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Impact of lateral detrainment and downdraft on the

summer monsoon cloud clusters
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ABSTRACT. A spectral cumulus ensemble model has be:n used to determine the impact of lateral detrain-
ment and convective downdraft on the cloud clusters during different phases of the summer monsoon. The model
consists of a population of clouds of dilferent sizes which are in diferent stages of their life cycle. Entrainment and
detrainment is considered to take place at all levels. Each cumulus cell has an updraft and a corresponding down -
draft which originates at a level below the cloud top depending upon the depth of the cloud. Upper air observations

collected from stationary ships forming polygons over the Arabian Sea and the Bay of Bengal during MONEX-79

have been used for the study.

1. Introduction

Recent studics have shown that the cumulus con-
vection plays a major role in the onset and subsequent
maintenance ol the Asian summer monsoon. The
latent heat released inside the cumulus clouds is a
potential source ol energy in the development ol tropical
disturbances such as the monsoon depressions. The
nature of clouds and their impact cn the surrounding
environment vary significantly during different synoptic
situations. For example, bimodal distributions of
cloud base mass fluxes involving shallow and decp
clouds were found over the Maishall island in the
western Pacific and in the trough regions of easterly
waves over the equatorial Pacific by Yanai et al. (1973)
and Cho & Ogura (1974). On the other hand, a
unimodal distribution of shallow clouds was found in
the trade wind inversion zore over the western Atlantic
by Nitta (1975). The heating and moistening of the
surrounding environment also vary considerably. These
studies provide a basis of cumulus parameterization
and the results thus obtained mayv be used for the
observational verification of a scheme.

The purpose ol this study is to investigate the role ol
lateral detrainment and cumulus downdralt on two
contrasting phases ol the summer monsoon. These
phases are an onset phase and a break in the monsoon
phase. In the former period deep convection occurs
over the warm ocean leading to the “out-burst’™ of the
summer monsoon while, in the latter case the convection
is generally suppressed causing a period of lean rainfall
or break in the monsoon. Cloud cluster properties

have been determined using a spectral diagnostic method.
Several sensitivity experiments have been conducted to
study some of the arbitrary parameters defined in the
mcdel and to determine the impaczt of lateral detrain-
ment and downdralt on the summer monsoon.

2. The cumulus ensemble model

The model lollows the principle of Arakawa and
Schuberl (1974) and Kao and Ogura (1987). It con-
sists of a spectrum of cloud subensembles of different
sizes which are in different phases of their life cycle.
Clouds are classified into different types based upon
their [ractional rate of entrainment. Each cumulus
cell consists of a convective updraft and a downdraft.
Entrainment and detrainment are considered to take
place at all levels in the clouds.

The large scale mean vertical mass flux a7 is given by:

M=M,+-M;+M ()
where, M. ( Zm;) and M, ( 2 omy )
are the net updrat and downdraft mass fluxes. The

subscript i denotes the i*h cloud type. .b} Is the mass
flux in the sorrounding environment. The net cloud
mass flux M_ is defined by :

ﬂ(‘:) A2
M=M,+ M,- J m, (=, A) dA --fm',(:, A)dA
A=0 A=0

(2)

*Present _a_f_ﬁlialion - National Centre for Medium Range Weather Forecasting (NCMRWF), D.S.T., New Delhi.
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Fig. 1. Stationary positions of ships during MONEX-79

where, m,(z. ) and m(z.A) are the mass flux
distributions in the updrafts and the downdralts. The
double subscript (z. A) denotes the value at the level -
of a cloud type whose fractional rate ol entrainment
is A
The net fractional rate of entrainment of clouds is
given by :
—1 ‘ =2 miz, A) = ' A (3)
mi(z, A) o
where, m(z, A) is thecloud mass flux distribution in a
updraft or downdraft. Negative Astands for a down-
draft. The net fractional rate of entrainment A is
equal to A, — A; where, A. and A, are respectively the
gross [ractional entrainment and detrainment rates. It
is assumed that A, is related to A as :

n\,,r — L.;J\ (-H

where, L;is 2 lateral detrainment parameter.  The niass
fluxes of the updrafts and the downdralls are norma-
lised at their respective origination levels such that

%) m(z, A) s
K mp (X) ©)

n(z, A) is called the np.rmu!i.»::d mass flux. The subs-
cript R denotes a reference level. anr the updra’ts
mp () = Mgl A) where, mp (A)is the mass flux
at the cloud base. In the downdraft miy (A) — 1y ( A)
where, m, (A) is the mass flux at the downdralt
origination level. Tt is assumed that nig (A) is related to
mpy (A) by a parameter a such that :

s (A)
iy (A)

{0)

The pressure at the downdraft origination level is
assumed to be a function of the cloud depth and is
obtained by a relation (Johnson 1976) given by :

Py(N) — Py — BIPy— P (V] (7

where. P, and P are respectively the pressures at the
base and top of a cloud. fis called the downdraft
origination level parameter.

Using the relations (3) and (5). the mass budgets for
tke updralts and the downdrafts can be written as :

=—="4 (z. A) A () (8)
C-
Similarly, th: heat budgets of the clouds can be
written as :
¢ i
o Inz A h,(z,N] = h(z) (=4~
= €=
Ly (N @A) RG] (9)

where. /i, and /1 are the moist static energy of clouds
and the large scale environment respestively. The
subscript ¢ refers to cloud values (updiaft or downdralt)
I” we assume that the updrafts and downdrafts are
saturated. we can obtain the relations for excess tem-
perature and moisture of clouds over the environment
(see Arakawa and Schubert 1974) :

| L
T.- T = — (he —h¥) (10a)
p I Y
| P )
go-atm e, B ) (10b)




TABLE 1
Experiments Description Values used
Ay, Ag Ay Sensitivity of the  Lyg=0 A,
lateral detrainment Pg—1"
parameter (Ld) L4=0.5] 1+ _\) Ay
Pg—P
L —| for < 800 mb A,
-“d=%_0 for =800 mb
Bp st Ba, Sensitivity of the 0.8 B,
downdraft origination B=<0.75 B,
level parameter (f) 0.5 B,
G, Gy, Cs Sensitivity of the —0.2 [ 6
mass flux parameter () a=4{ —0.3 C,
at the downdraft origi- | —0.4 C,

nation level

The superscript * denotes a saturation value and

p ?-71;#

The system of Eqns. (8), (9) and (10) are solved to
obtain the cloud cluster properties A, », h. T.—T
and ¢,—-¢ using the boundary conditions :

By (20 0) = % (2) (11a)
Iy (zp, A) = Iy (11b)

A
where, z; and z are the heights at the base and top
of a cloud. /iy is the moist static energy at the top of
the mixed layer. It is assumed that the base ol all
clouds lie’at the top of the mixed layer fixed at 950 mb.
For the downdrafts it is assumed that :

hy (2o A) = 11 (5) (I1c)
where z, is the height where the downdralts originates.

The cloud base mass flux mg (A) is diagnosed from the
heat and moisture budget equations of the large scale
environment and those of the cumulus subensembles.
The final equation is written as (see Arakawa and
Schubert 1974)

dA
010y — QO =mp(A)q, (p. Ap) dp’-']-[lz,,(p. Ap)-

- Ab
i 1 _ ) X -
! E",D l f’"ﬂ( ) [ﬂlr (p' .) RE
0
an; (p, A) d)t} (12)

where, Q| and Q, are the apparent heat source and mois-
ture sink. Qg 1s the radiative heating rate. X, (p)
denotes the fractional entrainment rates of those clouds
which detrain at the pressure level p.

Egn. (12)is a volterra integral equation and is solved
for m,,.(A) by expanding it for each cloud type. The
coefficients of the system of equations obtained from
(12) forms a triangular matrix which can be solved easily
by using an efficient algorithm.

IMPACT OF DETRAINMENT AND DOWNDRAFT ON CLOUD CLUSTERS

3. Data source and method of analysis

The 6 hourly upper air observations collected [rom
ships lorming stationary polygons over the Arabian
Sea and the Bay of Bengal during MONEX-79 have
been used for this study. Fig. 1 shows the positions
of stationary ships. During MONEX-79, three sets of
observations were recorded from the stationary ships
forming polygons. In each case we have used a set of
data covering 10 days for this study. The first period
consisted of the data [rom 16to 25 May and this was
considered to represent a pre-onset phase of the mon-
soon. The second period covered from 3 to 12 June and
this was classified to represent an onset phase of the
monsoon. The third period was [rom 14 to 23 July
and this was considered to represent a phase of break
in the monsoon.

Sikka and Grossman (1980) have presented a chrono-
logical weather summary of the MONEX-79. Although
we have studied the cloud cluster properties in all three
cases, here we shall describe the results ol only the onset
and the break phase. The purpose is to emphasize
the difference in cloud structures between two different
convective regimes,

All the data were subjected to various statistical
tests to ensure internal consistency. Erroneous data
were rejected and recalculated based on the observa-
tions o other ships. The horizontal derivatives such
as .V, V<V, /T etc were obtained by a linear re-
gression method. Divergence values were adjusted.
The vertical velocity was calculated by kinematic
method. The cloud ensemble model described in
scction 2 was discretized in 2 manner similar to Lord
(1978) by including the lateral detrainment and
convective downdraft.

4. Sensitivity experiments

This section presents the results of sensitivity experi-
ments conducted to examine some of the arbitrary
parameters defined in the formulation of the model.
For example. the gross [ractional rate of detrainment is
asumed fo be proportional to the gross [raciional rate of
en'rain ment (Eqn. 4). The constant of proportionality is
called the lateral detrainment parameler 1,,. Several aut-
hors (Lord 1978, Mc Bridz 1981, Frank and Cohen 1987)
have used different values ol the parameter [, ranging
from — 1.5 0 0.25. It is, therefore, quite reasonable
10 examine the variation in model results 1o different
vaiues of L, Another assumption made in many
modz=ls is the height where the downdralt originates.
The downdraft generally originates at « level where the
environmental air becomes negatively buoyant dve to
evaporative cooling and precipitation loading. In
many studies, however, it is assumed that the down-
draft originates at a height above the cloud base and is
a function of the total depth of the cloud. Similarly,
in many studies it is assumed that the mass flux at the
downdra’t origination level is related to the mass flux
at the cloud base through a parameter « (Egn. 6).
Frank and Cohen (1987), Kao and Ogura (1987) have
used a between — 0.6 and — 0.3 in their studies. Since
the properties of cloud clusters determined from the
model depends on the values of these parameters, it
is fairly important to investigate the sensitivity of results
to the variation in these parameters. Table | sum-
marises the sensitivity experiments conducted in this
study.
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Fig. 2. Sensitivity of the total cloud mass flux M. due to the variation in (a) lateral detrainment parameter Lqg, (b)
downdraft origination level parameter 8 and (c) mass flux parameter () at the downdraft origination level

Figs. 2 (a-¢c) show the results of sensitivity experi-
ments. For brevity, only the results of the total cloud
mass flux M is shown here even though the sensitivity
of many other properties were also studied. Fig. 2 (a)
shows that the experiments A, and A, provided
maximum values of M, between 200 & 500 mb. Experi-
ment Az produced very little change in the values of
M, with height. Experiments B,-B, (Fig. 2b) show
that the total cloud mass flux M, increases by lowering
the height of the downdralt origination level. Results
of the experiments C,-C; show that M _ decreases as
the ratio « is increased. This occurs because more
downdraft mass flux is produced as « increases.

In the absence of actual observational measurements
inside the clouds over the monsoon regime, it is difficult
to assert what could be the correct values of the para-
meters «, B and L;. Nevertheless, the active and weak
periods of convection during the summer monsoon
are to be some extent similar to the disturbed and sup-
pressed periods of convection observed over GATE
by Nitta (1977) and others. It, therefore, seems reason-
able to assigna = — 0.3, B =0.75and L, given by the
expression A. (Table 1). These sets of values were
found to produce better results over GATE where
actual cloud measurements were available.

5. The cumulus ensemble properties

Figs. 3 (a & b) show the time averaged cloud base
mass flux distribution m (A) during the onset and break
phases. Each figure illustrates four different experi-
ments which are summarised below :

Experiment No. Description
i Control run without lateral detrain-
ment and downdraft

ii Including lateral detrainment but
without the downdrafl
il With downdralt but without includ-

ing the lateral detrainment

v Including both the lateral detrain-
ment and the downdraft

Fig. 3(a) shows that there existsa unimodal distribu-
tion of deep clouds due to intense convection during the
onset period. On the other hand, a bimodal distribu-
tion of both shallow and deep clouds are found during
the break phase (Fig. 3b). Owing to suppressed con-
vection in this period very few clouds have been able to
develop into deeper clouds. It is evident from the figure
that shallow convection dominates during this period.
Comparison of the results show that the impact ol
lateral detrainment is to increase the cloud base mass
flux while. inclusion of convective downdralt has almost
no impact on the cloud base mass flux of deeper clouds.
It. however, slightly reduces the cloud base mass flux
of shallow clouds as is evident from Fig. 3(c). Similar
results were also obtained by Nitta (1977), Johnson
(1976) and McBride (1981).
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Fig. 3. Time averaged cloud base mass flux mg (A) of different cloud typ2s during th: (a) onsat period and (b) break phase
obtained by the four experiments (i) without including the lateral detrainment and downdraft, (if) including the lateral
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M. and the total vertical mass flux of the environment i7 during (a) onset and (b) break phases of the monsoon

Figs. 4(a & b) illustrate the time averaged vertical
profiles of updraft mass flux M, downdralt mass flux
M, the environmental mass flux M and the totalcloud
mass flux M, duringthe onset and break phases. The
results show that the mass flux inside the cioud updrafts
is much larger than the environmental mass flux. The
downdralt mass flux slowly increases downwards and
has a maximum value below the cloud base. The mass
flux values are stronger during the onset period. More-
over the total cloud mass flux is maximum in the upper
levels in the onset phase while it is maximum in the
lower tropospheie during a break period. This is due
to the fact that shallow convection dominates during a
break in the monsoon. Fig. 4(b) also shows that there
is a sinking motion in most part ol the troposphere
(negative ) during a break in the monsoon.

Figs. 5 (a & b) illustrate the excess tempecature oF
cloud updrafts T, — T and the downdralts T, -Tover
the environment during the onset and break phases.
Similarly Figs. 5 (¢ & d) show the moisture excess of the
cloud updrafts O, ¢ and the downdrats Q;  © over the
environment during the two phases. Results show that
ihe cloud updraflts are about 4° to 6° C warmer than the
environment during the onset phase. The downdralt
temperature is generally 2° to 37 C colder than the
surrounding environment exeep’ in the middle tropo-
sphere where it is slightly warmer than the environment.
The downdralt temperatures are coldest below the cloud

base. These results are comparable to those obtained
by Nitta (1977). The results of the moisture excess
(Figs. 5c, d) show that the upd-alts are about 4 to 5 gm/kg
moister than the surrounding environment. The maxi-
mum difference is observed in the lower troposphere.
The d>wndrafts are less moist than the updralts. They
Eecomc drier than the environment near the cloud
ase.

6. Conclusion

Cloud cluster properties have been diagnosed using
a spectral cumulus ensemble model during an onsel
and a break phase of the summer monsoon characteri-
sing two different phases of convective activity. Impact
of lateral detrainment and convective downdraft has
been studied.

A unimodal distribution of deep clouds is found
during the onset period owing to intense convection
while a biomodal distribution involving both shallow
and deep clouds are found during a break phase. The
total cloud mass flux M is maximum in the upper
troposphere during the onset period due to the
domination of deep clouds. M, is maximum in the
lower troposphere associated with shallow clouds
during break in the monsoon. The effect ol lateral
detrainment is to increase the cloud mass flux. The
inclusion of downdraft slightly reduces the mass flux
of shallow clouds.




and 4 to 5 gm/kg moister than the environment.
downdrafts are usually about 2° to 3° C colder and | to
2 gm/kg moister than the environment.
than the environment near the cloud base.
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Fig, 5. Time averaged vertical profiles of excess temperature
downdraft T -T, Q4 ~Q over the environment during

The cloud updrafts are generally 4° to 6° C warmer
The

They are drier

These results indeed deserve further verification using

more data sets of the monsoon regime.
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