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ABSTRACT

The transformation by precipitation of the well-mixed subcloud layer into a new structure which is nearly
wet adiabatic and has a lower moist static energy is presented. A simple two-layer model is used to show
that the precipitating convection appears to strip off the subcloud layer which ascends in updrafts, and to
replace it with an equal layer of air from just above cloud base, which descends in downdrafts associated
with the evaporation of falling rain. The mean transformation is presented, and the incorporation of the
results into a parametric model of the transformation of the subcloud layer is discussed.

i. Introduction

An important unresolved problem in tropical mete-
orology is the transformation of the boundary layer by
convective rain. In the past few years, mixed layer
models have been proposed and incorporated into
large-scale tropical numerical models (e.g., Deardorff,
1972; Betts, 1973a; Arakawa and Schubert, 1974).
However, it is known that the well-mixed subcloud
layer which prevails in undisturbed conditions is trans-
formed by precipitating disturbances into a different,
more stable structure (Garstang and Betts, 1974;
Echternacht and Garstang, 1975). Moist downdrafts
play an important role in this transformation. The
purpose of this paper is to analyze this transformation
using tropical data over Venezuela, and develop a
simple parametric model.

Models for the undisturbed well-mixed subcloud
layer have supposed (e.g., Betts, 1973a) that air rising
to form cumulus clouds has the mixed layer properties
while the environment between clouds subsides in
compensation and is rapidly incorporated into the
more turbulent subcloud layer, which preserves a rea-
sonably homogeneous structure. This is clearly a
simplification—acoustic radar studies (e.g., Frisch
and Clifford, 1974) have shown considerable variations
in time in the depth of the mixed layer. With the onset
of precipitation, two new processes increase the cou-
pling between cloud and subcloud layers, and transform
the mixed layer structure. Evaporation of falling pre-
cipitation into the unsaturated subcloud layer is a heat
sink and a source of water vapor, bringing the layer
closer to saturation at constant equivalent potential
temperature. In addition, evaporative cooling can
drive convective-scale downdrafts with a mass trans-

port comparable to the convective updrafts. This
downward transport brings down air which was ini-
tially potentially warmer and drjer than the air in the
subcloud layer. These two processes oppose each other
in the sense that evaporation cools and moistens while
downward transport warms and dries. Any combina-
tion can therefore result. Typically, in the cases ex-
amined here, the subcloud layer becomes cooler and
drier after the precipitation and downdrafts, indicating
the need to consider both processes.

These processes have been known for a long time
(Byers and Braham, 1949; Riehl and Malkus, 1958;
Ludlam, 1963). Zipser (1969) showed the extent of
the influence of the downdraft circulation in his anal-
ysis of a Pacific disturbance. More recently, Gray
(1973) has emphasized the importance of calculating
the large magnitudes of both up and down cloud-scale
circulations, and Betts (1973b) attempted to estimate
their magnitudes from a composite budget study. How-
ever, a boundary layer model which incorporates moist
cloud-scale updrafts and moist downdrafts associated
with the evaporation of precipitation has been lacking.
This paper, one of several which analyze different
aspects of the convection over Venezuela, will attempt
to develop such a model based on observations.

CoNCEPTUAL MODEL

The observations suggest a simple two-layer struc-
ture in which the subcloud layer (in front of the meso-
system) rises in updrafts and is replaced by air from
the layer immediately above, which descends with the
evaporation of precipitation in moist downdrafts. Theo-
retical support for this model is given in Moncrieff
and Miller (1976). They developed analytical and nu-
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merical models for the squall line type of convection
and discussed their updraft-downdraft structure. They
concluded from a three-dimensional numerical simula-
tion of one of the Venezuelan squall lines that the down-
draft originates at low levels from the layer immediately
overlying the updraft air. They present @ model struc-
ture similar to that shown in Figs. 1 and 2. Their
squall line case is included in this data set (storm 47
in Table 1). Indeed it appears that some aspects of
their models for the squall line type of convective
transfer may have a wider applicability since not all
the .convective systems in the data set presented here
could be described as travelling squall lines. Some were
quite small mesosystems (rain area ~400 km?) which
passed over the observation site. All, however, were
characterized by low-level relative inflow in the front
(from the west).

Fig. 1 shows schematically the model used in this
paper for a moving mesosystem embedded in a larger
scale flow. It is characteristic of those over Venezuela.
In front of the system at low levels there is a region of
inflow and behind it a modified area. This modified air
is assumed to come from the spreading out of down-
draft air.

In the first part of the paper (Sections 2-5) observa-
tional models are discussed for this local transformation.
Single rawinsonde soundings will be taken as repre-
sentative of the air before and after the passage of the
mesosystem over the rawinsonde site. Necessarily this
involves the assumption that the inflow and outflow
regions are homogeneous. Typically, the inflow and
first outflow soundings were about 50 min (equivalent
to 30 km at 10 m s™1) away from the passage of the
rain area over the site. Later soundings in the outflow
region (typically ~140 min after the rain) naturally
showed some variability (Table 1) but, in general, the
outflow structure persisted for some hours into the
night (when no further rawinsondes were launched).
Typically, the rain systems passed over the observation
site in late afternoon or early evening. In these observa-
tional models, only the change in structure is considered,
not the mass fluxes associated with inflow and outflow.
These fluxes could be associated in Fig. 1 with the rate
of change of inflow and outflow areas. The mass fluxes
associated with inflow and outflow or updraft and
downdraft (which are clearly important to the effect
of the mesosystem on the large-scale flow) are treated
separately in this paper in Section 6.

This separation into one model for the change of
structure and one for the associated mass fluxes for
inflow and outflow does depend on the assumption of
homogeneity of structure in the inflow and outflow
regions. For a parametric model it seems a necessary
simplification.

The observational models (Sections 2-5) relate the
outflow structure after the system (subscript A in Fig.
1) to the inflow structure before (subscript B). The
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F16. 1. Schematic large-scale grid area for a low-level pres-
sure surface showing embedded moving mesoscale rain system
(shaded). Dotted inflow and modified outflow regions are shown:
subscript B denotes before system and A after it, while ¢ is the
specific humidity.

parametric model of Section 6b places this model in the
context of grid-averaged variables and mass fluxes.

2. The experiment

"The data were collected during the second Venezuelan
International Meteorological and Hydrological Ex-
periment (VIMHEX 1972) which was conducted in
north-central Venezuela during the summer of 1972.
A major objective of the experiment was the study of
tropical convection, particularly organized cumulo-
nimbus systems, with the view toward developing
parametric models of the type presented here. The
summer rainy season is characterized on disturbed
days by traveling mesoscale convective systems rang-
ing from large squall lines (instantaneous rain area
~2000 km?) to smaller systems (rain area ~few
hundred km?). Typically, about a third to a half of the
days had significant rainfall associated with these
mesosystems.

The experimental design was very simple. A 10 cm
calibrated weather radar (an extensively modified
M-33) and a GMD-1 rawinsonde system were placed
at Carrizal, Venezuela (9°22.8'N, 66°55.0'W) within a
raingage network of diameter 120 km. Sequential
soundings were launched (every 65-90 min) whenever
significant radar activity was observed. Rainfall and
radar echo statistics are available in Betts and Stevens
(1974). The region is relatively flat and uniform, and
the dominant echo motion was from east to west at
7-15 m s~! with low-level relative inflow into systems .
from the west. Thus, in general, a line section of sound-
ings were obtained depicting the atmospheric structure
in front of, inside, and then behind a raining convective
system which passed over the observation site. Typi-
cally, the preceding sounding showed an undisturbed
atmospheric structure with a well-defined nearly mixed
layer up to cloud base, while after the passage of a
system, the sounding showed a dramatically different
atmospheric structure with a cooling of the lower layer
and a fall of equivalent potential temperature 6. or
moist static energy &.



1010

Although the rain systems seen on radar varied
widely in size, top height, travel speed and.apparent
organization, the thermodynamic boundary layer
transformations which they produced on passing over
the observation site were remarkably similar., In this
paper, therefore, no distinction has been made between
types of storm systems, and the results are considered
common to all the summer’s storms. It should be noted,
however, that one rain event (of the night of 1-2
September; see Table 1) was much larger in time and
space scale than any of the others. The radar echo
area reached a maximum area of 10* km?, and lasted
dbout 12 h. It is included in this set despite its synoptic-
scale character because the total transformation of the
lower atmosphere still fitted the models presented in
Sections 3, 4 and 5.

The dynamic transformation of the boundary layer
for a subset of these storms will be discussed in another
paper. A further paper (Betts et al., 1976) compares the
travel speeds for some of the mesosystems discussed in
this paper with the predictions of the analytic squall
line model proposed by Moncrieff and Miller (1976).

The rawinsonde used was the VIZ 1290 series sonde
with a modified humidity duct (Friedman, 1972),
which appears to have overcome the large humidity
errors of éarlier sondes (Betts e al., 1974). Tempera-
ture and relative humidity were computed from strip-
chart values at every baroswitch contact point (where
the sonde switches from the temperature to humidity
sensor). In low levels, baroswitch contact points are
spaced at known pressure intervals of ~10 mb. Hu-
midity values are missing every five contact points
where a reference signal is sampled: these were inter-
polated linearly from adjacent values. The thermo-

dynamic data thus have a vertical resolution of about -

10 mb. To facilitate averaging of soundings, and to use
the model presented in Section 3, data were derived
for standard 10 mb levels by interpolating between
adjacent contact point levels. .
Balloons were inflated to a constant lift giving an
ascent rate which averaged 4.8 m s™ at low levels.

STORM
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Fic. 2. Schematic airflow relative to travelling mesosystem,
showing two-layer model exchange: inflow layer po to p, ascends
in updrafts and inflow layer #, to p; descends in downdrafts in
replacement. (Actual flow inside system will be both three-
dimensional and transient, not two-dimensional as sketched.)
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Thus, 10 mb in the vertical at low levels corresponds to
about 20 s. The time constants of the thermistor and
hygristor are not well known. Brousaides and Morrissey
(1974) give theoretical and observed thermal response
times of 15 and 19 s, respectively, for the carbon strip
hygristor used in this sonde for similar ascent rates.
The thermistor time constant is considerably smaller,
about 5 s, but not well documented. Betts ef al. (1974),
who neglected the thermistor lag time, estimated the
differential lag of thermistor and hygristor (which
determines errors in the mixing ratio) to be rather
smaller—about 6 s. In this paper no lag corrections
have been made. If thermistor and hygristor time éon-
stants are taken as 5 and 15 s, respectively, the system-
atic temperature and mixing ratio errors would be (for
a dry adiabatic layer)

I'=+0.25K }
8¢~ —0.4 g kg™! .

Together, these systematic errors mean that the uncor-
rected data will overestimate the lifting condensation
level height by about 85 m (9 mb). The lowest LCL -
heights (highest pressures) in the subcloud layer pre-
ceding the rain system will be used as estimates of
cloud base to help offset this error (see Section 3c).

The lifting condensation level, hydrostatic height z,
and many derived parameters (static energies and
potential temperatures) were computed for each data
level. Collectively, these parameters were used to
examine the low-level structure. For the purposes of
this paper, we shall use primarily static energies since
these are additive functions. The static energy s is
defined as

s=CpT+gz, (1a)
the moist static energy as
' h=s+ Lg, (1b)
where ¢ is the specific humidity, and the saturation
_ static energy as
ke = s+ Lqa, (1c)

where ¢, is the saturation specific humidity.

3. Simple model for the local transformation

The passage of a rain system in general produced a
marked low-level cooling, stabilization, and fall of
moist static energy 4 (and equivalent potential tem-
perature 8,). The evaporation of falling rain into the
subcloud layer would produce a cooling and stabiliza-
tion, but at constant % or 0, as discussed in Section 1.
We assume that a mass transport process, presumably
in downdrafts from higher in the atmosphere, produces
the observed fall of % or 6,; and develop a simple mass
transport model for this transformation to interpret
the data and derive certain characteristic parameters.

The model is presented in Fig. 2. The convective
system removes a surface layer thickness Ap= po—p1,
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which ascends in updrafts, and replaces it by the layer
above (from p; to p2 where Ap=p,—p,) which descends
in downdrafts. The model thus relates a spacial or
temporal change in the surface layer to the structure
of the undisturbed atmosphere preceding the convective
system. Fig. 2 is schematic: we shall not consider
the detailed kinematics of the exchange at all. The
crucial concept here is that given an initially hori-
zontally homogeneous atmosphere with a typical
stratification of 6, or & (which we shall assume is that
given by the preceding undisturbed atmosphere) then
a low-level fall of 8, or % can only result from a vertical
exchange, updrafts taking up high 6, air and downdrafts
bringing down low 6. air. We have chosen the very
simplest exchange involving only two layers, so that
we can relate the surface layer (o to $1) structure
after a rain system to that of the undisturbed atmo-
sphere before the system; p; is determined inde-
pendently of cloud base p; by the model but the two
are found. to be close (see Section 3c).

a. Evidence for downdra:ﬂ from just above cloud base

A specific example of a vertical cross section through
the gust front of the downdraft just as it reached the
observation site is shown in Fig. 3. Sounding 226 was
made an hour prior to the arrival of a squall line sys-
tem (storm number 60); sounding 227 was success-
fully launched just after the arrival of the cool surface
gust but before the heavy precipitation; and 228 was
after the system rain area had passed. The ascent
through the gust front shows a layer of cool, low %
downdraft air 35 mb thick with a sharp upper boundary
at 950 mb. This air has a moist static energy corre-
sponding to the air at or just above cloud base in
soundings 226 and 227, indicating that the air in the

226 — BEFORE STORM
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downdraft gust came from just above cloud base. The
wind values show a low-level gust [these values are
2 min average winds (about 60 mb) interpolated
to 25 mb intervals]. Sounding 228, 80 min later, shows
the deep layer of cooled, low % air, which is typical of
the transformations listed in Table 1.

. Moncrieff and Miller (1976) simulated the develop-
ment of storm 47 (see Table 1) which also had a squall
line structure. They perturbed a three-dimensional
primitive equation model initialized with sounding 176
which proceeded the arrival of the squall lines. The
model developed a quasi-steady, propagating squall
line type structure which travelled with the leading
edge of a cold pool of air, itself in turn maintained by
downdrafts from individual cumulonimbus cells. The
model showed that the downdrafts originated from low
levels from the layer immediately overlying the up-
draft air. The authors also computed the transforma-
tion of the atmosphere produced by the model convec-
tive system and found qualitative agreement with the
changes observed.

In an earlier paper, Betts (1973b) concluded from a
composite cumulonimbus budget study over Venezuela
that air descended typically only 80 mb in downdrafts,
although descending air appeared to exist up to 500
mb in the decaying stage of systems. Those resuits
involved considerable averaging: this study suggests
(see Section 3c) that at low levels downdraft air de-
scends approximately the depth of the subcloud layer
(~130 mb). Zipser (1969) and. many mid-latitude
studies have concluded that downdraft air originates
in the middle troposphere or at least as high as 600 mb.
This is a rather deeper downdraft than those studied
here, where p, in Fig. 1 was only about 650 mb in the
deeper cases. An analysis of mid-latitude data, where

SOUNDING ——— -
oMBERS 227 THROUGH GUST-FRONT ) )
228 —— AFTER STORM 8,0 (x10 ¥ joules kg~*}
300 308 310 315,4330 338 340 345
226 227 228
0} o77/12 078/9  081/144
L o702 076/8 082712
800} 073/ 075/8  085/12
| o732 or4/8  088/13
p eso} 067/10 075/7  090/12 ]
{mb)
o061 /77 082/7  0BB/12]
900! 059/5 093/7 089713
093710 091 /12
9% 09312 092710
095/9 09/7
990 140/7 11072

s ( dry stotic energy)

hmoist static energy){col gm™'}

Frc. 3. Cross section through a squall line. Sounding 226 (1759 local time) is well
- in front, 227 (1907 local time) ascended through the gust-front, and 228 (2028 local
time) was after the passage of the system. Wind velocities (in degrees and m s™)

at 25 mb intervals are shown.
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cloud bases are often higher, using this two-layer model
would be useful.

b. Diagnostic solution

The model represented by Fig. 2 is solved diag-
nostically to find the value .of Ap which will produce
the observed ‘“‘after” mean % in the layer po to $1.

Formally, we define layer-average values of moist
static energy %, and find Ap such that

1 n
Ap

where po—p1= pa— p1=Ap. Subscript B is used to de-
note a value before the system passage and subscript A
afterward. The surface layer po to p1 (after the system)
has descended from the layer p, to p, (before the sys-
tem) with conservation of layer mean 4 (see Fig. 1).
One can then calculate the mean evaporation of liquid
water necessary to produce this descent. Since hsp=h14
and k=s+Lg, then this mean evaporation of hquld
water, which we shall denote E (in energy units), is
given by

t _ 1 Po ‘
thp=hm=—/ hadp, 2
Ap J g ‘

E=Lgs—Lgs
. . (3)

=8 —814,

where the averages have the same meanmg asin Eq.(2).
That is, although & is conserved in the descent, § de-
creases through evaporation of liquid water and Lg
increases the same amount. It should be noted, how-

ever, that these changes of § and Lg are not the changes
that have occurred with the passage of the rain system
in the lower layer po to p1. These changes (514—3i5,
Lg14— Lgiz) are quite different because before the sys-
tem the upper layer (2B) is warmer and drier than the
lower layer (1B). This model actually partitions the
change 8,4 —355 into two components: one due to the
initial stratification §.p—315 and one due to evapora-
tion E.

Thus, the application of this simple model to the
observed low-level change produces two basic param-
eters, Ap and E. It might be useful to contrast this
model with the mixed subcloud-layer model proposed
in Betts (1973a). In that model, air rose from the sub-
cloud layer to form clouds and the environment sub-
sided slowly and dry adiabatically between the clouds.
A cloud mass flux w* was defined to parameterize this
exchange. In this model, once again air rises from the

lower layer po to p1 [which we find (Section 3c) appears

to correspond very well with the subcloud layer], but
it is replaced in a discrete exchange by air from above,
which descends with evaporation of liquid water. Thus,
a new parameter for this evaporation is introduced.
The parameter Ap, however, could still be related to a

JOURNAL OF THE ATMOSPHER‘IC SCIENCES

VoLUME 33

cloud base mass flux (see Section 6c), with the intro-
duction of a time scale.

In the next section, we derive & and Ap and compare
Ap with the depth of the subcloud layer before the
rain system.

c. Derivation of model parameiers Ap, B

The radar echo information was examined for the
whole experiment to find those occasions when storm
systems passed over the observation site. The rawin-
sonde time series were examined in relation to the
echo position to select those soundings which were
before and those after the storm passage. In some cases,
there were two or more soundings after the storm
passage (see Table 1). Occasionally, two storms passed
between the before-after pair of soundings. These

. before-after sounding pairs were tabulated, and run

through a program to determine Ap using Eq. (2).
Ap was increased in steps of 10 mb until Ah=hop—hia
changed sign. This gave Ap to =5 mb, corresponding
to the smallest value of Ah. Usmg this Ap, £ was com-
puted using Eq. (3).

The derived layer thickness Ap was compared with
the thickness of the subcloud layer po— ps preceding
the rain system. Cloud base pressure p; was estimated
from lifting condensation levels (LCL) in the well-
mixed layer preceding the storm. Lifting condensation
level pressures (LCLP) were computed for the mixed

" layer data levels of the sounding before the storm sys-

tem. The typical variation of these LCLP in the mixed
layer is ‘410 mb, with a maximum value of LCLP
(corresponding to the lowest keight) just above the
superadiabatic layer (data levels 950-970 mb). Earlier
studies with the VIMHEX data (Betts e al., 1974)
have shown good agreement between cloud base pres-
sure and this extreme value of LCLP. Hence, this ex-
treme value of LCLP was used here as an estimate of
$5. In some cases the surface layer of the before sound-
ing showed shallow surface cooling from an earlier
shower, and p; was taken as the value of LCLP at the
base of the mixed layer just above. These cloud base
estimates (pp) are presented in Table 1 together with
the date, storm number, sounding numbers and the
level p1=po—Ap, as well as E given by Eq. (3). The
surface pressure po varied only slightly from 990 mb.

Fig. 4a shows a plot of Ap against the estimated
cloud base for the before sounding in the before-after
pair. The correlation is good with 18 out of 24 pairs
lying within 20 mb (dashed lines) of a one to one
agreement. The mean value of p,—p; is 4217 mb with
the three circled points excluded as lying beyond the
3¢ limits. These three sounding pairs have been re-
moved from the subsequent analysis, leaving 21 pairs.

Thus, the two-layer model corresponds very closely
to the subcloud layer and an equal pressure depth layer
above cloud base. In this model dealing with layer
averages the travelling storm strips off the subcloud
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TABLE 1. Storm parameters.
. 7 E
Sounding Nos. 2o (po—20p) Eq. (3)
Date Storm No. Before After mb ~ mb J kg™1x 103
19 June ‘ 3 59 60 905 900 4.1
59 61 . 905 910 4.1
27 June 12, 14 Y 82 830 820 67
: 81 83 830 810 6.0
3 July 27 100 101 865 870 5.7
. 100 102 865 840 6.7
8 July 33 116 117 - 880 880 4.6
9 July 35 120 121 865 840 7.8
120 122 865* 950* 4.3*% (1)
120 123 865 880 4.6
11 July 120 131 132 900 910 23
131 133 900 890 3.5
24 July 47 ’ 176 177 830 820 9.5
. 176 178 830* 910* 5.4* (1)
28 July 53 192 193 " 880 860 5.6
. 192 194 880 900 41
31 July 56 203 204 825 840 7.4
7 August 60 226 228 870 890 4.9 (2)
11 August o6 : 241 242 , 840 820 6.8
241 243 840 820 . 8.1
1-2 September 108, 109 312 317 830 830 8.8 (3)
312 318 830 800 9.2
4 September 112 324 325 870* 820* 8.9* (1)
324 326 870 890 2.5
Average (excluding starred values) 862 858 5.9
Number of events 13

Number of sounding pairs 24

(1) Starred values fall outside 3¢ limits on Fig. 4a and are excluded from averages.
(2) Sounding number 227 was launched into gust front (see Fig. 3).
(3) Major disturbance: soundings 313 to 316 were launched inside rain area.

layer which ascends in updrafts, and this layer is re-
placed by air from an equal pressure layer above cloud
base which descends in downdrafts.

Fig. 4b shows a plot of E against Ap. As the layer
thickness Ap increases, so does E, the mean evaporation
of liquid water into the downdraft. This is related to
the fact that as Ap increases, the downdraft air has to
descend a greater distance in a moist (though unsat-
urated) process from an initially higher level in the
atmosphere. The evaporation is correspondingly greater.
The dotted line has been drawn through the origin and
the mean value of & for the sample, giving

E=enp. 4)

The slope € is 4.5X 10? J kg~ (100 mb)~! [ corresponding
to an evaporation of 1.8 g kg~ (100 mb)~]. There is
clearly some scatter but for a model this is a convenient
first approximation for E. For this sample, the average
value of Ap of 132 mb corresponds to a mean evapora-
tion of liquid water of 2.4 g kg™ in driving the down-
draft into the subcloud layer. This is a relatively small
fraction of the inflow subcloud layer ¢ip=15 g kg™
which, ignoring kinematic considerations, may be re-
garded as the water vapor available for condensation.
However, we note that the total evaporation in the
subcloud layer increases with Ap?, i.e.,

EAp/L=eap/L,
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F16. 4b. Plot of mean evaporation () into descending down-
draft air as a function of depth Ap of each layer in the simple two-
layer model (Fig. 2). Dashed line is drawn through the origin and
the sample mean value for E (denoted by open circle).

so that if the layer deepens,.even with ¢;5 constant,
then the ratio of the evaporation to available condensa-
tion (q1pAp) increases.

4. Mean profiles before and after storm system
passage -

Section 3 presented the average evaporation asso-
ciated with the low-level transformation. However,
although hep=hy4 in Eq. (2), the before and after pro-
files of # (and correspondingly s and ¢) could -well
differ. Fig. 5 presents the average before and after
" profiles of s, &, k, and Lg, for the pairs in Table 1, ex-
cluding the three extreme cases which fall qutside the
3o limits of py—p1. These averages were generated by
a specific technique designed to preserve the two
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model layers. The sounding pressures were transformed
to a coordinate

Po—p
Ap

before interpolating the data to intervals of 0.05 in p
from 0 to 2.0, and then averaging the 21 before sound-
ings and the corresponding 21 after soundings. In Fig. 5
the pressure values corresponding to the surface =0
is 990 mb and to p=1is 858 mb (average value of p,).
Corresponding averages were also produced by scaling
by po—ps (corresponding to the subcloud layer) but
they are essentially indistinguishable because of the
close correlation of ps and p; (Fig. 4a). These average -
profile changes necessarily satisfy Eq. (2) so that the
lower layer (po to p; or p,) after the storm passage has
a mean moist static energy equal to the mean static
energy in the layer above cloud base preceding the
storm. However, although th——hlA, Fig. 5 also shows
a more well mixed % structure in the lower layer after-
ward than in the corresponding upper layer before.
More remarkably, the mean temperature profile after-
ward shows saturation static energy %, almost constant.
This means that although the layer is not saturated,
the temperature structure is nearly wet adiabatic. The
relative humidity throughout most of the layer is
about 76%, increasing to near 889, at the surface. An
explanation for the well-mixed %, structure. is not
obvious.

One feature still visible in this average profile after
the downdrafts is an %, minimum just above the surface
with a more stable layer 0.1<$<0.4. Eight out of
thirteen cases showed a low-level inversion or more
stable layer of this type. This féature has been noticed
by others (Hamilton and Archbold, 1945; Riehl and
Liickefedt, 1973; Zipser, personal communication).
Some of the after soundings showed no such inversion.
When this feature occurs, and whether it is significant
for grid-averaged models, needs further study. The
model presented in the next section interprets in more
detail the change of the mean vertical structure from
the before to after proﬁles, by inferring a vertical
profile for the -evaporation into the layer, and also a
paraméter representing a degree. of mixing within the
layer.

Fig. 5 shows that thermally there is little change
in s or k, above cloud base—the dominant effect is
from a dry to a near-wet adiabatic structure below
cloud base. A simple parametrlc model formulating this
change will be discussed in Section 6a. For moist static
energy, the fall extends above cloud base to near
P~ 1.8, where cross-over in the proﬁles occurs. Above
this level, the typlcal increase in % after the rain is
observed. The fall in % between 1.0<$< 1.8 indicates
downdrafts from above terminating in this layer. We
shall not, however, extend the model in this paper to
consider layers higher in the atmosphere.

p=
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F1c. 5. Mean profiles before and after the passage of a convective system.
The curves are averages of 21 before-after sounding pairs.

5. Diagnostic model with profile of evaporation and
mixing .

In Section 3, mean values of the evaporation E were
computed to transform layer 2B to 1A. However, this
does not completely specify the transformation,
even if the before and after % profiles are identical
[ha(p)=hp(p—Ap)] unless the vertical profile of E is
specified. In this case, however, it is straightforward to
compute a profile E(p) by differencing level by level
sa@)—sp(p—Ap). I ha(p)s=hs(p—Ap), one could
infer some mixing of the layer has taken place. A more
well mixed % profile afterward will give a pattern of
ha(p)—hp(p—Ap) values which are negative below
and then positive above. This is observed in 16 cases
out of 21 and in the average (see Figs. 5 and 6). The
diagnostic interpretation of this change requires some
assumption.

We can represent the change between any pair of
levels p4 and (p—Ap)s in the form

ha=hp+ M), (5a)
SA=SB—\E+M8) (Sb)
Lga=Lqst E+ M1, (5¢)

Only if the mixing terms, denoted M, are zero can one
compute E. Otherwise, we have two independent
equations [e.g:, (5b) and (5c)] and three unknowns
(E,M,M.,). Eq. (5a) is the sum of (5b) and (5¢). A
reasonable assumption is to relate the M terms to the
deviation of the properties of the air at that level from

the layer mean before the rain system. We shall suppose
(6a)
(6b)

M.,=—asy,
’
My,=—aLgy,

where
Sg= 83—523,

Lgz=L(gs—q28)-

That is, the mixing is constrained to change s and Lg
in a proportion a to their deviations from the layer
mean before the passage of the rain system. Con-
ceptually, this simple model says that if we consider
inflow air, say with specific humidity ¢s, entering the
rain system at level pz, only a fraction (1—a) follows
the streamline from pg to pa= ps+Ap. The remaining
fraction « is removed (to enter a mixing process) and
replaced by the same fraction  with the mean layer
properties gzp. In addition, there is an evaporation E
from falling rain. The outflow then results from a
combination of three terms, i.e.,

ga= (1—a)gptafstE,

which is Eq. (5c) using (6b). As defined, « will be posi-
tive, if M is a change toward the well-mixed state,
represented by the layer mean. The value a=0 corre-
sponds to descent along streamlines without mixing
and a= 1 corresponds to a layer well mixed in % after-
ward (as will be shown later, however, this does not
necessarily apply to s). This model for mixing within
the descending downdraft layer is self-consistent only
if the mixing terms vanish when integrated over the
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layer, that is, if

/ M= / M= [ M1=0, ™

where the integration is over the whole layer which
descends. [M} is always zero from Egs. (5a) and (2);
JM,and [M 1, are zero for constant o (a useful simple
case) but are not necessarily zero for arbitrary a.

As a diagnostic model, one can solve level by level
for E and a. Substituting Egs. (6a) and (6b) in Egs.
(5b) and (5c), one obtains for each level, the pair of

equations
1 sz\/E sg—Sa
Cow) (o) @
—1 LqB o LqB—LqA

Solutions exist provided kj= s+ Lgy5<0. They are
E=[Lgy(s5—54)—55(Lgn—Lga)1/ by,
a= (}ZB—}LA)/]'Z;;,

(%a)
(9b)

In the case (for a pair of levels) where ha=hg, a=0-

from Eq. (9b), and from Eq. (1b)
sp—sa=Lga—Lqs;

thus Eq. (9a) reduces to E=Lgs—Lgs for each level
pair. In general, we can interpret the observed level-
by-level paired differences of s and Lq in terms of a
profile of E and a.

Fig. 6 shows ks—hg, sp—sa, Lga—~Lgp, E and o
for the averaged atmospheric change (Fig. 5). The
method for finding e, E diverges in the middle of the
‘layer where %, becomes small, so the values at $=0.5
have been omitted. A smooth trend of E is found, with

the highest evaporation at the base of the layer;

a is more variable but has a mean value of +0.62.
Despite the variability of a, Eq. (7) is satisfied
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F16. 6. The thin lines are the average vertical profiles of the
before-after differences (from Fig. 5) between corresponding
levels p and p—Ap of moist static energy, dry static energy, and
water vapor (as Lg) plotted against nondimensional pressure $.
The heavy line is the derived profile of the evaporation E(p) and
the heavy circle marks E. The derived mixing parameter a (non-
dimensional) is shown on the right (dashed).
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([M,, [M1,<10* T kg!) and the model is self-con-
sistent. This seems to be a consequence of the fact
that hg—ha, hy, sz and Lq, which comprise M, and
M1, [Egs. (6)] are all approximately antisymmetric
functions about the middle of the layer. The mean
value of a of 0.62 indicates how well mixed in % the
layer is afterward as mentioned above. If a constant
value of a=0.62 were chosen, then the two curves of E
calculated from Egs. (5b) and (5¢) differ from each
other and from that found by solving Egs. (8) by less
than 10 J kg~'. This suggests a constant a could be
used for predictive purposes.

Fig. 5 is simply a breakdown of the observed mean
change. It involves the further assumption on mixing
[Egs. (6)] but the results seem reasonable. For ex-
ample, the negative values of 4—/%g near the surface
after the rain-indicate that some of this air must have
come not from just above cloud base but from still
higher in the atmosphere. The evaporation E into this
air is highest, corresponding to the fact that this air,
which has the largest negative ks—#hp, has in some
average sense descended the greatest distance. Nearer
to cloud base after the rain, the reverse is true. Thus,
this refined model indicates that some of the air near
the surface after the rain has descended rather more
than the depth of the subcloud layer, and some of the
air higher in the layer rather less. Although the layer
after the rain system has a more well mixed % structure
than the upper layer before the system, despite the
mixing, it has a more stable s structure, because the
gradient of evaporation outweighs the mixing. '

6. Parametenzatlon of subcloud-layer transports

Sections 2-5 have discussed two diagnostic models
for the observed local subcloud-layer transformation,
but not the kinematics of the change (how much mass
ascends in updrafts or descends in downdrafts) nor the
difference which is related to the net mass convergence
on the cloud scale. These questions of mass flux cannot
be determined reliably from these data which are two-
dimensional cross sections through travelling storms.
Nonetheless, the cloud-scale mass fluxes (as was men-
tioned in Section 1) do determine the domain in time
and space affected by the transformation, which is
fundamental to constructing a parametric model for
the process. Section 6b therefore reformulates the first
model proposed in this paper into flux form and con-
siders briefly the relation of the low-level transforma-
tion to larger scale dynamic parameters. Initially, in
Section 6a, we summarize the observational conclusions
about the local transformation and indicate the possi-
bility of a slightly different model for some parametric

purposes.

‘@. Local iransformation

Section 3 presented a simple layer model for the
change in the mean subcloud layer produced by the



June 1976

passage of a mesosystem. The initial subcloud layer
before the system is simply replaced by the descent of
a layer initially above cloud base modified by the
evaporation of liquid water given by Eq. (4).

Sections 4 and 5 examined and modelled the change
in vertical structure associated with this transformation.
A vertical profile of evaporation E(p) and of a mixing
parameter were derived for the data presented here
(Figs. 5 and 6). A more well mixed % structure is ob-
served after the downdrafts and rain than in the upper
layer before. A parametric model for this change in
vertical structure could use a simple linear profile of
E(p) and a constant value of a. ’

Another possible model * (attractive because it is
simple) suggested by Fig. 5 is to say that the structure
of the lower layer afterward is well mixed in % and 4.
This is a lapse-rate adjustment approach. As before,
hia=hsp. The h,14 value could be calculated from the §
profile in the upper layer before the rain and the mean
evaporation given by Eq. (4). However, Fig. 5 (and
a study of the individual before-after profile pairs)
suggest that k4 is quite close to %,z at cloud base.
The temperature change is essentially from dry to wet
adiabatic with the layer of cooling confined to the sub-
cloud layer. If we denote I'p= — (ds/8p) g for the layer
1<$<2 and T',= — (3s/8p) for the wet adiabat, then,
if we take I', T',, as constant as in Fig. 7, the difference
in s between corresponding levels is given by a linear
relationship

sa(p—Ap)—s4(p)=T5(po—p)+Tw(p—ps). (10)

This is a, useful parametric formulation because it
expresses the change in terms of lapse rates: one ob-
served, and one calculated. In addition, Eq. (10) im-
plicitly specifies the evaporation associated with the
change. Averaged over the layer; Eq. (10) gives

E=53—514=3(p+T,)Ap= € Ap. (11)

Substituting values for I'p and T, gives ¢=4.7.10% ]
kg~! (100 mb)~! which differs only slightly from ¢ in
Eq. (4). Thus, Eq. (10) is a satisfactory approximation
to the observations and it could be used in a parametric
model instead of Eq. (4). This lapse rate adjustment
approach implicitly implies both a=1, because k4 is
well mixed and a specific profile of E(p). From Egs.
(10), (5b) and (6a) or Fig. 7, we find

E($)=3T sAp+Tu(p—pi). (12)

Thus E increases from 2.6)X10° J kg™ at cloud base
to 9.8X10® J kg™ at the surface; this is a slightly
greater average than shown in Fig. 6, since a larger
mixing parameter (a= 1) has been assumed.

Fig. 7 illustrates this idealized model showing the
distinct, well-mixed layers before and after the rain.
The change in % above cloud base has not been dis-
cussed, but simplifying Fig. 5, we have let the 4 change
go linearly to zero at p=2. Note that the lifting con-
densation level of the initial idealized well-mixed layer
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F16. 7. Idealized model showing well-mixed dry adiabatic
structure before convective rain and downdrafts and well-mixed
wet adiabatic but unsaturated structure afterward.

is a little above the cloud base shown. Unfortunately,
a theoretical basis for the structure after precipitation,
a well-mixed, wet adiabatic but unsaturated layer, is
lacking in sharp contrast to the well-mixed dry adiabatic
layer before the arrival of the rain system. The relative
humidity and lapse rate in the downdraft air could
depend not only on the convective dynamics but also
on the microphysics, since the downdrafts are driven
by droplet evaporation. It is not clear how a nearly
well-mixed wet adiabatic structure can be achieved
in downdraft air which is never saturated. As mentioned
in Section 4, some (but not all) of the after profiles
showed low-level inversions which have been con-
siderably smoothed by the averaging in Fig. 5, indi-
cating a more complex multi-level process. However,
for parametric purposes, the simpler models presented
here with two layers, or an essentially linear variation
of evaporation may be adequate. Clearly, however,
the characteristic structures of the low-level atmosphere
after precipitation and downdrafits need further study.

b. Flux formulation of the transformation

In this section, we formulate the local transformation
in flux form for inclusion in large-scale averaged equa-
tions. The conceptual model was presented in Figs. 1
and 2. For simplicity, we consider just the entire sub-
cloud layer and reformulate the subcloud-layer trans-
formation in terms of a flux through cloud base. Follow-

ing Yanai et al. (1973) we consider a moist static °

energy equation, averaged over a large-scale grid area
(the average being denoted by terms with a tilde):

3}2 ~ ~ 8 -~ a ~ b
ot - Vit —ah= — () +0a  (13)
o ap ap :

Horizontal eddy transports have been neglected, and

Qg is a radiative source term. Formally, if we integrate

{
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this equation over the subcloud layer we shall require

Fro=w'hy at the surface and Fiy=w'h, at cloud base.
The specification of the surface flux (which would
clearly be complicated especially over the ocean) will
not be discussed. We suppose that the cloud base flux
results only from the updraft and down draft circula-
tions modelled in Section 3, and a distinct vertical
environmental mass flux remote from the mesoscale
system. With simple definitions for mean parameters,

w"\liz,: can then be expressed in terms of the model pro-
posed in this paper. By definition, the convective eddy
flux of % at cloud base Fjp is

(14)

NI ~ ~
Fry='hy= why—&ohs.

-Suppose we now define averaged updraft, downdraft

and environinental mass fluxes at cloud base:

. 1 W

wu=—/wudAu
A

,* 1 .

w¢=—/wddAd (y
A
1

we=— / wed A,
AJ ")

where A, Ag, A. are the areas of updraft, downdraft
and environment and 4 (=A.,+A4;+4.) is a large-
scale grld area. The large-scale mean vertical motlon
@3 1s given by

'(155

\

(16)

We now make some simplifications. First, in the
schematic model of Fig. 2, we suppose that we can
assoclate layer-mean values hug and s Wlth the
updraft and downdraft mass fluxes w, and w; as they
. pass through cloud base. This assumes uniform layers
of mass inflow and outflow. Further, we define the
environmental cloud base % flux as wihe where Ao
is an environmental horizontal average. This assumes
that either k. or w. are horizontally uniform. Then

@p=wit wytwy.

th,, in Eq. (14) expands as

~ . ’
X *7 *i
why= w oyt whiptwshia.

Clearly further simplification of Eq. (14) depends
on the definition of mean fields: How do %, and 7 relate
to the before and after values of /% discussed in Sec-
tions 3 and 4? This is a crucial definition which deter-

mines w4}, in Eq. (14). The simplest assumption which
we shall make is to take the before condition, the en-
vironment, and the large-scale average as all approxi-
mately the same: that is

: h~he=hsg. (18)
This requires that the area covered by the downdraft
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from the rain system be small compared with the grid
area, as well as the assumption that the inflow 45 to
the rain system can be approximated by a large-scale
average. The advantage of approximation [Eq. (18)]
is that it avoids the specification of the areas affected
by the rain system, but it may be unsatisfactory for
some convective regimes. For example, the inflow air
might be moister than the large-scale average.

Substxtutmg Egs. (16)-(18) at cloud base in Eq. (14)
and using hm—h2 8 [Eq. (2)] gives

. Fus=w,(hip—hps)+wy(hap—has), (19)

where %gy(=hs) denotes a cloud base value before the
rain system. We have chosen to write Eq. (19) in terms
of hp variables rather than %, for comparison with the
earlier models of this paper. The two terms in Eq. (19)
are self- explanatory The first represents the effect of
the updraft in removing air with mean properties hyz
through cloud base where the moist static energy has
the value %ps. This term will be small to the extent
that the subcloud layer before the rain system is well
mixed up to cloud base. The second term is the effect
of the intrusion of downdraft air into the subcloud
layer and this will typically be the dominant term.
Equation (19) contains only- moist static energies of
the atmosphere before the rain system, which we have
supposed equal to a large-scale average state. Re-
arranging Eq. (19) gives

th= (w;+w;) (ﬁlB_th)+w: (’;23—};13): (20)

Now, the first term will also be small [compare Eq.
(19)] to the extent that updraft and downdraft mass
fluxes partly cancel, while the second is the replacement
of updraft air by downdraft air. w,+w; is a measure of
the net mass transport by the convective system
through cloud base. Clearly, the relationship between
updraft mass fluxes is a crucial undetermined param-
eter. We define a “mesoscale structure parameter” 8
such that

=p (w:-i-w;) }
wi=(1—B)(wstwn))

Typically, 8>1: Gray (1973) has suggested that 8=2
and Betts (1973b, Fig. 6) gave a rough estimate of 8
at cloud base of 2.5. Given 8, which may well vary for
different convective regimes, we have now specified the
cloud base convective % flux in terms of the net con-
vective mass transport (w, +wd) through cloud base.
However, the relatxonshlp of w,;i—wd to the large-scale
mean field @ remains unresolved since «, is a further
independent parameter.!
Using Eq. (21) we have the final expressmn

Fro= (it wy)[ (hrp—hse)+ (1—8) (ﬂzB —hig)]-

1)

(22a)

1 The model used in Sections 3, 5 and Fig. 2:neglects w. between
the before and after rawinsondes.
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In the large-scale static energy and water budget
equations, the corresponding fluxes are the coupled
fluxes of static energy and liquid water F,—F; and
‘total water Fr,+ Fr: (in energy units; / denotes liquid
water) [see Betts (1975)]. However, the model of
Section 3 gives the evaporation E of liquid water,
which is the flux difference AF; across the subcloud
layer. We have not computed the surface fluxes Fq
or Fq, or the surface rainfall. The equations corre-
sponding to Eq. (22a) are

Fo—AF 1= (wy+wy)[ (S15—$835)

+ (1—-B)(Gs—515—E)], (22b)
Frot AF = (w,+ o) [ (Lg1s—Lgs) .
+ (1—-8)(Lg:s— LGz +E)], (22¢)

with E given by (4) or (11) depending on the model
used. Equations (22) have been developed for the
mean subcloud layer. For incorporation into large-scale
averaged equations, the surface fluxes are also needed,
as well as some relationship between (w;+w;) and
large-scale mean parameters such as @. If a more de-
tailed structure of the subcloud layer is needed, then
the models of Sections 5 or 6a could be ‘expressed in
flux form. '

¢. Relation of Ap to wy

The parameter Ap introduced in Section 3 can be
used to replace w} using the expression

. d.A

wed = Ap—i, (23)
dat

where d.4/dt; the rate of spreading of the downdraft

air, is assumed independent of pressure below cloud

base. Equations (21) and (23) then relate the diver-

gence of the downdraft to the net horizontal divergence

in the subcloud layer associated with the mésosystem

which we denote V-V* (averaged with respect to pres-
sure and scaled to the grid area 4), i.e.,

1dA ot

=(1—-B)V-V*.

Thus, a horizontal divergence is the time scale which
relates Ap to a vertical mass flux.

7. Summary and conclusions

This paper has examined diagnostically the ther-
modynamic transformation of the subcloud layer
associated with convection over Venezuela. The char-
acteristic nearly-well-mixed, dry-adiabatic layer pre-
ceding a rain system is transformed by downdrafts
and evaporating precipitation to a new structure after
the system passage. This new structure is thermally
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cooler with a nearly-wet-adiabatic structure, but un-
saturated with a lower moist static energy (and 6,)
than the atmosphere preceding the rain. The moist
static energy profile is also not far from being well-
mixed. A simple two-layer model shows that the con-
vective system appears to strip off the subcloud layer
(to ascend in updrafts) and replaces it by an equal
layer of air just above cloud base. This layer descends
in downdrafts associated with the evaporation of
falling rain. The mean evaporation involved in this
downdraft circulation was calculated and shown to
increase with the depth of the subcloud layer.

The low-level origin of the downdraft has been con-
firmed independently by Moncrieff and Miller (1976)
who present a numerical simulation of the development
of one of the squall lines contained in this data set.

By averaging 21 pairs of soundings, the mean before
and after profiles for the transformation were presented.
These were used to derive a vertical profile of the evap-
oration and of a mixing parameter using a more de-
tailed model which involved a proportionality assump-
tion on mixing. The vertical structure of moist static
energy in the subcloud layer after the rain system pas-
sage was more well-mixed than in the corresponding
layer above cloud base before the rain.-Although this
seems reasonable in a turbulent overturning process,
it is unclear how a nearly-wet-adiabatic thermal struc-
ture is achieved in downdraft air which is never sat-
urated. A simple parametric model was proposed (Fig.
7) for the local subcloud transformation involving the
replacement of the preceding nearly-dry-adiabatic
structure by a wet-adiabatic structure while conserving
the mean moist static energy of the layer above.

In Section 6b, the subcloud transformation was re-
expressed in flux form suitable for inclusion in large-
scale averaged equations. However, many questions
associated with the detailed kinematics and dynamics
of the updraft and downdraft circulations remain
unresolved. This paper simply expressed them as an
as yet unknown ‘“mesoscale structure” parameter. In
addition, this paper does not attempt a closed pa-
rameterization theory, which requires the development
of relationships between the net cloud-scale transports
(e.g., wytwy) and the large-scale mean parameters
such as @.
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