il

Ap@") hN
¢’ wma(P) [ UL

0 wp(N)
Assuming the cloud-base updraft vertical velocity
wg(N) to be constant for 0 < A < Ap(p’) yields
Ap(p")
_nap)_ f mp\d\.  (24)
wg(A = 0) J,
Using (13), (14), (19) and (24) in (18) we obtain
0, — Qs — Qr = 8(P)[hu(\p.p) — h(p)]

6;1 AD(®)
- —H ? s M)
ap Lo

M,q(p) = ¢’

Ap®@")

+ PN + a J

0

mB()\)d)\], (25)

where €()\) is given by (15) and

¢’ Wma(p)
wp(A = 0)
From (22) and the expression above, a = M,/

M., [to the extent that wg(A) is constant for deep
clouds] where M,;, is the deep-cloud (cloud tops
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Fic. 6. Mesoscale downdraft moist static energy #mq,
convective-scale downdraft moist static energy hgy for A = 0.05
km™!, environmental moist static energy / and saturation moist
static energy h*.

above 400 mb) updraft mass flux at cloud base. Thus,
the simple parameterization relating areas of meso-
scale systems and cumulonimbus clouds is approxi-
mately equivalent to one relating M,,; to M,,
through the constant «. Of course, a = 0 for p
< 600 mb.

If a, e(A = 0) and p, can be determined, then (25)
can be solved as in Johnson (1976) for the cloud-
base-mass-flux-distribution function mpg(\) using
large-scale observations. In this study, the solutions
of (25) will be determined numerically for plausible
values of a with e(A = 0) and p, determined as in
Johnson (1976) using a water-vapor budget for the
subcloud layer. Properties of the solutions will be
examined for a range of mesoscale to convective-
scale cloud-area ratios (represented by a).

7. Analysis procedures

Integration of (1) from the tropopause p; to the
surface p, yields

P0=g_1J %dP+Eo,
Pr

(26)
where P, is the precipitation at the ground and E,
the surface evaporation. Large-scale observations
of g, surface evaporation measurements and com-
puted cloud storage can be used in (26) to deter-
mine P,. Alternatively, we may mtegrate (1) to cloud
base pjp to obtain

p —g~l J'DB QZ
g =
o L

— gs)

Ap(pB) _
+ g7 J mqy(\,pp)lqa(X,pp) — GgldA
0

M mdB

.+ (Gmas — G8), 27)
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where Pjp is the precipitation at cloud base, sub-
script B refers to cloud-base values and we have
assumed g,z is the same for all cloud types. Eq.
(27) can also be used to determine precipitation,
but this approach requires a determination of mg(A).
Since mz(\) depends on Q, and Q as well as Q,,
(26) and (27), after taking into account precipita-
tion evaporation in the subcloud layer, will not
necessarily yield the same P,. In fact, Johnson (1978)
determines mg(\) lactually €(A) and mp(\)] by re-
quiring that (26) and (27) give the same precipitation
at the ground, where P, from (26) agrees well with
observed values.

In this study the subcloud water-vapor budget,
which depends on surface evaporation E,, is used to
determine e(\). See Johnson (1976) for discussion of
methodology used in this approach. Integration of
(1) from the cloud base pj to the surface p, yields

-g™! Jps 0

dp = —g7'(0'q’);
ws L

Ds

g @) + g J edp, (28)

bp

where the subscript s refers to surface values and
it is assumed that no condensation_occurs below
cloud base. With £, = —g (w'q’),, (0'q’)s given in
form by (17) and using (1) again, Eq. (28) becomes

Ds 6' Ps
g“J —(,;t]—dp +g“[

Pp by

V-¥Gdp + g'Mzqs

= g7} (é4Ap + €nq4lp) + E, — dg)
M, )
- 8 (qmdB - ‘IB)
Ap@B) _
— g J Mo pu)dahps) — dsddN,  (29)
0

where Ap = p, — pp and ey, e,,4 are subcloud-layer
averages.

Terms in (29) from left to right represent the
following effects on the water-vapor content of the
subcloud layer: water-vapor storage, convergence,
mean vertical transport, evaporation associated with
convective-scale precipitation, evaporation associ-
ated with mesoscale precipitation, surface evapora-
tion, updraft moisture flux, mesoscale downdraft
moisture flux and convective-scale downdraft
moisture flux, the latter three all evaluated at cloud
base. In order to determine e(A = 0) for each cate-
gory, Eq. (29) was solved for various e(A = 0)
until a balance was achieved, i.e., the residual was
reduced to zero. In some categories the residual
approached E, in magnitude when convective-scale
and mesoscale downdrafts were neglected.
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Unlike the western portions of the tropical
Atlantic and Pacific, the lower troposphere in the
eastern Atlantic is at times only slightly condi-
tionally unstable. The composite wave structure of

~ the saturation moist static energy' h* illustrates

this situation (Fig. 7). Only slight conditional
instability is evident, i.e., dh*/8z is small in the
900-700 mb layer in categories 1, 6, 7 and 8. As a
result Ap(p) is not a single-valued function in these
categories as well as in ~50 mb layers in categories
2 and 5. In the shaded region in Fig. 7 dAp/dp < 0,
elsewhere it is positive. Clouds reaching their level
of zero buoyancy in the shaded layer are those pass-
ing from a region of negative buoyancy below to
positive buoyancy above and, therefore, no detrain-
ment should be expected in this region. Since de-
trainment is given by 8(p) = mp(Ap)n.(\p.p)d\p/dp,
the thermodynamic data thus require mgz(Ap) = 0,
where d\y/dp < 0(8 and mp(A\p) cannot be negative).
Therefore, in this region (25) must take the form
oh ( @
0.~ 0.~ 0 = - ——[ J MO mAP)
ap Lo
Ap@’) '
+ €PN + @ j mB(x)dx] . G0

0

where p* is the pressure level of the top of the re-
gion. Each category, however, represents a com-
posite of ~20 fitted soundings and obviously on
some occasions detrainment must have occurred in
this layer. Thus we cannot expect (30) to be satis-
fied with the observed Q, — Q, — QO in this layer
and mp(A) obtained from (25) forp < p*. To achieve a

'ﬁ*(-lg-')
100 z = L350 3

2008 338 ]
300 E\—'/\ 136"
400 -
334 ]
\ /

PRESSURE (mb)
1%
s

FIG. 7. Saturation moist static energy 2* for composite wave.
Regions where dAp/dp < 0 are shaded.
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Fic. 8. Moist static energy source Q; — O, — Qp.

solution that satisfies (25) for d\p/dp > 0 and (30)
for d\p/dp < 0, O, — Q, — O has been modified
in the ~100 mb layers in categories 1, 6, 7, 8 and
~50 mb layers in 2 and 5 so that (30) is identically
satisfied. In order to keep

Ps :
F,=g™ J (01 — Q2 — Qpr)dp
Dy R

unchanged, a single constant has been added to Q,
— 0, — @ at all levels outside this layer. The cor-
rection is small. Fig. 8 shows Q, — Q, — O for the
composite wave before the correction is added.
A broad maximum of ~4° day™ occurs in the mid-
troposphere in the wave trough with a more con-
fined, but stronger minimum (~—6° day~!) centered
near cloud base in category 3. The vertical eddy heat
flux F (p) computed from these values is shown in
Fig. 9 (solid lines). This figure also gives F (p) fol-
lowing application of the correction procedure de-
scribed above (dashed lines). There is not a signifi-
cant difference between the two results. Maximum
upward transport of total heat is centered above
the wave trough with a maximum of ~200 W m™2
near 800 mb. A relative minimum, F < 100 W m™2,
occurs in the lower troposphere in categories 2 and 3.
Later results suggest that this feature may be
caused by mesoscale downdraft activity in ad-
vance of the wave trough. The weak negative values
in the upper troposphere may be a reflection of
overshooting cumulonimbus towers.

In the following, solutions of (25) for mp(X) are
obtained by specifying the ratio «. Initially, solu-
tions for ¢ = 0, —0.5 and —1.0 are examined. The
case a = 0 corresponds to no mesoscale down-
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PRESSURE (mb)

Fi1G. 9. Vertical eddy heat flux F. Solid lines indicate vall;es
computed before correction to Q, — @, — Qx (see text). Dashed
lines indicate values after correction has been made.

drafts. Estimates that are used for w,; = —w,4/pg
and wg = —wp/pg are —10 cm s™ and 1 m s™!, re-
spectively. The former estimate is consistent with
the findings of Zipser (1977), Brown (1979), Leary
and Houze (1979b) and the latter with studies such
as Betts et al. (1974) and Johnson (1977b). Alterna-
tive choices of these values lead to different re-
sults for the constant ¢’ in (22) that may be readily
determined from the tabulated data to follow.

MEAN MASS FLUX (mb h™)

100 T T Y T T T T

PRESSURE (mb)

F1G. 10. Mean mass flux M for composite wave.
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ENVIRONMENTAL MASS FLUX (mb h™)
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In Table 4, M4, the mesoscale downdraft mass
flux, o, and o, (deep clouds) are given by category
fora = —0.5 and —1.0. For these particular choices
of w,, and wp, mesoscale downdrafts occupy an
area five times that occupied by deep convective-
scale updrafts for « = —0.5; and 10 times for
a = —1.0. For example, in category 4 mesoscale
downdrafts occupy 6% of the total area whereas
convective-scale downdrafts occupy ~1% for
a = —0.5. Without highly detailed cloud observa-
tions, the predicted area coverages for various a’s
cannot be verified. However, in general, the results
for o, and o, (deep) are consistent with the assump-
tions set forth at the outset of this paper. :

The convective mass fluxes for a« = 0, —0.5,
—1.0 have been determined for the composite wave.
These results can be combined with observations
of the mean mass flux M = —@ to determine the
environmental mass flux M through the relation
M=M+M,+M,, The mean mass flux is
shown in Fig. 10. Maximum upward motion of
~6 mb h™! occurs near 700 mb between categories
3 and 4. A weak secondary maximum exists near
350 mb in categories 1-5.

The solutions for M for the three choices of «
are shown in Fig. 11. These results will form the
basis for the selection of an o that gives the most
realistic mesoscale-downdraft mass-flux estimates.
For o = 0, very strong subsidence is seen to exist
in the lower troposphere in nearly all portions of
the wave. However, since extensive low cloudiness
(~50% or more) was observed in categories 2—4
(Table 1), strong subsidence in the active-cloud
environment, i.e., the regions between convective
and mesoscale draft systems, must be ruled out.
Therefore, the case a = 0 is not realistic. On the
other hand, for a« = —1.0 lower tropospheric
subsidence occurs only in the wave ridge with
rather substantial upward motion throughout the
lower troposphere from categories 1 to 5. This
situation is also not reasonable since this result
would suggest virtually complete cloud cover in
the active cloud environment through the entire
troposphere in these categories. By contrast, M for
a = —0.5 exhibits features that one might expect
in the cloudy region in advance of the wave trough:
weak subsidence near cloud base with only slight
upward motion above extending to 600 mb. Al-
though the above arguments do not yield a precise
quantitative determination of a, it is concluded that
a = —0.5 is the most reasonable choice of the
three above. Further refinement of this aspect of
the model requires more comprehensive measure-
ments of cloud cover and convective-scale and
mesoscale downdraft areas than are presently

FI1G. 11. Environmental mass flux M for composite wave
fora = 0, —0.5, —1.0.
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FiG. 12, Subcloud-layer water-vapor budget for composite wave.

available. We will henceforth confine discussion to
results for a = —0.5.

8. Results for « = M, ;/M,, = —0.5

Terms in the subcloud layer water vapor budget
are shown in Fig. 12. In categories 1-4 the primary
moisture source, large-scale convergence, exceeds
evaporation from the ocean surface. Large-scale
convergence in the subcloud layer is sufficient
to account for only ~40% of the observed
precipitation minus evaporation in this portion of
the wave (Table 2), suggesting that a substantial
portion of the moisture convergence into clouds is
above cloud base. The decomposition of the flow
into a mean plus deviation leads to the term
Mjzggplg in (29) that represents the transport of
water vapor out of the subcloud layer by the mean
vertical motion. In reality, water vapor is trans-
ported upward in cumulus updrafts and downward
in downdrafts and by environmental subsidence,
processes that can be represented by transforming
(29) into an alternative form that expresses these
transports (e.g., Ogura and Cho, 1974; Johnson,
1976). However, in order to interpret the updraft and
downdraft transports in terms of fluxes, Eq. (29) is

“kept in its original form. The transport of water vapor
by the mean circulation My is shown as the major
sink of water vapor for the subcloud layer. Convec-
tive-scale updrafts and downdrafts and mesoscale
downdrafts also act to reduce the specific humidity
of the subcloud layer. In the wave trough region
the relatively dry mesoscale downdrafts are as im-
portant a water vapor sink as convective-scale
updraft transport. The net effect of convective-
scale downdraft transport on the water-vapor con-
tent of the subcloud layer is small.

Precipitation evaporation moistens the subcloud
layer with both convective-scale and mesoscale
downdrafts contributing equally. Evaporation in
convective-scale downdrafts is determined by as-
suming that the subcloud layer evaporation rate is
equivalent to that at cloud base given by the -
cloud-layer model. Mesoscale precipitation evapo-
ration is estimated from the evaporation expression
derived by Ogura and Takahashi (1971) using
Zipser’s (1977) downdraft sounding data and the
composite wave precipitation data. For the purposes
of this calculation it is assumed that 40% of the total
precipitation is mesoscale (Cheng and Houze, 1980).
Since the downdraft evaporation terms are small in
(29), overall results are not particularly sensitive
to this assumption. Precipitation evaporation is
generally considerably less than evaporation from
the ocean surface. The storage term in (29) is nearly
zero in all categories.

These results suggest that mesoscale downdrafts
contribute significantly to the water-vapor budget
for the subcloud region of African wave disturbances
in the GATE area. Their effects on the budget in
disturbed conditions are comparable to those of
cumulus-scale updrafts. It is apparent that theories
for the parameterization of moist convection in
large-scale numerical prediction models must in
some way include the effects of mesoscale as well
as convective-scale downdrafts if accurate predic-
tions of boundary-layer moisture are required. Simi-
lar conclusions have been reached by Miller and
Betts (1977) in a study of tropical squall systems
over Venezuela. ‘

The cumulus updraft mass flux M, and downdraft
mass flux M, are shown in Fig. 13a. Maximum
updraft mass flux occurs at the wave trough with
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FiG. 13a. Updraft and downdraft mass fluxes M,, and
M, for composite wave.

an amplitude of ~11 mb h™! near 700 mb. A weaker
secondary maximum in the mid-troposphere occurs
near category 2, well ahead of the trough. The posi-
tion of the latter feature coincides with the pre-
ferred location for squall development in the African
waves as reported by Payne and McGarry (1977).
The major squall systems studied by Houze (1977)
and Zipser (1977) all occurred in categories 1, 2 or 3
of their associated waves. The presence of these
convective systems in advance of the trough is
clearly evident in Fig. 13a. Cumulus downdrafts
are strongest in category 4 with a mass-flux ampli-
tude at cloud base about 30% that of updrafts. A
weaker maximum occurs at cloud base in category 1.
The mesoscale downdraft mass flux M,,, is illus-
trated in Fig. 13b. Weak mesoscale downdrafts
occur from categories 1-5 with a peak slightly
= —2 mb h™! in category 4.

As determined in earlier GATE studies (Nitta,
1977; Johnson, 1978) a bimodal distribution of
clouds, both deep and shallow, are prevalent in the
GATE region. However, it was noted that shallow
cumulus activity was a minimum when deep con-
vection was a maximum, and conversely. The de-
trainment rate shown in Fig. 14 for the cloud
population in the composited wave also indicates
this same result. A minimum of shallow cumuli
exists in categories 2—4 with a maximum centered
about the ridge. Maximum detrainment in the upper
troposphere occurs near 300 mb in categories 2-35.

Figs. 13 and 14 lead to the following interpreta-
tion of convective activity associated with the
composite African wave. After passage of the ridge
deep convection develops in category 1. Mesoscale
downdrafts also are first observed in this category.
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Cumulus-scale downdrafts then diminish in cate-
gories 2 and 3 while mesoscale downdrafts con-
tinue. The solution for M in Fig. 11 shows rising
motion to exist at 200—300 mb in this region of the
wave (as well as in the trough). This feature may
be associated with widespread upward motion
present in the upper portion of mesoscale anvils.
Cumulus-scale updrafts and downdrafts and meso-
scale downdrafts then increase to a maximum in the
wave trough. A peak in detrainment is also found
in the wave trough in the mid-troposphere near 500
mb. These findings are consistent with the results of
Thompson et al. (1979) which suggest three primary
levels of detrainment corresponding well to those
found in this study.

A small region of negative & is seen in categories 2
and 3 near cloud base. As noted earlier (Fig. 3) the
apparent moisture sink Q, is large in this region.
From the following form of the water-vapor equa-
tion for the cloud models used here

Q: 0q
- 22 = (M, + M) —
L ( 4 md) ap

+ ey + 8lqu(Ap,p) — 4], (31)

it is seen that the only drying mechanism that can
account for the large @, is environmental sinking
compensating the net convective-mass flux M,
+ M 4. Evaporation of detrained liquid water and
detrainment of water vapor from updrafts are both
moistening processes. Since for &« = —0.5 environ-
mental subsidence in this region is small, negative
values of & are necessary to achieve a solution to
(31) near cloud base in categories 2 and 3. This re-
sult points to 'a deficiency in the cloud models
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Fi1G. 13b. Mesoscale downdraft mass flux M ;. Units: mb h™.
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FiG. 14, Detrainment rate (day~!) from cumulus updrafts. In
shaded region d\p/dp < 0, i.e., no detrainment is permitted.

used in this study. It is apparent that some process
not represented in (31) operates to dry the air just
above cloud base in advance of the trough. A
possible process to account for this effect is detrain-
ment from mesoscale downdrafts above cloud base.
Had mesoscale downdraft detrainment been in-
cluded in the model, Eq. (31) would have been
primarily a balance between the large moisture sink
@, in this region and detrainment of lower specific
humidity air from mesoscale downdrafts.

The work of Johnson (1978) showed that deep
convection in African waves is related to large-
scale, low-level convergence although the relation-
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ship apparently varies with latitude. This study for
the B-scale array indicates that maximum deep-
cloud mass flux M,, (mass flux at cloud base due
to updrafts with tops above 400 mb) occurs ~12 h
after a maximum in the mean mass flux at 950 mb
Mg, (Fig. 15). A much smaller phase lag was de-
termined between M,;, and Mg, at this latitude in
Johnson (1978). It is felt that the results reported
here present a more reliable picture of the true
phase relationships since the earlier study used a
combination of land and ocean data. The delay in the
response in deep-cloud activity to large-scale, low-
level convergence was attributed to Johnson (1978)
to gradual moistening effects of a deepening layer
of shallow cumulus clouds in advance of the wave
trough. The relative humidity profile for the wave
(Thompson et al., 1979) indicates significant
moistening in the lower troposphere in this region.
However, the absence of shallow cumuli in cate-
gories 2 and 3 (Fig. 14) suggests that in this case
another explanation is needed. The observed
moistening may be a result of the large increase in
inactive low-cloud amount ahead of the trough
(Table 1), or precipitation evaporation in mesoscale
downdrafts or a combination of both. The way in
which these features might contribute to a 12 h delay
in the response of deep convection to low-level
forcing, beyond simply providing a more moist
environment for deep cumulus growth is not clear,
however. The deep cloud mass flux M, correlates
well with high or bright convective cloud amount
as reported by Thompson et al. (1979). The
secondary peaks in M, and high cloud amount near
category 2 are consistent with the existence of
squall-type convection ahead of the wave- trough
as disgussed earlier. Since the parameterization

MASS FLUX (mb h-1)

T T T 60

HIGH CLOUDS

HIGH CLOUD AMOUNT (%)

Fi1G. 15. Deep cumulus mass flux My, large-scale mass flux at 950
mb Mgy, absolute value of mesoscale downdraft mass flux |M,,,d|,
and high cloud amount for composite wave (latter from Thompson

et al. 1979).
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F16G. 16. Shallow cumulus mass flux M, lifting condensation level of surface air LCL,
mixed-layer height ML, and ML plus transition layer depth TL for composite wave.
ML and LCL are for 15-18 September wave (from Payne, 1978).

used in this study ties mesoscale downdraft ac-
tivity to deep-cumulus updraft activity, |MmD| and
M,p in Fig. 15 have similar shapes.

As previously mentioned, a minimum in shallow
cumulus activity occurs in categories 2—4. Johnson
(1978) suggested that a major cause of this feature
is stabilization of the subcloud layer by convective-
scale downdrafts. The significant variation of shal-
low cumulus activity with wave phase is evident in
Fig. 16. In this figure M, is the cloud-base mass
flux due to clouds with tops below 750 mb. M,
exhibits a nearly sinusoidal variation with minimum
and maximum amplitudes in categories 3 and 7. To

investigate further the cause of this variation, mixed-
layer depth data for an individual wave from Payne
(1978) are also plotted in Fig. 16. Payne deter-
mined average mixed-layer heights from rawinsonde
observations during the passage of an African wave
during the period 15-18 September. It is assumed
that this variation is typical of all waves during
Phase III. The mixed layer is observed to be deepest
in the wave ridge and shallowest at and just in ad-
vance of the wave trough. The shallowing of the
mixed layer in the wave trough suggests the possi-
bility that shallow cumuli diminish in this region
because eddies within the mixed layer can no
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Fi1G. 17. Total water budget for composite wave. C, is updraft condensation, E,
evaporation of detrained liquid water from updrafts, E,; evaporation in mesoscale down-
drafts, £, evaporation in convective-scale downdrafts, P, precipitation at cloud base
and Pgps observed precipitation. Cloud efficiency is defined as Pz/C, where C = C, — E,.
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FiG. 18. Environmental mass flux M, mean mass flux A and net convective mass

flux M, + M, for category 4 for cases with and without downdrafts.

longer extend to the lifting condensation level of
the surface air, even allowing for some overshoot-
ing. If the Phase III averaged observed transition-
layer depth (~25 mb) for both undisturbed and dis-
turbed situations (C. F. Ropelewski, personal com-
munication, NOAA/CEAS, Washington, DC) is
added to the mixed layer depth, the dotted curve
in Fig. 16 is obtained. Comparing this curve with
the composite lifting condensation level (LCL), we
see that from categories 1-3 the top of the transi-
tion layer is below the LCL of the surface air. Such a
situation would lead to a suppression of shallow
cumuli, as is observed. On the other hand, the top
of the transition layer is above the LCL in categories
4-8. This situation is favorable for the development
of shallow cumuli, and is consistent with the ob-
served maximum in Mg in these categories. There
are admittedly a number of uncertainties in the
above analysis and it is likely that a study of proc-
esses that control shallow cloud populations can
best be done with a case-study approach.

The total water budget for the composite wave
is shown in Fig. 17. Since total evaporation of
detrained water from updrafts E, was computed to
be small and sometimes negative, this term is com-
bined with the total condensation in updrafts C,
to give C = C, — E, or the rate at which condensate
is supplied by updrafts for precipitation and evapora-
tion in downdrafts. In the wave trough (category 4)
~30% of the condensed water is evaporated in
convective-scale and mesoscale downdrafts (equally,
divided between both). In advance of the trough
most precipitation evaporation is in mesoscale
downdrafts. Cloud efficiency, defined as the ratio of
total precipitation at cloud base Pz to C averages
78% for the composite wave.

9. Comparison with no-downdraft cases

The previous studies of Johnson (1976) and Nitta
(1977) have demonstrated that convective-scale
downdrafts are important contributors to the total
convective mass flux in tropical disturbances. It was
suggested that prognostic models that use cloud
models for parameterization for moist convection
would overestimate subsidence between clouds and,
hence, predict excessive warming in the lower
troposphere if cumulus downdrafts were ignored.
The study of Johnson (1976) using western Pacific
data indicated that the diagnosed environmental
subsidence in disturbed conditions is reduced by
approximately one-half when convective-scale
downdrafts are taken into account. Even further
reductions are realized when mesoscale downdrafts
are included (Fig. 11). These effects are summarized
in Fig. 18 for the wave trough. When no down-
drafts are included in the diagnostic model, the
net cumulus and mesoscale mass flux M, + M,,; at
cloud base is large, ~14 mb h™!. Since the mean
mass flux M at cloud base is comparatively small,
|M| is also large at this level. When convective-
scale downdrafts are included, both M, + M, and
|M| are reduced by ~25% at cloud base. However,
a considerably larger reduction occurs in M, + M,
and |M| when mesoscale downdrafts are also
included. !

10. Summary and conclusions

Observations of tropical-wave disturbances during
GATE have shown that a variety of convective-
system types contributed to rainfall over the ship
array. Two types of downdrafts, convective-scale
and mesoscale, were prominent features of many
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TABLE 4. Mesoscale downdraft mass flux M,,, (mb h™), fractional areas occupied by mesoscale downdrafts o, and cumulonimbus

updrafts o, (deep) as a function of a. ¢’ = op,/0, (deep) is computed assuming w,4(pg) = —wna/pg = —10 cm s™! and wy = —wp/pg
=1ms™.
Category
1 2 3 4 5 6 7 8

a=-0.5 My -1.10 —-1.14 -1.15 —-2.31 -1.71 —-0.81 0.00 -0.36
¢’ =

O 0.0'3 0.03 0.04 0.06 0.05 0.02 0.00 0.01

o, (deep) 0.006 0.006 0.008 0.012 0.010 0.004 0.00 0.002

=-1.0 Ma -2.20 —2.28 -2.30 -4.62 -3.42 -1.62 0.00 -0.72

c' =10 Om 0.06 0.06 0.08 0.12 0.10 0.04 0.00 0.02

o, (deep) 0.006 0.006 0.008 0.012 0.010 0.004 0.00 0.002

of the disturbances. A diagnostic model has been
developed to determine the properties of cumulus
populations, taking into account effects of cumulus-
scale and mesoscale updrafts and downdrafts. As
in the previous study by Johnson (1976) an entrain-
ing-plume model is used for cumulus updrafts and
downdrafts. In this study the parameter e(\), the
ratio of the cumulus-downdraft mass flux at the
originating level of the downdraft to the updraft
mass flux at cloud base, is given as a function of
cloud size. Its functional form is such that down-
drafts from shallow clouds are practically negligible.
Mesoscale downdrafts are modeled using a bulk or
single-mass-flux model. In the application of the
model to GATE data it is assumed that all precipita-
tion that occurs in mesoscale downdrafts is originally
generated in cumulus updrafts. This assumption
implies that mesoscale updraft motion is neglected.
The solution of the problem then depends on the
modeling of the mesoscale downdraft.
Observations within mesoscale downdrafts taken
from Zipser (1977) are used to specify their
temperature and moisture distributions. These
downdrafts are assumed to start near the melting
level at 600 mb. A parameterization is introduced
to relate the fractional area occupied by mesoscale
downdrafts to the fractional area occupied by
cumulonimbus convection. Determination of a best
estimate of mesoscale downdraft intensities is based
on a physical interpretation of the diagnosed en-
vironmental subsidence in light of observed cloud

cover for the wave. This method suggests o = M,/
M., = —0.5, i.e., the mass flux in mesoscale down-
drafts (M,,q) is one-half that at cloud base due to up-
drafts that detrain above 400 mb (M,p).

The model is applied to composite-wave data
from the B-scale ship array of GATE (Thompson et
al., 1979).- An evaluation of cloud-water storage
effects based on GATE whole-sky camera cloudi-
ness data shows that cloud storage is of some im-
portance in the water budget in regions of the wave
where cloud cover is rapidly changing. Radiative
heating rates from Cox and Griffith (1979) for
Phase III of GATE are used in the computations
of convective transports in the wave. Results sug-
gest that mesoscale downdraft mass fluxes in the
lower troposphere are comparable in magnitude to
convective-scale fluxes. Mesoscale downdrafts are
found to contribute importantly to the subcloud-
layer water-vapor budget by transporting relatively
dry air into the subcloud layer. The net upward
cumulus mass flux during convectively disturbed
conditions is reduced considerably when the effects
of mesoscale downdrafts are included in the diag-
nostic model. Consequently, the magnitude of the
diagnosed environmental subsidence is also re-
duced. This finding has important implications for
prognostic models of the Arakawa-Schubert type
since environmental subsidence is an important
heating and drying mechanism on the large scale.
It is evident, at least in the tropical eastern Atlantic,
that the effects of mesoscale downdrafts in

TABLE 5. Mesoscale downdraft and total precipitation rates. Units: mm day~!.

Category
Rain type 1 2 3 4 5 6 7 8 Mean
Mesoscale 3.6 3.6 4.8 7.2 6.0 2.4 0.0 1.2 3.6
Mesoscale and
convective s_c_a_l__e 3.6 16.2 19.5 22.0 21.1 5.9 7.9 4.0 12.5
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cumulus parameterization theories must be in-
cluded if accurate predictions of both water vapor
in the subcloud layer and lower tropospheric tem-
perature and moisture fields are required. Although
these results provide a qualitative estimate of meso-
scale downdraft effects, it is clear that the method
of determining mesoscale downdraft intensities is
not fully satisfactory. Further improvements in
modeling these mesoscale systems as well as im-
proved cloud observations appear to be necessary
for a precise determination of the contributions of
each convective phenomena to the total convective
transport.
~ An obvious shortcoming of the proposed model is
the neglect of mesoscale updrafts. With this assump-
tion, we require all rain to be generated within
cumulus updrafts. An estimate of the amount of
rainfall implied by the mesoscale model can be made
from observational data and model results. Leary
and Houze (1979b) note that the GATE mesoscale
downdraft systems they studied having a down-
draft velocity ~—10 cm s™! were characterized by
precipitation rates 1-10 mm h~!, Using the values of
o, in Table 4 for « = —0.5 and assuming an average
rainfall rate in mesoscale downdrafts of 5 mm h™!
based on Leary and Houze (probably an upper
bound for Phase III as a whole), mesoscale precipi-
tation rates have been determined and are shown
in Table 5. It is seen that on the average for the
composite wave under the assumptions of this study
~30% of the total precipitation occurs in mesoscale
downdrafts. Comparing-with Fig. 17, we see that the
mesoscale precipitation reaching the ground is

roughly equal to the amount of evaporation in’

mesoscale downdrafts. Using radar data, Cheng
and Houze (1979) found that about 40% of the total
precipitation in GATE was from mesoscale con-
vection. i

Clearly, further improvements in the modeling of
mesoscale updrafts and downdrafts should provide
improved estimates of their contribution to the total
convective transports in tropical disturbances.
Nevertheless, it is felt that this study has demon-
strated the probable importance of these systems
and has provided a semi-quantitative determination
of the effects of mesoscale downdrafts on the sub-
cloud layer water vapor budget and diagnosed
environmental subsidence in the lower troposphere.
Detailed verification of the model predictions is
difficult since GATE measurements, as good as
they are, do not allow precise determination of
fractional area coverages of cumulus-scale and
mesoscale convective systems over the entire
B-array.
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