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1= Introductiocn : -152~ X

The aimiof any parameterization of cumulus convection is‘tq:repreaenﬁéthe
collective influence ¢f an cnsemble of cumulus clouds on the large -scule
environment. It ic generslly accepted that cumulus convection modifies the large-
scale temperature and molisture fieldé through detrainmeni and cumulus irduced
subsidence in the enviranment (Gray, 1972; Yanai et al, 1973; Araksva and Schubert,
1974). The detrainment causes large-scale ccoling and moistening and cunulus induced
subsidence, large-scale warming and dryinz. The net effect of this on the
environment can be sssessed by considering the budgets of dry static cnergy
(s = CPT + gu) and water vapour (gq) for a horizontal area large enough to contain

an ensanible of cumulus clouds:
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Combiring these to obtain the net heating Q by cumulus convection:
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where h is the moist static energy (= LlL*'C{Tlfﬂzl)e h ' is the vertical
eddy tronoport of hest and may be nsed to measure the activity of cuwulus comvection.
Estinstes of Q,, Q, and Q, by Yenai et al (1973) (Fig. 1) show that the magnitudes

of qu—Qa , and ] QR] axre comperable, indicating the need for accurate cstimates
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of radiative heating rates. In addition Yenai et al (1976) have shown that

radiative coaliﬁg.aloze iz sufficient to force a substantial part of the cloud
bage mass flux for shallow clcuds and the secondary maximum associated with deep
clouvds (Fige 2). This result was obtained using a radiative heating rate profile
given by Dopplick (1970) for clear skies. They also showed that the cloud base mass
flux was sensitive to the radiative heating profile (Fig. 3) although its btimodal
distribution appearcd to be a feature of the maritime tropical atmosphere.

The validity of using a clear sky radiative heating profile has not heen
considered in the literature. The effects of clouds on the radiative heating profile
can be substontial as is shown by Fige. 4, taken from Fimpel et al (1977), vhere
cbserved infrared heating rates under different sky conditions are given. In the
vicinity of a cloud cluster, for exgmple, it is likely that clouds, other than
convective clouds, will be present. A perturted heating rate profile would thercfore
be more cppropriate than that for a clear sky. The purpose of this paper is to try
and agsess the effect of cloud modulated radiative heating rates on convective
acitivity in a numerical moedel of the tropicz which includes a fully interactive
cloud and radiation scheme.

The model used was a version of the 11-layer limited area tropical model
developed for use in GATE and described by Lyne and Rowntree (1976) and Lyne et al
(1976). The vertical coordinate is ¢ = i>//p; where P is the pressure and

TL s the pressure at the earth's surface. The boundarigs and nominal central levels

of layers are specified in Table 1,

Table 1 - lLayer boundaries and nominal levels in O ~coordinates
11 10 9 8 7 6 5 L 3 2 1
Layer

Bound. rics 1UG o9?§ -93 079 065 051 03? 027 0195 oﬁas 006 Q

Nominal e 987 o 937 e 81414 ° 71 8 e 578 ® "!'36 ® 31 7 ® 230 ™ 157 ¢089 2022

level
In the horizontel, variables are represented on a 2° latitude-longitude mesh with
boundary rows along 35N, 155, 77W and 49E, The model includes the interactive
radiation scheme, described in deteil by Walker (1977), which allows for low, medium,

high and convective clouds. A typical cloud configuration is shewn in Fig. 5. The
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reldua. The radgﬁtlve properties for each cloud type are shown in Table 2o The»'

emiesi vity of cirrus cloud hes been ‘increased from 0.5 to 1.0 for the exper;mentu
reported here since tropicel cirrus, arising from cumulonimbus outflow i1s generally
thicker and more opaque than extra-tropical eirrus. The assumption of black ecirrus
ia supporied by the results of Griffith and Cox (1977) based cn aircraft
measurements of cirrus cloud microphysics with simultaneous radiometric observations
made during GATE.

Table 2 - Padiative proparties of clouds

Cloud - Type IDNeflectivity Transmissivity Absorptivity Emissivity

High 0.2 0.75 0,05 1.0
Medium 0.6 . 03 0.1 1.0
Low 0.7 0.2 0.1 1.0
Convective 0.7 0.2 0 Py 1.0

The cloud poremeterisation has been based on studies of GATE data and the amount
«nd height of cach clcud predicted using model varisbles and parameters from the
penelrative convesiion schewe {Walker 1678). The following functions of relative

humidity (R) and lapse rate ( z)9/(3P) are used for predicting cloud amount:

2
High Cleud Cy = E'o“o CR - 80) for R > 809, (£)
Medivm Cleud (= —— (R-65Y . for R 65/ 7)

f

Low Cloud (a) C_ _L-D(ﬁ—i;o)1 for R » 807, and ‘5‘%?7/ —0-67 (8a)

®) C . ey %—9 —o.1167 + & (rR-s80Y (8b)
P 16D
for B%P L —~0.07 and where § - 'P(‘” R > 30/0
othervise & =0
Convective Cloud C,. = _A Mo (9)

vhere Me is the convective macs flux from the convection scheme and A is a constant
of proportionality dependent on the type of convection scheme and differing for land
end sea points. (8z) snd (8b) are used to distinguish between those cases where
low c¢leud wecurs in a generally moist atmosphere in association with a disturbance
and those where it occurs s e mere persistent feature in association with the

tradevind faversion., With convective cloud the assumption is made that if Geep
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cloud is predicted ihen only 10% of ithe convective cloud cover is sllowed to uceupy
the full depth, the remeining 90% being %reated as low level shallow convection.
fﬁis is an attempt to represent the observad situation in a disturbance where,

over the areaz covered by a grid square, only & few isolated cumulonimbus clouds
exist in amsnciation with an extensive out-flow cirrus chield and a considerable
amount of lewer level shallow convection.

The mocdel uses a penctrative convection ccheme (Lyne and Rowntree 1976) vhich
is based on the idea of an ensemble of buoyant plumes {(termed a parcel) of varying
characteristica, starting st one level and extending upwurds to diffevent heights
depernding on theisy characteristics. The initial gize of the parcel is determined in
rart by the irstability in the lowest unsteble model layer. As the parcel ascends
it growvs by entrainment provided fhat the environment is sufficlently unstable that
iittie detrainment iz required to maintain bucyancy. The parcel is also wedified
by latent heat relcsse when it Lecomes saturated. A maximum parcel size is reached
which is dependent on the environmental inetability. Deyond that point the parcel
maintaineg buoyancy by detrainment until it reaches a minimum size or the maximum
height for an undilute parcel. Since detrainment is generally assumed %o occur
with zero bucyancy, the heating of the envirenment occurs mainly through the mass
descent which compensztes the ascent of the buoyant plumes, although moistening by
detrainment and re-evaporation of condensed moisture does compensate, to some extent,
for the drying snd varming effects of this descent.

The model wac integrated for three days from initial data valid at 12% on
b/9/7h. The radiation and cloud schemes were celled every two hours of model time.
During these two hours the radiative heéﬁing rates and cloud amounts remained fixed.
In addition to norwal model dumps, radiation parameters and cloud smounts were also
storede Data on couvective activity such as the parcel sizes and the tempersture
and moisture increments by convection were also kepte

Two experimente were run to test the sensitivity of the model results to the
preseunce of time-depondent cloudiness. In the first, a fully interactive cloud and
radintion scheme was used and in the second, all cloud amcunts were set to zero so

that only clear sky radiative hesting rates and fluxes were used.



~156-
ke Results

The cloud amounts predicted by the modél in the cloudy expariﬁent for day 3,
valid at 422 on 7/9/7L, arc showm in figs 6-9 end have been discussed in detail
by VWalker (1978). In fig. 6, showing the distribution of convective cloud, a
distinction has been wmade beteon those areams with deep and those with shullow
convection. In general the cloud scheme has been reasonably successful in
predicting the main features of the cloud ficld observed for that date.

The inclucion of time-dependent cloﬁds interacting with the redizticn fielg
had a congiderable effect on the rainfall and synoptic development in the model.
Figs. 10 and 11 ghow the total rainfall accumulated during dey 3 for each
experinent and Figs. 12 and 13, the winds at level 9, which is approximately
856 mbe The cloudy case shows more development over the sea with increased rainfall
whereas over the land the rainfall has decreased snd the disturbances zre less

A

interss. Over West Africa the clear case has & well-developed vOriex wiiieis
ihe cleudy case shows a gererally weaker circulatién pattern. In contrast the
effect of internctive clouds over the sea has been to intensify somewhat the central
Atlantic disturbance and the wave near 50¥. Imoking farther west to the Caribbean,
the cloudy case has developed a closed cirvculation which is not present in the
clear cose, nuggesting that the interacticn between clouds and radintion is capable
of producing substantial cyclonic development.

The contrast in the model's responge over iand.and sea to the pressnce cf
interactive ¢loud implies that different mechanisms are operating over cach suirface
type. Qvafkland the response of the model to the presence of cloud can be

understocd by considering the surface heat balance for which the equaticn is:

c*%@ - R — LE —H (10)
9

2

B

where C, = purface thermal capacity (20.9J em” K”l)
T. = surface temperature

B = surface radistive flux

IE = evaporation

and H = sensible heat flux
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Dotly ik and H are dependent on the surface temperature throughk the huidity ana

ﬁamﬁer&ture gradients bolween the surface snd the lowest model 1eve1.'§ aléo responds
to changes in T, through the surface infrared cooling. Over land, becnuse G, is
amall, the gum of LE and H is strongly géverned by the net surface radiative flux.
The partitinoning of energy between LE and H is determined by the so0il moisture
~content which is kept fixed and is the same for each experiment (Lyne and Rowntree
1976). Clouds affect the surface radiative flux, firstly by reducing the incident
solar flux and sccondly, by increasing the downward infrared flux. In general
the‘decrease in egolar flux far outweighs that in the net upward longwvave flux. The
net decrease in the cvurface radiative flux in the cloudy case results in cooler
surface temperatures and lower evaporation and sensible heat flux, Over land
convective activitly is controlled by the upward fiuxes of heat and moisture which
thengelves ure determined in part by the surfece radistive flux. The lower rainfsll
in the cloudy case can thus be relanted to the reduced purince solar flux arising

from the presence of clouds. Walker and Rowntree (i977) have shown that, over moist
land, disturbances dsrive their eddy kinetic encrgy through the bareclinic convermion
of eddy availuable potential energy whose source is latent heal release from convectio:
Thus a decresse in evaporation and surface heating implies a decrease in moist
convective activity, less generation of eddy available potential energy and
\ultimately less eddy kinetic energye Over land the mechanism by which c¢loud-
modulated radiation affects convective activity appears then to be through changes

in the surface radiative flux which result in differences in the upward fluxes of
heat and meigture.
Over sca the model's response to clouds is more difficult to interrret. In the

model the sea surface temperatures are kept fixed so that over the oceans there is

no way in which changes in the surface radiative flux can alteé the dynamics of

the atmosphere above. Even in reality the large thermal capacity of the oceans means
that, over the life-time of synoptic features, they are unlikely to respond to any
changes in the net surface radietive flux. Thus the mcchanism by vhich the inclusicn
of interactive cloud affects the atmospheric dynamics over the oceans must be

through chznges in the atmoepheric radiative heating.

Differences between the two integrations are evident during the first dayv. It
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ung decided therefore to chooss & Limited area on the first day and to study this in .
détx.; t¢ see how the differw-‘&’ arose and how they were related to the cloud-~
induced wariations in radiative heating rates. The area chosen covered the GATE
Begeale area through which a disiurbance passed during 5th September 1974k, The
rainfall and levél 9 winds over this limited area at day 1 are shown in figs. 14 and
15. Already the cloudy case is showing more development and fainfalls Vertical
cross-sections of vertical velocity at 12%, 5/9/7h and total daily mean radiative
hsating for the period 12% 4/9/7h% to 12% 5/9/74 along 7N through the centre of the
vertexr are shown in figs 16 and 17 for each experiment. The clear case shows a
uniform cocling of about 1 K/dey throughout the troposphere. In contrast the

cloudy case shows & large variability in heating rates which can be associated with
the distribution of cloudiness shown in fig. 18. (Hote that when deep convective
¢loud is predicted, 90% is trested és shallow cloud and for the purposes of radiation
caleulations has been ineluded in the low cloud cover). The uppsr level werming

in the vegion of the disturbance has arisen from the extensive out-flow cirrus
shislds which are a common Feature of tropical disturbances. The assumption that
culy o small frection of a grid square is occupied by deep cumulonimbus clouds has

meant that high cloud can play a dominant role in determining the radiative heating

]

sper levels as averaged over the whole grid square., Since their radiating
temperature is much lower then the equivalent black body temperature of the up-welliug
zadiation from below, the net effect of these clouds is one of warming, a good

example of this being the obssrved infrared heating rate profile shown in fig. 4

from Fimpel et &l (1977). The effect of the variations in heating rates shown in

fig. 17 has been to produce much stronger ascent in the centre of the disturbance
gince the upper 1eve1 radiative warming results in a distortion of the pressure

Tield such that the convergence into the system is increased. In other words

the horizontal gradients in radiative heating force stronger vertical motions
than would occur in a clear atmosphere with uniform radiative heating rates.

Yanal et al (1976) have shown that a strong correlation exists between the

larpge~scale vertical motion at higher levels and deep convection. When frequency
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distributions of the-leiél’of final detrainment of a convective parcel are compared
for the clear and cloudy ceses (fig. 19) , thé effect of the .stronger ascent at
upper levels in the cloudy case is clearly seen in the greater number of parcels
reaching upper tropospherié levels. The mechanism for this incressed occurrence

of deep clouds is firstly the thermal destabilisation in the upper troposphere caused
by adiabatic cooling duc to the large-scale ascending motion, and secondly the
greater low-level convergence of moisture into the system due to the stronger
vertical motions. The variation ig low-level convergence induced by horizontal
variations in radiative heating ratés has been postulated by Gray and Jacobson (1975)
as a possible explanation for the observed diurnal variation in oceanic deep
cumulus convection.

The effect of interactive clouds on convective activity has been studied briefly
by considering daily mean heat and moisture budgets for a point at 7N, 29¥W in the
centre of the disturbance. The apparent heat source (Q1) and moisture sink (QZ)
for each integration are shown in fig. 20, Both terms are larger than those given
in fige 1 from Yanai et al (1973) which were typical for a rainfall rate of 10 mm day
the higher rainfall rates (42 and 35 mm day‘1) iﬁ these calculations would account
for the larger noisture sink énd heat source. From a study of a heavy rainfall
event in the GATZ B-scale area Ruprecht (1979) also gives larger values of &
and Q2 than Yanai et al (1973). The totg} heating (Q = Q1 - Q2 - QR) by counvection
is given in fig. 21. The larger lower tropospheric negative values in the cloudy
case arise from the greater low level convergence of moisture into the disturbance.
The better organisation of the flow when clouds are present has meant that the trans-
fer of heat by convection from the lower to middle and upper troposphere is more
efficient than in the clear case. This could have important implications for the
meridional transport of heat between the tropics and mid-latitudes since that heat

originates largely from convective transports in cloud clusters.
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ko Conclusions

The resultc of experiments with a tropical model which includes an interactive
cloud and radiation scheme have shown that the model is very sensitive to the precence
of clouds. Over land clouds affect convection by controlling the surface fluxes of
heat and meisture whereas over the sea, the vertical circulations induced by the

horizontal gradients in atmospheric radiative heating affect convection both by the

greater destebilization occurring in areas of increased ascent and by the grealer
low~level convergence inte the system. In particular the upper level radiative
warming due to the presence of medium and high clouds in the vicinity of a
disturbance appesrs to be important in increasing sscent at higher levels wvhich in

turn increcesecs dccp convection.
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Fig. 1. The mean apparent heat source Q, (solid) and moisture sink Q. (Cashed).
The left-hand curve is the © radiational heating rate QR“given
by Dopplick (1970) (From Yanzi et al 1973).
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Fige 2. The mean cloud base mass flux M_ as a function of detrainment pregsure
P... White portion of the bars shows the background mass flux induced
by radiative cooling, Mpp (From Yanai et al 1976).
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Observed infrared heating rates from GATE (Fimpsl,Kuhn and Stearns 1977)
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INTERACTIVE RADIRTION WITH ALL CLOUDS.

EXPNO: L4OO& .
FORECRST: 2LHRS. TO0 127 5/ Q/714
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Fig. 14 , Total rain and winds at 0=0.844 for day 1
of the cloudy case for the limited area
178 - 1S, 51W - 1VW. '



-175- .

INTERRCTIVE RADIATION WITH CLEAR SKIES.

EXPNO: 3000 '
FORECRST: 24HRS. T0 127 5/°9/74
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Fig. 15. Total rain,and‘winds at 0 =0.844 for day 1 of
the clear case for the limited area
17N - 1S, 51W - 1W.
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Clear case
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Fig, 16.

¢ 5 1w

Vertical croés~section along 7N
of vertical velocity and daily

mean- total radiative heating rate
for.day 1, clear case.
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Claudy case

Vertical velocity (0-1pb/sec-)
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LOM"W 37° 33 297 25 210 W7 w3 9 5 TW

Daily mean total heating rate (K day™)

1e 1 i

]_0 1 el ]
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Fig. 17 . As Fig. 16 but for cloudy case.
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Fig. 19. Frequency distribution of level of total detrainment for day 1
forarea 17”’Nto1"S,5I"'Wio I° W
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hpparent heat source @y —mean for day 1 at 77 N 29° W
—— Cloudy {Rainfall=42-3mm/day™")
s — = Clear {Fainfall=34-7 mm/day™!)
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Apparent moisiure sink Q, —mean for day 1 ot 7°N 29°W
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04!
o=V/px

0-6
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! i
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K day-!

Fig. 20. Appdrent heat source Q. and moisture sink Q, for
day 1 at 7N 29V. “
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a) Horizontal Multiple Trajectories
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b) Vertical (Y by Z) Multiple Trajectories

Fig. 5

- ¢)

Vertical (X by Z) Multiple Trajectories

Horizontal and two vertical projections of the simulation trajectories on

which Fig.4 was based. The two vertical projections show the 'tropical' and
'sheared' components that comprise the 3-D circulation.
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yotential .
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level (Zx)
inflow shear
and lapse
Jowndraught rates of
utflow potential
structure temperature

rigid horizontal boundary

—_

c) Travel speed

Fig. 6 Schema of the specified variables (lower case letters) and the calculated
variables (upper case letters) in the mid- latitude model. The diagram is

for relative flow.



a) Momentum
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Counter gradient momentum
transport; shear and kinetic

energy of large-scale flow
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b) Heat
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gH

Fig. 7

Updraught outflow
warming

Changes effected by the mid-latitude regime in constant

undisturbed vertical shear for R = 1. (a) Momentum changes

(b) Thermodynamic changes. The undisturbed shear is from left to

right.
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c) Travel speed

Fig. 8 Schema of the specified variables (lower case letters) and the
calculated variables (upper case letters) in the tropical model.
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a) Momentum
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Fig. 9 Changes effected by the tropical regime in zero ambient shear
for E = 1, where A® = (¥-B)H. (a) Momentum changes
(b) Thermodynamic changes.
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Fig.10 Three layer model applicable to the mid-latitude

model transports.






