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Abstract

The effects of longwave radiation on the development of a small cumulus cloud werc

investigated by a combination of three-dimensional radiative transfer model as weil as slab-

symmetric and axially symmetric cloud clynamics models.

A longwave radiation model was developed. The model was first applied to the case of

an isolated cumuliform cloud in the form of a cylinder, the results of which illustrate the

importance of cloud side cooling. We proposed that the radiatively forced sinking of air at the

sides of cumuliform clouds would lead to lower-Ievel convergence and thereby enhances the

upward motion in the interior of the cloud.

A study of cloud top cooling rate in stratiform clouds with positive (lifting) or negative

(sinking), axially symmetric perturbations shows that a lifting of the cloud top does not increase

the cooling rate, whereas the peak cooling rate decreases rapidly in depressions. For smal1

perturbation, "'10 m, this may tend to inhibit the growth of negative perturbations. For larger

<~rturbations. "'100 ID, changes to the radiative cooling rates within the positive perturbations and,
riext to the negative perturbations may act to sustain the perturbation and promote its growth.

Using a three-dimensional longwave radiation model and a slab-symmetric cloud
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dynamics model, we demonstrated that longwave radiative cooling substantially enhances the

maximum cloud water content. The maximum increase reaches 96%. The total cloud water was

aiso increased somewhat (maximum 20%).

In the initial stage of the development, the augmentation of cloud water content near the

cloud top and sides is traced mainly to .he direct effect of longwave radiative cooling on cloud

microphysics (i.e. radiative cooling reduces the local temperature and hence the saturation water

vapour pressure, which leads to additional condensation).

In the mature stage of cloud, the increase of total cloud water content cornes from a

combination of the effects of radiation on microphysics and dynamics. The cooling from radiation

and evaporation produces additional downward motion at the sides of the cloud. The enhanced

low-level convergence invigorates the updraft promoting fuitller cloud development.

In the decaying stage, the negative buoyancy produced by cloud top radiative cooling and

a higher liquid water load speeds up the decay process in the LW ron.

In a sheared environment, shear suppresses convection. In conjunction with horizontal

momentum transport, radiative cooling also results in a more negative temperature perturbation

and a stronger downdraft on the downshear flank relative to the upshear side.

. In an axially symmetric simulation, longwave cooling produces a weaker updraft in the

cloud core. This phenome:la was attributed to the shorter lifetime of the axially symmetric cloud,

and the fact that the cloud side sinking motion can spread around the cloud core instead of being

confined to a vertical plane. As a result, a weaker secondary circu.!;.tion develops which is offset

by the negative effects of the cloud top radiative cooling and the higher liquid water load.
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Résumé

Nous étudions les effets du rayonnement de grandes longeurs d'onde sur le développement

des petits cumulus en utilisant un mod~le de transfert radiatif tri-dimensionel ainsi que des

mod~les dynamiques à symétrie axiale et planaire.

Un mod~le de rayonnement de grandes longeurs d'onde est présenté dans cette th~se. Nous

appliquons ce modèle au cas d'un nuage cumulus isolé ayant la forme d'un cylindre. Ce cas

démontre l'importance du refroidissement des côtés du nuage dû au rayonnement. Nous suggérons

que les courants descendants en bordure des cumulus, formés par ce refroidissement résultent en

une convergence d'air dans les niveaux inférieurs du nuage. Cette convergence peut ensuite

renforcé le courant ascendant au centre du nuage.

Avec ce même modèle nous étudions le taux de refroidissement au sommet d'un nuage

stratiforme sur lequel nous superposons, selon une symétrie axiale, des perturbations positives

(pics) et négatives (dépressions). Nous constatons que le taux de refroidissement n'augmente pas

dans les régions des pics mais que le taux maximum decroÎt rapidement dans les dépressions.

Ceci a pour effet que dans le cas ou les perturbations ont. lOm de dimension la croissance des

perturbations négatives est inhibée. Par contre, dans le cas ou les perturbations ont. lOOm de

dimension la croissance des perturbations est augmentée.

De plus, nous démontrons dans cette thèse que le refroidissemnent dû au rayonnement de

grandes longeurs d'onde est responsable d'une augmentation importante de la valeur maximale du

contenu en eau nuageuse. Cette augmentation va jusqu'à 96%. Le contenu total en eau nuageuse

subit une augmentation moins importante, allant jusqu'à 20%. Pour ce faire, nous utilisons le

.
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modèle de transfert radiatif tri-dimensionel avec le modèle dynamique à symétrie planaire.

Dans les premiers stades de développement du nuage, l'augmentation du contenu en eau

nuageuse s'explique par l'effet directe du refroidissemnet radiatif, e'est-à-dire, lorsque la

témperature locale baisse, la pression de vapeur d'eau à satu;ation décroît aussi et s'ensuit plus

de condensation. Lorsque le nuage a atteint sa maturité, l'augmentation s'explique à la fois par

l'effet directe et l'effet indirect via la dynamique du nuage. Ce dernier effet est relié au fait que

le refroidissement dû au rayonnement ainsi qu'à l'évaporation est cause de courants descendants

en bordure du nuage. Ces courants descendants augmente la convergence au niveau inférieur du

nuage et ainsi accroît les courants ascendants en son centre. Nous remarquons aussi que la

dissipation du nuage est accélérée lorsque l'on tient compte du refroidissement radiatif. Ceci est

dû à la création de zones où la force de flottabilité est négative.

Nous présentons aussi des résultats qui montrent que le cisaillement du vent réduit la

convection. Dû au refroidissemnet radiatif ainsi qu'au transport de quantité de mouvement

horizontal nous trouvons que du côté du nuage en aval du vecteur de cisaillement, les courants

descendants ainsi que les perturbations négatives de températures sont plus importants.

Dans une simulation avec le modèle dynamique à symétrie axiale, nous trouvons que le

refroidissement radiatif produit un courant ascendant plus faible dans le centre du nuage. Nous

expliquons ce résultat par le fait qu'avec un tel modèle la durée de vie du nuage est plus courte

et aussi par le fait que dans cette géométrie les courants descendants sur les cotés du nuage

peuvent se répandre autour du centre du nuage au lieu d'être confiné dans un plan vertical. Il en

resulte une circulation secondaire moins importante qui est dominée par les effets dynamiques du

refroidissement radiatif au sommet du nuage.
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The original results contained in this thesis are as foIIows:

1) The distribution of longwave radiative cooling rate in an axially symmetric cloud has

been calculated. The possibility of sustained cloud side cooling leading to low-level convergence

and enhanced cloud development is noted for the first time.

• 2) Longwave radiative feedbacks in the maintenance of conical perturbations in stratiform

cloud tops was discovered.

3) A three-dimensional longwave radiation model has been incorporated into a slab

symmetric cloud dynamics model for the first time. Longwave radiation dramaticaIly increases

the maximum cloud water content in il smaII cumulus cloud. The effects of longwave cooling in

different stages of development of the simulated cloud and the physical mechanisms responsible

for these effects were identified.

4) The effects of longwave cooling on the development of a smaII cumulus cloud in a

sheared environment has been investigated. Shear suppresses convection. Longwave cooling

enhances the asymmetric characteristics of the simulated cloud. The physical mechanism

responsible for this phenomenon was identified.

5) The effects of longwave radiation on the development of a smaII cumulus cloud in an
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axially symmetric mode! and a slab-synllllctric modcl wcrc ct'mparcd. Tht' '\'t'ah'r updraft in thc

axially symmetric cloud corc was found and cxplaincd.

6) The distributions of the longwavc radiativc cooling ratc in thc slab-synlll1ctril' and

axially symmetric clouds were compared and cxplaincd.

( Chapter 2 is based on the papcr published in J. Gcophys. Res.. The paper was mostly

written by Roger Davies. l did all calculations.)
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Chapter 1

Introduction

1.1 Longwave radiative cooling rate in clouds

The atmosphere is continuously emitting longwave radiation to space in order to balance

the solar heating of the earth-atmosphere system. A typical value for this longwave cooling in

a cloud-free atmosphere is about 2-4 K day·l (Roewe and Uou, 1978). When clouds are present,

however, the situation changes rather dramatically. Because a large amount of longwave radiation

is emitted from the cloud top, cooling rates larger by about IWO orders of magnitude may occur

, in a relatively thin layer near the tops of clouds. The air above the cloud top is a peor absorber

of longwave radiation, and therefore the amount of energy re-radiated downward from the cloud

free atmosphere is very small. As a result, the cloud layer near the cloud top experiences a net

loss in radiation and air is cooled near that level. However, at the base of the cloud, more energy

is gained from the upwelling radiation at the earth's surface than is lost from downward radiation

from the cooler cloud base. As a result, longwave radiation causes a warming near the base of

the cloud. For regions far away from the cloud boundaries, the cooling rate is negligible because
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of the condition of radiative equilibrium. The strong cooling near the cloud top and weak

warming near the cloud base are thought to be very important in affecting the dynamics and

microphysics of the clouds.

Considerable theoretical research on longwave radiative cooling rates for horizontally

homogeneous clouds has been carried out (Yamamoto et al., 1971; Stephens, 1978;

Khvorostyanov, 1981; Slingo et al., 1982; Twomey, 1983; Curry and Herman, 1985; Davies and

Alves, 1989). Il was found that local radiative cooling rates for liquid-water clouds usually peak

near the cloud top with values reaching -50 K h·1 when there is a sharp isothermal transition

separating the cloudy and clear air. This result is known to depend on the vertical profile of

temperature and humidity in the air immediately above the cloud top as weil as on the gradient

of liquid water within -50 m of the cloud top. Because of these effects the peak radiative cooling

rate in stratiform clouds (-5 K h· l
) is typically less than at the top of cumuliform clouds.

Considering that radiative net flux changes rapidly with distance near the cloud boundary, it is

apparent that high spatial resolution is important in the calculation of net flux divergence and

longwave radiative cooling rates. As pointed out by Davies and Alves (1989), coarser resolution

models have a natural tendency to average the radiative flux divergence over the layer thickness,

thèreby reducing the maximum value.

A three-dimensional approach to radiative transfer may be needed whenever the shapes

ofclouds become too complex for conventional (i.e., plane parallel) treatmenlc;. For example, the

limited horizontal extent of cumuliform clouds can, at limes, result in a greater interaction of

radiation with the cloud sides than with the top and the base. Even when side effects are

negligible, as for horizontally extensive stratiform clouds, convective celIs at the cloud top may
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cause significant departures from the flat surface assumed in many models. In the pasto little

attention has been given to the distribution of longwave radiation in horizontally finite or

inhomogeneous clouds. A need exists for a systematic study of the effects of three-dimensional

cloud geometry on the interaction of clouds with longwave radiation. To our knowledge. only

Liou and Ou (1979) and Harshvardhan et al. (1981) have studied the longwave radiative cooling

rates in horizontally finite cloucls. Liou and Ou (1979) used a four-term spherical harmonies

approach to calculate the 10-,um wavelength cooling rates for finite clouds. They noted that cubic

clouds exhibit stronger cooling than comparable plane-parallel cloucls. Harshvardhan et al. (1981)

used a modified IWo-stream approximation to demonstrate the existence of enhanced radiative

cooling at the sides of isolated clouds. Neither of these pioneering techniques are noted for their

accuracy (Stephens and Preisendorfer, 1984), and they cannot be adapted to noncuboidal cloud

shapes very easily.

1.2 The role of Longwave radiation on cloud development

Radiative effects are thought to play a key role in the evolution of various clouds like

smal1 cumuli (Sommeria, 1976; Veyre et al., 1980), stratus (Moeng and Schumann, 1991; Moeng

et al., 1992), slratocumulus (Chen and Cotton, 1983; Nicholls, 1984; Driedonks and Duynkerke,

1989; Duynkerke, 1989; Koracin and Rogers, 1990; Rogers and Koracin, 1992), altocumulus

(Gedzelman, 1988), cirrus (Starr and Cox, 1985; Lil1y, 1988), and thunderstorm anvils (Webster

and Stephens, 1980; Ackerman et al., 1988; Chen and Cotton, 1988; Tripoli and Cotton, 1989;

Dudhia, 1989; Tao et al., 1991, 1993; Xu and Randal1, 1995; Fu et al., 1995). Various

• mechanisms have been proposed to account for the effects of radiation on clouds based on the
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gradient and/or magnitude of radiative heating rates in the presence of clouds (XU and Randall,

1995). They include (i) horizontal differential heating between cloudy and clear regions (Gray

and Jacobson, 1977; Tao et al., 1991; 1993), (ii) horizontal differential cooling between cloud

sides and the cloud center which produces a secondary circulation to alter the airf10w in the

clouds and enhances cloud development (Guan et al., 1995), (iii) vertical differential heating

between cloud base and top, which leads to a destabilization of the cloud layers to augment

convective overtuming (Veyre et al., 1980; Webster and Stephens, 1980; Chen and Cotton, 1988;

Tripoli and Cotton, 1989; Dudhia, 1989; Koracin and Rogers, 1990; Rogers and Koracin, 1992;

Tao et al., 1991,1993; Fu et al., 1995), (iv) in-cloud radiative heating and radiative

destabilization, which generate buoyant turbulence in the clouds (Sommeria, 1976; Lilly, 1988),

and (v) radiation induced condensation (Sommeria, 1976; Heymsfield and Miloshevich, 1991).

Up to now, numerous quantitative studies on the interaction between clouds and longwave

radiation have mainly focused on the anvil regions of thunderstonns, stratifonn clouds, or other

horizontally homogenous clouds. For these types of clouds, vertical differential heating is very

important. The mechanism of the horizontal differential heating between the cloudy and clear air

regions was first proposed by Gray and Jacobson (1977) and was further supported by

calculations from Tao et al. (1991; 1993). However, very recent numerical simulations (XU and

Randall, 1995) clearly showed that the Gray-Jacobson mechanism is not very important compared

to vertical differential heating, because the magnitudes of the horizontal differential heating

bet\IÎ,een cloudy and clear air regions is much smaller than the vertical differential heating

between the top and base of the cloud.

Studies on the interaction between horizontally finite clouds, such as small cumuli, and
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longwave radiation are few in number.

Earlier work carried out by Sommeria (1976) showed thatlongwave radiative c\"l\)ling rate

has the same importance as condensation heating rate in a small tropical cumulus. He als\)

proposed that longwave radiative cooling affects the development of a cloud layer by favouring

condensation and reducing buoyancy. However, no quantitative estimates of the effecL~ of

longwave radiative cooling upon cloud dynamics and microphysics have been pre..~ented.

Heymsfield and Miloshevich (1991) noted that the latent heat relea.o;e as a re..~u1t of condenSlltion

caused by radiative cooling partially offsets the pure effect of radiation on cloud temperature..

Veyre et a\. (1980) quantitatively studied the effect of longwave radiation on small

tropical cumuli. However, their longwave radiation If .deI is only uni-dimensional and the

contribution of horizontal net flux divergence on longwave radiative cooling rate is neglected•

Their result shows that longwave radiation enhances the average cloud water content by :!S'Ji>.

They attributed the enhancement to vertical differential heating between the cloud base and the

cloud top, which destabilizes the cloud layer.

Il is known that the horizonal seale is comparable to the vertical scale in a small cumulus

cloud. The calculation of longwave radiative cooling rate in a 3-dimensional framework CUou

and Ou, 1979; Guan et al., 1995) revealed that cloud side cooling is of the same arder of

magnitude as cloud top cooling for a horizontally finite cumulifurm cloud. Therefore, horizontal

differential heating between the sides and the center of the cloud may significantly affect cloud

development. We hypothesize that the longwave radiative cooling at the cloud sides produœs

enhanced downward motion, which in turn strengthens the convergence near the cloud base. 71Ie

upward motion near the center ofthe cloud therefore intensifies and a stronger developmenl of
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the cloud results.

1.3 Statement of problem and outline of thesis

This thesis is directed towards a study of the interaction between longwave radiation and

horizontally finite or horizontally inhomogeneous c1ouds. Specifically, we would explore the

validity of the hypothesis that for a small tropical cumulus longwave radiative cooling at the

cloud sides produces enhanced downward motion, which in turn strengthens the convergence

near the cloud base. The upward motion near the center of the cloud therefore intensifies and

a stronger development of the cloud results. Our approach would be through the development

and application of an interactive three-dimensional radiative transfer model, a slab-symmetric

• cloud model, and an axially symmetric cloud mode\. The organization of the six chapters

comprising the thesis is as follows.

Chapter 1 provides sorne background of the problem and motivation for our study.

Chapter 2 describes a three-dimensional axially symmetric longwave radiative transfer

models and its application to an isolated cumuliform cloud and a stratiform cloud with a

perturbed top..We would present calculations of longwave radiative cooling rates at the cloud

tops and the sides. The effect of cloud top inhomogeneities on longwave radiative cooling rate

is also examined. The possible effects of cooling rate on cloud dynamics are proposed.

In Chapter 3, we introduce an interactive slab-symmetric cloud dynamics model and a

three-dimensionallongwave radiative transfer model. We examine the effect of spatial resolution

on longwave radiative cooling rate and investigate the effects of longwave radiation on cloud

• development in a calm environment.
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Chapter 4 is devoted to a study of the effect of longwave radiation on cloud development

in an environment with uni-directional wind shear.

Chapter 5 discusses the effects of longwave radiation on cloud development in an axially

symmetric cloud. A comparison will be made belWeen the results of slab-symmetric and axially

symmetric geometries.

Chapter 6 summarizes the results and provides the final conclusions of our research.
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Chapter 2

Longwave radiative cooling rates in axially

symmetric clouds

2.1 Introduction

As discussed in Chapter 1, the application of plane parallel theory to clouds of limited

horizontal extent and clouds with inhomogeneous top surfaces cao lead to errors. In this chapter,

we will examine the insight that a three-dime_nsional approach brings to the determination of

longwave radiative cooling rates at or near the surface of idealized cumuliform and stratiform

liquid-water cloucIs.

The out1ine of this chapter is as follow. Section 22 describes a simple axially symmetric

longwave radiative transfer model, which is then applied to an isolated cumuliform cloud. The

model is simplified further in Section 2.3 and then applied 10 a stratiform cloud with a perturbed
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top. The results obtained for these two types ofaxially symmetric cloud are summarized and

discussed in Section 2.4.

2.2 Radiative cooling rates in isolated axially symmetric

clouds

2.2.1 Model description

Our goal is to obtain representative longwave radiative cooling rates as functions of

position in horizontally inhomogeneous clouds. The general radiative transfer problem could be

solved using Monte Carlo simulation (Harshvardhan et al., 1981), or by the use of IWo

dimensional Fourier transforms followed by a variety of one-dimensional solution technique.~

(Davies, 1978; Stephens and Preisendorfer, 1984). Here, however, we can choose a much simpler

approach since we are not concerned with the solution for radiances, just for cooling rates. This

takes advantage of the finding by D&vies and Alves (1989) that omission of scattering alters the

local net flux divergence of longwave radiation by less than ...5%. Geometrical and spectral

factors affect the results more than this. Following Stephens (1978), we also take the cooling

rates integrated over 8 to 13.4 pm to be representative of the broadband cooling rates,

recognizing that this Iimits our results to isothermal conditions at the cloud boundaries as

explained by Davies and Alves. To highlight the main geometric dependence of the cooling rates,

we focus on axially symmetric situations and ignore internai inhomogeneity in the distribution

of cloud liquid water.

The longwave radiative cooling rate at any point within the cloud may be expressed in
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tenns of the three-dimensional divergence of the net flux density of longwave radiation, F..., as

(2.1)

where T is temperature, t is time, Q is air density, and Cp is the specific heat of air at constant

pressure. We can simplify the general three-dimensional problem by invoking azimuthal

symmetry about a vertical axis, z.

The net flux divergence can then be expressed in cylindrical coordinates rand z as

calculate radiances, net flux densities, and radiative cooling rates. We use the conventional zenith

An axially symmetric integral model of longwave radiative transfer was therefore developed to•
veF =Mt

1 a(rF~

r ar
aFJId:+--,

ëlz
(2.2)

•

and azimuthal angles, 6 and cp, for calculating the vertical flux components. To calculate the

horizontal flux components, it is convenient to define an additional pair of angles, 6' and cp',

where 6' is the angle the radiance makes with the r axis and CP' is the angle that the projection

of the radiance onto a plane orthogonal to the r axis makes with the z axis. In such a model,

c10uds are symmetrical about the vertical axis and are given sorne vertical position within a

horizontally homogeneous atmosphere with plane-parallel boundaries. Here we consider only

cylindrical clouds and stratiform c10uds with a conical bump or depression on the top surface,

but this model could also be applied to more complicated axially symmetric cloud shapes.

The spectral radiance at any point (r, z) in the model in direction Q is expressed in terms

of emission and absorption as
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5(r,:,0)

I,.cr, z, O)=Ib,(O)7i",JS(r,:::. 0)]+ J B~(T(s~)7i",JS(r.:::, C)-s~k~(s~dsl. • (2.3)
o

Here

B~(T)

S(r, Z, Q)

Planck function;

total distance in direction Q between the point (r,z) and the boundary of the

domain, which is an isothermal ground of temperature T8 for upwelling radiances,

or cold atmosphere with T = 0 K for downwelling radiances;

s' similarly the distance between an intermediate point (r',z') and the boundary;

Ib~ radiance emitted from the domain boundary, I~=B~(TJ for upwelling radiance:,

• TrJs]

~=0 for downwelling radiances;

transmission function through an absorber path of distance S, for monochromatic

absorption, TrJS-s'] = exp [-k~(S-s')];

k~ volume absorption coefficient obtained from a combination of droplet absorption

and water vapour absorption (we ignore emission and absorption by other gases).

The vertical component of net flux is then found as

•

13.4 21< 1

Frwl,%(r, .;z:)= J JJI~(r, Z, Il, cjl)1l dll dcjl dÀ.
8 0-1

where p. = cos 6.

(2.4)
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The horizontal compenent (in the + r direction) is similarly found as

13.4 2~ 1

FMt,r(r, z) = f f f II.(r, z, I-L', cl>~I-L' dl-L' dcl>' dÀ,
8 0-1

where p.' = cos e'.

(2.5)

Standard midlatitude summer atmosphere temperature and humidity profiles were used

above the cloud top. Within the cloud, moist adiabatic temperature and saturated water vapeur

profiles were used, and the liquid water content and drop size distribution were kept constant.

Below the cloud base, the water vapeur distribution was again that of a midlatitude summer

• atmosphere, but the temperature profile was dry adiabatic.

The spectral absorption coefficients for cloud liquid water were evaluated as

•

kdlvpld.=f 1t r 2 QabI(m, r) n(r)dr,
o

(2,6)

where r is the droplet radius, n(r) is the number droplet concentration, and Q.(m,r) is the Mie

efficiency factor for absorption, which in the present work is determined using Wiscombe's

(1979) Mie code. The required refractive index (m) were taken from Hale and Querry (1973)

and Irvine and Pollack (1968). Water vapeur absorption was included, following Houghton

(1977), by setting Je...,..,= elez, where e is water vapeur pressure and \cr1O·2(g cm·~·1mbar·l is a

constant.

Since gaseous attenuation and the attenuation due to droplets are uncorrdated, the total•
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cloud transmission function is thus determined by the product of the individual transmission

function. The "multiplication property" of band transmission function is discussed by Goody

(1964).

The integrals of (2.3)-(2.5) were evaluated numerically, using steps of 0.2 pm in

wavelength, and ..10· in angle. For the c10udy region, a spatial resolution of 1 m was used near

the cloud boundaries and a coarser resolution elsewhere. Each atmospheric layer was assumed

to be homogeneous with the same thermodynamic and microphysical properties for the middle

point of the layer. Tests of the numerical precision were made to ensure that the results were

insensitive to further improvements in the spatial or angular resolution. At the chosen resolution

the numerical precision of the cooling rates was better than 1% (where this precision would have

deteriorated in places to 20% if 5-m spatial resolution and 20· angular resolution had been used).

2.2.2 Results for an isolated cylindrical cloud

The above model was first applied to a cylindrical cloud of radius 500 m. The cloud top

was at 2 km and the base at 1.5 km above a black surface of temperature 302 K. The

temperatures of the cloud top and base were 285.2 and 287.5 K. The Deirmendjian modified-

gamma size distribution was used for the cloud droplets, with a resulting Iiquid water content of

1.034 g m-3 ("nimbostratus top" distnèution of Welch et al. (1980)). Deirmendjian modified-

gamma distnèution funetion is given by the expression

(2.7)

where r.. is the modal radius of the distnèution, and fi, 1'), and y are other empirically derived
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parameters.

Detailed effects of various droplet size distributions were studied by Stephens (1978) and

Alves (1987), who concluded that the specifie cloud microphysical structure is not important to

the determination of the droplet absorption coefficient, hence the radiative flux divergence. They

noted that the changes of cloud LWC distribution introduces considerably larger variation in

cooling and heating rates.

Figure 2.1 shows the radiative cooling (negative) and heating (positive) rates at the cloud

center, side, and horizontally averaged over the entire cloud, each as a function of height above

the cloud base. The horizontally averaged results are qualitatively simiIar to those of

Harshvardhan et al. (1981) but show larger values at the top and base, due in part to the higher

liquid water content. Peak: cooling rates of -34 K hol occur at the cloud top, and a modest
;

warming of 8 K holoccurs at the base. The center profile would be very simiIar to that of a

plane-parallel cloud and shows that much of the interior is, as expected, in radiative equilibrium.

There is therefore very !ittle difference between the horizontally averaged profile and the plane-

parallel profile for this example of a thick, wet cloud.

Note by contrast the profile 1 m from the cloud side, which cools at -14 K hol over much

of its heighL The difference between the side and the center coo!ing rate profiles is the greatest

at the cloud base, fairly constant with height for much of the cloud, and tends to zero at the

cloud top. The cloud side continues to cool ail the way down to the cloud base, albeit at a

sIightly lower rate than higher up. Other examples covering a range of cloud temperatures down

to 275 K and ground temperatures up to 310 K were also considered, but the results were very

simiIar, changing in magnitude by less than ..20%.



•
15

10-10 0-20

side

average

center

-30

---""-
~.,
~
.\

"".,.,.,
".,.,
"""".,
"".,
"".,.,
":1
".,.,
".,.,
".,
"".,.,.,
:i::
.!
":1
":i
"".,
"~,
~

",
"",.
".,...'.o +---.---r-----..--r-----..--=:::::::,-----..--.--:.::::.•-::;--.......--I

-40

400

500 I---=::::;;;;:~======----_--'

100

-E-...
(])
en
~ 300

..Cl
(])

>o
..Cl
~ 200.....
.c
Cl
(])
.c

heating rate (K h-1)

•
Figure 2.1: Radiative heating (positive) and cooling (negative) rates in a cylindrical cloud as a
function of height above the cloud base. Dotted curve, at the cloud center. Solid curve, lm from
the cloud side. Dashed curve, horizontal average.
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Figure 2.2a provides contours of the radiative cooling rates over the entire cloud, shown

in vertical cross section through the cloud center. The most interesting feature are the sharp

gradients of cooling rate at the top and sides. Since most radiative cooling from the top and sides

occurs within 20 m of the boundary, these regions are shown in more detail in Figure 2.2b (top

corner) and Figure 2.2c (bottom corner).

Our results extend those of Davies and Alves (1989), who showed peak cooling at the

tops of stratiform clouds restricted to the upper ..20 m, by illustrating the presence of a similar

effect at the cloud sides. However, cloud side cooling will have a very different effect on cloud

development compared to cloud top cooling. An air parcel that is radiatively cooled at the cloud

top will tend to sink back into the cloud where il rapidly becomes shielded from further cooling.

By contrast, an air parcel that starts cooling radiatively at the top corner can sink down the side

of the cloud without being shielded and continue to cool radiatively as it descends. One is left

with the prospect of thin (-20 m) skin effect of cold air subsiding down the sides of cumuliform

cloucls, possibly serving to enhance vertical development within the cloud through low-Ievel

convergence.

While the above example is for an iselated cumuliform cloud, the results may aise be

applied to a field of widely spaced cumuliform clouds. The cloud top cooling rates and cloud

base heating rates are very insensitive to cloud-cloud spacing provided the clouds have similar

cloud base and cloud top altitudes. However, the typical cloud side cooling rates will be reduced

by about 10% when the mean cloud-cloud spacing becomes comparable to the height of the

cloucls, and this reduction will be greater for lower portions of the cloud side. For even closer

cloud-cloud spacing, the cooling rates from adjacent cloud sides will rapid1y tend to the
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corresponding stratiform solution.

2.3 Cloud top inhomogeneity effects on radiative cooling rates

2.3.1 Simplified axially symmetric model

Real cloud tops seldom have the fiat horizontal surfaces typical of modelling simulations.

They display a wide variety of billowed structures that can be characterized by local height

departures from sorne mean cloud top height with varying degrees of convex and concave

curvature. Especially for stratiforrn clouds these billows are largely a result of the turbulence that

is generated by radiative cooling at the cloud top. Since the cooling rate may be affected by the

curvature of the surface, there arises the interesting possibility of a feedback mechanism between

• turbulent billo\Vs and radiative cooling. We therefore introduce a simplified version of the axially

symmetric radiation model ta efficiently explore the curvature effect in more detail. This model

is then used to produce cooling rates for a variety of convex and concave perturbations to a fiat

stratiforrn cloud top.

Because we are dealing only with perturbations to the top of a stratiform cloud, a number

of simplifications to the previous model are possible. We assume the cloud is isothermal (286.2

K) with a constant. effective absorption coefficient, lt,.. The source function due to emission,

Bw(T) = 40 W mo2 srol
, is also assumed constant within the cloud. We ignore downwelling

radiation to the cloud top. The combined errors due to these assumptions are removed by

«tuning~ the value oflt,. (-6.7 km°') to give the same value ofunperturbed cloud top cooling (-5

K hO'), as found by the detailed calculations of Davies and Alves (1989).

• The local radiative cooling rate may then be expressed (Goody and Yung, 1989,p.23) as
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(2.8)

is the spherically averaged radiance in the window region.

(2.9)

The integrals over angle are found by Gaussian quadrature as before. The integral for \,.

•
can be solved analytically, however, giving

for 1-1<0 (2.10)

for 1-1>0 (2.11)

•

where SCr, Z, ft, cjl) is the total p!l1titom:.e point (r, z) to the cloud boundary in direction (p,

cjl). Results for local radiative cooling rates are then calculated, again at a spatial resolution of

1 m.

Perturbations to the cloud top structure were chosen to be either coneave conical

depressions or convex conical bumps, as shown in Figure 23. The perturbations are characterized

by amplitude and angle, as defined in the figure. The clouds are plane parallel beyond the

perturbation. Since the cooling rates are insensitive to cloud conditions below -100 m from the
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Figure 2.3: Schematic of (a) conva: and (b) concave cloud top perturbations. Each perturbation
is an axially symmetric cone of height h, balf-angle A, and perturbation angle p.
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top, the cloud may be considered ta be semi-infinite and the lower boundary condition ignored.

2.3.2 Results

Convex perturbations. Plate la illustrates the distribution of radiative cooling rates

for a convex perturbation ta the cloud top, somewhat illustrative of a billow that projects ubove

the mean cloud top height. The half angle of the cane was 50·, and its height above the

unperturbed cloud top was 100 m.

The maximum cooling rate at the top of the conical perturbation is found to be identicul

ta the maximum from the unperturbed cloud top. Ali other convex perturbations we simuluted

with different cane angles and heights gave the same results. In other words, a convex

• perturbation does not increase the maximum cooling rate at the top of a stratiform cloud.

The isothermal assumption made earlier means that aIl parts of the cloud, whether

perturbed or not, emit the same amount of radiation. Similarly, the upwelling radiation absorbed

by any region of the cloud near the top surface is the same everywhere, since this radiation must

come from sorne other part of the cloud irrespective of direction within the lower hemisphere.

However, the convex perturbation does change the absorption of downwelling radiation.

This absorption is a minimum for points unaffected by the perturbation, namely, at the top of the

cane and on the top surface far from the cone. The downwelling radiation to the horizontal cloud

top close ta the cane and ta the surface of the cane (except for the top of the cane) is larger than

before due to downward emission from the perturbation and reaches a local maximum at the base

of the conical surface. The surface cooling rate is therefore a minimum at this point.

• The difference in surface-cooling rates due to the perturbation is not large. If we define
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a diff~rential surface-cooling rate to b~ th~ difference between the maximum (at the apex of the

cone) and minimum (at the base of th~ cone) surface-cooling rates, this tums out to be only about

-0.7 K h" for the example shown in Plate la, We can conclude that the maximum cloud top

cooling rate is relatively insensitive to convex perturbations.

The interior cooling rat~ show greater differences, however, and we note that the

perturbation g~nerat~ a substantial horizontal gradient in cooling rates. With the exception of

the region within ..10 m of the apex of the cone, the minimum cooling rate at ail altitud~ occurs

on the cone axis, so that the sid~ of cone are cooling more rapidly than the center. At the

altitude of the unperturbed cloud top, for example, the center of the perturbation is cooling at the

rate of only ·3 K h'\ C\lmpared with the rate of ·5 K h-\ at a horizontal distance of 100 m from

the center. This effect would appear to be more important than the small differenc~ in surface

cooling rate fur a convex perturbation. We are left with the prospect that the differenc~ in

radiative cooling rat~ due to a convex perturbation could act to sustain the perturbation.

This conclusions do rot appear to be very sensitive to the initial assumptions. However,

should there be a strong temperature gradient in the vicinity of the cloud top, both the isothermal

assumption and the window-emission assumption would be inappropriate, and a more detailed

analysis would be required. Similarly, if the cloud is not horizontally extensive, then radiation

emitted by the ground enters the problem, also requiring a more detailed analysis.

Concave perturbation. Plate lb shows the distnbution of radiative cooling rat~ for

a concave perturbation to the cloud top. This perturbation is a conical depression into the cloud,

somewhat repr~entative of the sinking motion that occurs whenever a portion of the cloud
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subsides below the mean cloud top height. No change is evident in the maximum cooling rate

of the unperturbed portion of the cloud top. The cooling rate on the surface of the conical

depression, however, decreases significantly with depth into the depression. This is due to

emission from the sides of the depression which provides an increasing contribution of

downwelling radiation with depth.

The differential cooling rate, from the start of the perturbation of the cloud top to the

deepest point, reaches -3.5 K hol for the case shown. This is substantially larger than for the

convex example. Concave curvature thus acts to significantly reduce the peak cooling rate of the

cloud surface. It appears to provide an element of negative feedback to the growth of the

depression: as portions of the cloud top cool and begin to sink into the cloud, the radiative

cooling rate for that portion is rapidly reduced so that other portions may catch up by cooling

faster.

There may also be an element of positive feedback due to the horizontal gradient in

cooling rate created by the perturbation. The cooling rate increases in the horizontal direction

toward the perturbation at fllCed altitude within the cloud. This effect would act to sustain the

perturbation by cooling the perturbed region more rapidly than the unperturbed region. However,

the gradient in internai cooling rate (-1 K hol over 100 m) is weaker than the gradient in surface

cooling rate, 50 the latter effect should be. the dominant one.

EtTect of angle and amplitude of the perturbation. We have already noted

that the cooling rate at the tip of the conical perturbation (the calculation is for 1 m below the

tip) does not change for convex perturbations and decreases for concave perturbations. Figure 2.4
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summarizes this effect as a function of the angle that the conical surface makes with the

horizontal cloud top. Positive angles represent convex perturbations, negative angles concave

perturbations. Results are shown for perturbation amplitudes (vertical distance from unperturbed

cloud level to the tip of the cone) from 2S to 300 m.

Concave cooling rates decrease with perturbation angle, at first rapidly, then less rapidly

as the angle increases. They also decrease with perturbation amplitude, especially at larger

perturbatoicn angles. These results are consistent with the hypothesis that concave perturbations

may be self-limiting in terms of their local radiative forcing. As the perturbation grows, both the

amplitude and the angle increase, and the cooling rate decreases.

2.4 Discussion of results

The models we have used here are fairly simple, and only IWO types of cloud

inhomogeneity have been considered. The results are limited by the techniques of using "tuned"

monochromatic calculations for homogeneous clouds and window cooling for. intemally

inhomogeneous clouds, so that the cases considered are only of lower tropospheric clouds with

no temperature inversion at the cloud top. However, these techniques allow us to ignore the

effects of scattering on the cooling rates, and the results obtained are sufficiently clear that

general conclusions may be drawn from this study. There is a significant dependence of

longwave radiative cooling rates on the three-dimensional structure of the cloud. This dependence

appears important for subsequent cloud development and should be considered in future

dynamical models of clouds.
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2.4.1 Cumulifonn c10uds

For cumuliform clouds with exposed sides we show the existence of a "skin" effect, a

narrow (-50 m) region of strong cooling at the cloud sides (_14 K hO'). This is analogous to the

even stronger cooling rate (..·34 K hO') that exist at the cloud top. Cloud side cooling may be

more important dynamically, however, as vertically sinking air at the cloud side can continue to

cool during descent, whereas the cloud top air rapidly becomes shielded from radiative cooling

as it subsides. We hypothesize that the radiatively forced sinking of air at the sides of

cumuliform clouds would lead to lower-level convergence and thereby enhance the upward

motion in the interior of the cloud.

2.4.2 Stratiform c10uds

The second type of inhomogeneity considerecl, that of perturbation to a stratiform cloud

top, also appears to have important implications to cloud development. Here the cloud is

horizontally extensive and the focus is on the radiative effect of perturbations to a horizontal

cloud top. Convex perturbations, or pumps, do not increase the maximum cooling rate at the

cloud top, sa the local generation of turbulence kinetic energy is unaffected by a perturbation in

this direction. However, once the perturbation is sufficiently large (..100 m), the interior of the

perturbation cools less rapidly than its surface (analogous to the cumuliform example above),

providing an element of positive feedback that would help to sustain its growth.

Concave perturbations, or dips, have a different effect. There is an immediate reduction

in the maximum cooling rate on the surface of the perturbation as the clip forms. This provides

an element of negative feedback to the initial growth of the perturbation. There is a weaker effect

in the opposite direction, however, whereby a horizontal gradient in cooling rate is established
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in a region (-100 m) around the perturbation that gives greater cooling as the dip is approached.

This gradient would help in the growth of the perturbation once il becomes large enough.

Since real stratiform clouds will have a combination of positive and negative perturbations

to the mean cloud height, we distinguish two different types of overall radiative cooling effects

due to the perturbations. These are distinguished by their scale of action.

A scale of 0(10 m) orthogonal to the cloud surface, the surface cooling rates are most

intense (-5 K h· l
) and lead to much of the radiative generation of turbulent kinetic energy. Here

the perturbations act asymmetrically. Convex perturbations do not change the peak cooling rate,

whereas concave perturbations decrease il. Averaging over a combination of bumps and dips

therefore reduces the initial rate of production of turbulent kinetic energy compared with the

unperturbed state. Also, since the generation of radiatively driven convective eddies starts by this

process, there is an element of negative feedback that acts to delay the onset of organized

convection.

At horizontal scale of 0(100 m), differences in the internai cooling rates (still close to the

top surface of course) of the cloud become evident. The interior of bumps coolless rapidly than

their surfaces or the unperturbed cloud top. The interior of the cloud near dips cools more rapidly

than unperturbed regions. These are similar effects in the sense that they contribute elements of

positive feedback to the growth of either perturbation. The net effect of averaging over positive

and negative perturbations at this scale does not therefore_appear to produce the cancelation that

would allow the perturbations to be ignored.

Our quantitative results for radiative cooling rates respond reasonably accurately to the

inhomogeneities considered. They have an errer of -5% due to the omission of scattering and
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are limited ta isothermal cloud top conditions. The discussion of the implication of these results

ta cloud development is purely qualitative, however, and certainly requires more rigorous analysis

using models of cloud dynamics that include the generation and propagation of turbulent kinetic

energy produced by longwave radiative cooling.

'.
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The Effects of Longwave Radiation on the

Development of a Small Cumulus Cloud:

• Slab-Symmetric Model Simulation

3.1 Introduction

•

As was discussed in Chapter 2, significant longwave radiative cooling occurs in a thin

layer near the tops and sides of cumuliform c1oucls. This strong cooling may be important in

affecting the microphysics and dynamics of the c10uds by favouring local condensation and

inducing negative buoyancy. The effect of the latter can be twofold. Firstly, the negative

buoyancy from cloud top cooling tends to decrease (increase) local upward (downward) motion.

Secondly, radiatively forced sinking of air at the sides of clouds may lead to lower-Ievel

convergence and enhancement of the upward motion in the interior of the cloud. The goal of the
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present chapter is to examine these effects.

Our focus will be on a smail tropical cumulus cloud. This choice is motivated by the

following reasons. In the tropical boundary layer, small scatlered cumuli are quite prevalent. For

these weak cumuli, the rates of condensation heating and adiabatic cooling are relatively small.

Radiative cooling may be of similar importance as other processes. For instance, Sommeria

(1976) showed that the radiative effect is of approximately the same magnitude as the effect of

condensation in affecting the mean !",tential t~.mperature of the tropical boundary layer.

In this chapter, we will investigatè the effects of longwave radiation on the dynamics and

microphysics of a small tropical cumulus cloud in a calm environment using a slab-symmetric

cloud model. The effects of wind shear and axially symmetric geometry will be explored

respectively in chapter 4 and chapter 5.

3.2 Description of cloud âymllnics mode}

With the exception of incorporating the longwave radiation term in the thermodynamic

equation, the model is essentially the same as the one used by Hedley and Yau (1988) and Reuter

and Yau (1987a,b).

3.2.1 Major assumptions

(1) We use the anelastic equations of Ogura and PhiIlips (1962) to filter out acoustic

waves by setling the local time derivative of the air density to zero.

(2) The effect of the Earth's rotation is neglected since the lifetime of a cloud is expected

• to be short compared to the lime scale of the Earth's rotation.
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(3) Friction at the Earth's surface is n~glected.

(4) Water occurs only in the vapour :.md );'1uid phases. Condensation occurs whenever the

water vapour mixing ratio exceeds the saturation value. Raindrops do not exist and the cloud

water is assumed to move with the air.

3.2.2 Madel equations

The deep anelastic continuity equation and the momentum equations in flux form are:

au
élx

1 awQo
+ --- = 0

Qo az
(3,1)

•
1 ap'

= --- + D
Qo élx •

(3.2)

Here D. and Dw are subgrid scale friction due to eddy momentum exchange of the form

a au la au awD = -(2v -) + --[Qov (- + -))
• élx .. élx l!o az .. az élx

(3.3)

(3.4)

•

a au awD = -[v (- + -))
w élx" az élx

and

1 a aw
+ --(2l!oV -),

l!o élz .. az (3.5)
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(3.6)

•

is the total buoyancy with q: and q, being the water vapour and cloud water mixing ratios,

respectively.

For the specification of the eddy diffusion coefficient of momentum, vm, we use a first-

order closure scheme where the Reynolds stresses are assumed proportional to the velocity

deformation. The scheme is analogous to that of Hill (1974) where the eddy diffusion coefficient

depends on the buoyancy and shear time scales. However, no turbulence will be generated when

the local Richardson number exceeds 0.25. The eddy diffi.;~ion coefficient for scalar quantities,

v" is assumed to have the same value as that for momentum.

Conservation of water substance is described by

é3q a(uq) 1 a.. a é3q 1 a é3q
- + -- + --(rowq) = -(v -) + --(v '10-)
ëJt ax 'la az .. ax •ax 'la az • az

where q= q.+ql is the total water mixing ratio.

(3.7)

The thermodynamic equation is given by the conservation of total specific entropy cP,

where

a alp lô alp
= -(v -) + --(v n o-)ax •ax 'la az st: az

+ CpaT
ITëJt rod

(3.8)

(3.9)

The rate of the change of total specific entropy due to 10ngwliVe radiation is represented by the

• last term in (3.8). The calculation of longwave radiative cooling rate will be given in section 3.3.
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Saturation analysis required to obtain T, q'y and ql is based on an extension of a scheme

used for shallow convection (Ogura, 1963; Orville, 1965; Steiner, 1973) to the case of deep

clouds. Reuter (1985) gives the details for the computations,

Because a perturbation pressure gradient terro exists in the momentum equation. an

additional pressure diagnostic equation has to be solved. This equation is obtained by combining

the momentum equations and the continuity equation with the forro

• where

(3.10)

A =• (3.11)

(3.12)

•

The last term in (3.10) is retained for numerical reasons to ensure that the divergence of the mass

flux in each grid box vanishes at the end of each time step.

3.2.3 The numerical methods

(1) A staggered grid is used in the (x, z) plane. The wind velocities are placed at the sides

of a grid box and the other variables at its center. A second-order non-diffusive leapfrog in time

and centerd difference in space method is used to solve the prognostic equations.
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(2) To prevent splitting of solutions at even and odd time step, a Robert time filter

(Asselin. 1972) is used every time step.

(3) The perturbation pressure p' is solved by the subroutine POISSX developed by Sweet

(1973). This subroutine utilizes a direct solver and imposes no restriction on the number of points

in the x and z directions. A unique solution for the pressure equation is obtained by setting the

value of p' ta zero at the top right hand corner.

3.2.4 Boundary conditions

(1) Lateral boundaries

The radiation boundary conditions given by Hedley and Yau (1988) are imposed at the

lateral boundaries.

(2) Upper boundary

The upper bounàary is assumed rigid and free-slip. Also, ail vertical gradients of the

scalar quantities vanish.

(3) Lower boundary

Except for the fields of total specifie entropy and water vapour, the same conditions as

those at the upper boundary are applied. Diffusion of heat and moisture from the ground to the

lowest grid point is allowed to act as an initialization mechanism for convective activity.

(4) Heat and moisture fluxes

Heat and moisture diffuse from the surface into the lowest grid point. The fluxes of total

s~ificenlièpy and moisture were computed as

total specifie entropy flux:
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(3.13)

•

0, otherwise

moisture flux:

éJq. a6<0v~,az az

0, otherwise

where,

1 1

V
H

= C li.2. (~ï (y__y.)ï

(3.14)

(3.15)

(3.16)

(3.17)

•

Here T is the mean temperature between the surface and lowest grid point, c is a constant which

was taken as 1.6, li. = (!i.x liz)'" is the scale of the grid spacing and the value of y"".. was

computed from the temperatures and moistures at the lowest grid point and the surface.

A constant water vapour mixing ratio of 16.5 g kg" is specified at the surface. Surface

heating was applied by prescribing a time-dependent surface temperature T. with maximum

amplitude at the central axis. The form of the surface heating is almost identical to that of Clark

(1984) and Reuter (1987). Similar to Liu et al. (1969), cloud shadow effect was included.

Specifically, the expression for T. is
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(x(I)-xci (x(I)-x,;l
T (x,t) = L + A exp[-(1n2) ] te - C exp[ -(ln2) ] (t-t " for t > te..v B 2 B2 cl

(3.18)

T.(x,t)
(x(I)-xci

= L + A exp[ -(/112) ] t,
.v B 2

for (3.19)

where A and C are heaùng mte constants (1.6 and lA K h- l respecùve1y). The distance xCI)

at grid point 1 is measured from the center of the domain 10cated at Xo' The ùme when cloud

fomls is denoted by (". The pummeter B gives a measure of the width of the Gaussian heuùng

function and is 130 m. When xCI) - Xo equals B, the heaùng mte is half of its maximum value.

• Eqs. (3.18) and (3.19) show that before (after) the cloud forrns, the surface temperature increases

(decreases) 1inearly with time.

3.2.5 Domain size, grid size, and time step

The domain sizes in the x, z directions are 20 km and 3 km respecùvely. It is subdivided

into 800 equal1y spaced grid intervals in the x direction and 120 equalIy spaced grid intervals in

the z direcùon. The constant grid 1ength b. is therefore 25 m.

With a high reso1uùon grid, strong surface heating, and large turbulence close ta the

ground, a smal1 ùme step is required for numerical stability. The lime step is 0.5 s for simulation

ùmes less than about 27 min. and 0.05 s thereafter. TypicalIy, we needed more than 49200 lime

iteraùons ta coyer a simulaùon ùme of 65 min.

•
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3.3 The longwave radiation model in the slab-symmetric

cloud

3.3.1 Model

The model equations for the slab-symmetric mode! are very similar to those of the a;'(ially

symmetric model described in Chapter 2 except for the calcu1ation of the net flux divergence.

In the slab-symmetric model, it is assumed that no property varies in the y direction and the y

direction is infinite. Thus, the net flux divergence can be expressed in Cartesian coordinates x

and z as

(3.20)

Sirnilar to the axially symmetric model described in Chapter 2, a three-dimensional approach to

the calculation of the radiance has been used. As pointed out as in Chapter 1, the cumulus cloud

is of limited horizontal extent, and the plane parallel theory is not suitable. In order to evaluate

fluxes, the angular integration is performed using Gaussian quadrature. In the present study, the

angular resolution was taken as 18°. The cooling rates with a angular resolution of 9° were also

calculated. The results are very similar for both angular resolutions. The cooling rates were

calculated every 30 s using the temperature, water vapour and cloud water contents from the

cloud mode!. Preliminary test runs, using a grid size of 50 m, have shown that the evo!::::ons of

the simulated clouds when the radiative cooling rates were calculated every 5 s or 30 s are very

sirnilar.

Another new feature is that the spectral absorption coefficient calculation for cloud water
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was simplified. In chapter 2, the method used to calculate the spectral absorption coefficient for

cloud water was cumbersome and made large demands on computer time. Therefore in chapter

3, chapter 4 and chapter 5, we used a simple expression for the absorption coefficient which has

been used extensively by many researchers (e.g., Platt, 1975, 1976; Pinnick et al., 1979; Chylek

et al., 1982; Stephens, 1984; Chylek et al., 1992).

The approximation was based on the observation that at waveler.gths around "'=10 pm,

the Mie absorption coefficient Q... can be reasonably well approximated by a linear function of

the radius for all droplet radii r < 12 pm, i.e. Q...=(2m"/t..)c(À) . In this case the I;loud spectral

absorption coefficient given in (2.6) becomes

•
•

k~ = fltr2c(À) (2ltr) n(r) tir
o À

or

(3.21)

(3.22)

where c(À) is some wavelength factor. c(À) is taken from Pinnick et al. (1979). Equation (3.22)

shows that, in this regime where Q... increases Iinearly with droplet radius, the absorption

coefficient for a given wavelength is a function of a single parameter, the cloud liquid water

content

It is noted that the radius of most of the droplets in a cloud is smaller than about 12 pm

(Best, 1951; Carrier et al., 1967; Stephens, 1978). 'The Iimit of 12 pm does not mean that the

• cloud cannot contain larger dropIets. Ail that is required is that the dominant contribution toward
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the absorption cornes l'rom droplets smaller than 12 J.Im (ChyIck and Ramaswamy. 1982).

3.3.2 Test of spatial resolution

It is weil known that the radiative cooling rate is sensitive to spatial resolution especially

when the liquid water content and its gradient are large (AIves. 1987). Alves pointed out that

computations of radiative cooling using a cO:lrse resolution tends to underestimate the peak

cooling rate. A primary question confronting our study is whether a grid size of 25 m is sufticient

to resolve the peak cooling rate in our simulated cloud. To answeI' this question, we calculated

longwave radiative cooling rate in an idealized small cumulus with resolutions of 25 m and 10

m respectively. A comparison between the two sets of results wouId indicate whether a resolution

of 25 m is adequate.

A circular cloud was assumed with a constant LWC of 0.4 g kg· l
• The cloud was

positioned between 650 and 1050 m in the tropical boundary layer. The atmospheric sounding

is the same as that used in Section 3.4 (see Fig. 3.3). The longwave radiative cooling rates for

both resolutions were calculated by using the longwave radiation model introduced in Section

3.3.1. Fig 3.la and Fig. 3.lb show the distributions of longwave radiative cooling rate in the

cloud for the two resolutions. It can be seen that both distributions and peak cooling rates are

quite similar. The vertical promes of cooling rate at the center of the cloud for the two

resolutions are also given in Fig. 3.2. In generai, the agreement is good with the peak cooling

_rate for the 10 m resolution case larger by at most 10%. Since tbe liquid water content gradient

at of top of real clouds is finite, a more realistic estimate of the difference in the cooling rate

between the two resolutions should be less than 10 %.
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Figure 3.1: Contours of radiative cooling. rates in a circular cloud. Contour interval is 1 K h·'.
a) Spatial resolution is 25 m. b) Spatial rèsolution is 10 m.
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Figure 3.2: Radiative cooling (positive) rates at the center of the circular cloud as a function of
height above the cloud base. Solid curve, spatial resolution is 25 m. Dashed curve, spatial
resolution is 10 m.
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Experiments and results

The initial sounding is ahnost the same as that used by Veyre ct al. (1980) which is

representative of the environment in Puerto Rico when SI11~\l1 eumuli (300-500 m in thickness)

occur (Penncll and LeMone. 1974). Figure 3.3 shows a mixed ll\yer with Illmost constant

potential temperature and watc:r vapour mixing ratio to a height of 525 m. From 525 m to 1050

m, the mixed layer is surmoun;ed by a moist layer which will become the cloud layer. The moist

layer is capped by a stable layer a1oft. A thin superadiabatic layer is found close to the surl:'lce.

The convective condensation level (CCL) is about 600 m.

Two experiments have been performcd. ln the "CONTROL run". longwave radiation is

tumed off (the last term in Eq. (3.8) was set to zero). In the "LW run", longwave radiation is

• included. A comparison between the two runs gives indication of the effect of longwave radiation

on small cumulus cloud development. Before discussing the differcnces between the two runs,

the main features of the evolution of the "CONTROL" cloud will tirst be deseribed.

3.4.1 CONTROL run -- no longwave radiation process

The cloud was initiated after 27 min l'rom surface heat and moisture fluxes. The

properties of the cloud at 35 min and 55 min are depicted in Fig. 3.4 and Fig. 3.5.

(a) Structure at 35 min

Fig. 3.4 shows the cloud at its initial stage of development. For clarity and economy, only

a limited region of the domain is plotted. A core of updraft (Fig. 3.4a) is found near the central

axis (maximum 1.9 m S'I). The horizontal velocity (Fig. 3.4b) indicates outflow (maximum 1.3

• m S·I) above 400 m. Below this level, there is a weak inflow region. The distribution of cloud
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water content (Fig. 3.4c) shows values smaller than 0.2 g kg-I in most regions of the cloud.

Positive temperature perturbations relative to the initial state (Fig. 3.4d) are found near the center

of the domain below 500 m as a result of surface heating. Above 500 m, a cool pool forms

because the latent heat of condensation was offset by the cooling due to adiabatic ascent. This

result is consistent with that of Sommeria (1976), who found the prevalence of negative

temperature perturbations in cloudy regions in a three-dimensional simulation of a small tropical

cumulus.

(b) Structure at 55 min

Fig 3.5 depicts the cloud at its mature stage. It is noted that the circulation is weaker than

at 35 min (Fig. 3.5a,b) becaus~ the cloud shadow effect cuts off the surface heating. The u:;Jdraft

near the central axis below the cloud base (Fig 3.5a) decreased to a maximum of 1.3 m sol.

However, the updraft in the cloudy region increases since heat and moisture continue to be

transported from the lower level te the region of the cloud. The liquid water content (Fig 3.5c)

exceeds 0.2 g kgol in most regions and the thickness of cloud is about 300 m consistent with the

observations of Pennell and Lemone (1974). The negative temperature perturbation (Fig. 3.5d)

in the center of cloud is less negative than at the initial stage due to continuous warming by

condensation.

3.4.2 Total effect

To examine the total effect of longwave radiation, we display the temporal evolutions of

the maximum cloud water content and the total cloud water content for the CONTROL and the

LW runs in Fig. 3.6 and Fig. 3.7, respectively. It can be seen that longwave radIative cooling
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increases the maximum cloud water content through most of the simulatio:l time. Significant

differences are detected at the mature stage, when the maximum enhancement reaches 96% at

47 min. Another feature is that the maximum cloud water content displays sorne oscillations

particularly in the LW run. This phenomenon is related to the life cycles of inùividual cells in

the cloud. To a lesser degree, the time series of total cloud water content also indicate

corresponding increases at the growing and mature stages. The maximum increase of total cloud

water content is about 20 % from 50 min to 55 min. Note also that the cloud decays earlier for

the LW run. Thus longwave radiative cooling tends to accelerate the dissipation of the cloud.

In their study on the effect of longwave radiation on small tropical cumuli, Veyre et al.

(1980) found that longwave radiation enhanced the mean cloud water content by 25%. However,

the dramatic increase in maximum cloud water content can be a more important result from the

point of view of precipitation physics. For a given water vapour content, the effect of longwave

radiation cooling on lowering the saturation water vapour pressure may enhance the growth of

cloud droplets. As a result, precipitation particles may form in such a cloud which would

otherwise not develop precipitation.

Fig. 3.8, Fig. 3.9, and Fig. 3.10 depict the vertical cross section of the cloud water content

for the two runs at 40 min, 55 min, and 60 min, respectively. At 40 min, the enhancement of

condensation, as indicated by a larger LWC, is mainly concentrated near the cloud top and its

sides (Fig. 3.8 a,b). The heights of cloud top are slightly lower in the LW run for aIl the three

times.

3.4.3 Positive feedhack of longwave radiative cooling on condensation

",
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To understand the enhancement of cloud water content mainly near the cloud top and the

sides at 40 min (inilbl stage of the cloud), we plotted the distributions of vertical velocity for

both runs in Fig. 3.1 1. The maximum downdrafts are similar and the values are 1.1 m s". The

area of the downdraft is slightly larger in the LW run. The ratio of the area where the downdraft

magnitude exceeds 0.5 ms" between the two runs is 1.2. The difference in the value of the

updraft is also smal! and could not account for the large difference in cloud water content shown

in Fig. 3.8.

Fig. 3.12 displays the distribution of longwave mdiative cooling rate in the LW run at 40

min. Significant radiative cooling mtes can be detected near the cloud top and sides particularly

in the regions with high LWC (maximum 6 K h-'). Since t.'le variation of saturation vapour

pressure with tempemture is more pronounced at higher temperatures (see Rogers and Yau, 1989,

Table 2.1, p16), the effect of condensation induced by pure mdiative cooling should be more

significant for clouds associated with warmer temperatures. The strang radiative cooling can

lower the satumtion water vapour pressure, leading to enhanced condensation. It should be

pointed out that this radiation-condensation interaction is a positive feedback process, as a larger

LWC produces a larger radiative cooling rate, which in tum induces more condensation. Thus

at thc initial stage of our simulated cloud, mdiation-condensation feedback serves to increase the

maximum cloud water content.

3.4.4 Secondary circulation induced by longwave radiative cooling

Fig. 3.13 shows the distribution of longwave radiative heatinglcooling rate in the cloud

at 55 min. Similar to the situation at 40 min, the strongest cooling rates occr:r~near the cloud top
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Figure 3.11: Vertical section of vertical velocity at 40 min. Solid contours, upward motion.
Dashed contours, downward motion. Contour interva1 is OS m S·l. a) CONTROL run. b) LW run.
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and the upper sides of the cloud. A small region with weak heating rate (Jess than 1 K h") is

located near the cloud's central lower portion. This heating rate is the result of longwave

radiative transfer because a small positive temperature difference exists between the ground

:.urface and the air at the cllJud base. As is shown in Figs. 3.9-3.10, for the period from 55 min

to 60 min, the cloud water content in the LW run excceds that of the CONTROL run even in the

interior of the cloud. Therefore the incrcase in total cloud water content during this period (Fig.

3.7) must arise from processes other than the direct effect of radiation-condensation feedback

which acts primarily near the cloud top and the upper cloud side regions.

A clue to what happens can be obtaint"d from the plots of temperature perturbation (Fig.

3.14) and vertical velocity (Fig. 3.15). When compared to the CONTROL, the temperature

perturbation is less negative in the interior of the LW cloud but more negative at ils sides. In

other words, the LW cloud is warmer than the CONTROL in the interior but colder near the

cloud edges. Fig. 3.15 shows that both the value and the area of the downdraft increase in the

LW run. The maximum downdraft is 0.89 ms" in the CONTROL cloud but reaches 1.28 ms·1

in the LW run. The ratio of the areas of the downdraft with magnitude larger than 0.5 m S·l is

1.7.

The above observation indieates that longwave radiative cooling near the cloud top and

the upper cloud edges induces a dynamic response in addition to the radiation-condens::tion

feedback process. The radiatively cooled air near the upper cloud sides subsides at the cloud

edges and is continuously cooled by radiation and evaporation during descent. The air parcels at

the lower cloud edges have experienced the longes! duration of cooling and exhibited the largest

• negative temperature perturbation.
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The enhanced cloud side downdraft further induces :tdditionallow-level convergence. :tnd

consequently, enh:tnced upw:trd m'ltion ne:tr the center of the cloud. Fig. 3.16 shows the

diff-.:rence in horizont:t1 velocity between the two runs. A positive (negative) v:tlue represel1.ts :tn

increase (decrease) of horizontal motion tow:trd the positive x direetion. It is evident th:tt there

is a region of enhanced convergence between 250 :tnd 600 m :tnd e01h:tnced divergence :tloft. Fig.

3.17 gives a comparison of the v(:rtic:t1 velocity at the center of lhe clouds. A stronger updraft

is indicated between 350 m :tnd 900 m in the LW run. The relative incrc:tses at the cloud b;lse

(625m) and at the mid-p,,!nt Gf the cloud (750m) are 15 :tnd 30% respectively.

Longwave radiative cooling at the cloud edges therefore initiates a secondary circulation.

The increased low-Ievel convergence :tnd enhanced updraft caused additional condens:ttion :tnd

latent heat release in the cloud core. A higher cloud w:tter content and :t smaller neg:ttive

temperature perturbation result near the center of the cloud.

We remark in passing that the dynamic response of longwave radiative cooling c:tn be

damped for a small warm tropic:t1 cumulus such as the one studied here. The reason is th:tt

radiative cooling lowers the saturation vapour pressure and enhanced condensation takes place.

The latent heat release parti:t1ly offsets the pure effect of radiative cooling and the net effect on

cloud temperature decreases. Heymsfield and Miloshevich (1991) calculated the rati" of the net

radiative coolingrate to the pure radiative cooling rate experienced by a saturated parcel as a

function of temperature from -SO°C to 20°C. He found that this ratio varies from 0.33 at a

temperature of 20°C to about 0.9 at -40°C. The net radiative cooling is therefore larger for clouds

at colder temperatures.
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Figure 3.17: Vertical velocity at the lst grid near the center of the domain at 55 min. Solid curve,
CONTROL run. Dashed curve, LW run.
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3.4.5 Rapid decay of cloud induced by longwave radiation

Fig. 3.7 shows that the LW cloud begins its decay at 56 min, five minutes earlier than the

CONTROL. Fig. 3.9 indicates that with the inclusion of longwave radiative cooling, the total

cloud water content is significantly larger prior to 56 min. To examine the process for the faster

decay, we plotted the time series of cloud water content, vertical velocity, and tempp.rature

perturbation at a central point 200 m above the cloud base (X=12.5m, Z=800m). Note th,,~ at 56

min, the LW cloud has slightly smaller negative temperature perturbation (Fig. 3.l8c) but larger

cloud water content (Fig. 3.18a). Its vertical updraft is also stronger at 56 min and begins to

weaken aCter 57 min.

Because the negative temperature perturbation is slightly less negative at 56 min, the rapid

decay of the LW cloud must be if!itia~d by the larger drag force exerted by the greater cloud

water content. Once the decay process sets in, further erosion of the cloud takes place as cooling

from evaporation and longwuvi': radiation quickly generates negative temperature perturbation and

weakens further the updraft (Fig. 3.18). Our result is consistent with the effect of evaporative

cooling in the decay of a cum"lus cloud simulated in Yau (1980).

3.5 Conclusions and discussions

In this chapter, we examined the effects of longwave radiation on cloud microphysics and

dynamics in a calm environment. We first showed that the simulated clouds exhibited features,

particularly cloud water content and thickness, in agreement with the observations made in

small tropical cumuli. It was also shown that a resolution of 25 m is sufficient for our study of

• the effect of longwave radiative cooling.
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We demonstrated that longwave cooling substantially enhances the maximum cloud water

conlent. The maximum increase reaches 96%. The total cloud water content was also increased

somewhat (maximum 20%). In the initial stage of the development of the simulated cloud, the

augmentation of cloud water content near the cloud top and its sides is traced mainly to the direct

effect of longwave radiative cooling on cloud microphysics. In short, radiative cooling reduces

the local tempemture and hence the satumtion water vapour pressure. The additior,al condensation

which follows further enhances the longwave mdiative cooling rate. A positive feedback process

is therefore in operation.

In the mature stage of cloud, the increase of total cloud water content cornes from a

combination of the effects of radiation on microphysics and dynamics. The cooling from radiation

and evaporation produce additional downward motion at the sides of the cloud. The enhanced

low-Icvel convergence invigorates the updraft promoting further cloud development..

In the decaying stage, the negative buoyancy produced by cloud top radiative cooling and

a highcr liquid water load speeds up the decay process in the LW ron.

Our study shows that longwave mdiative cooling substantially enhances the maximum

cloud water content. The direct effect of mdiation on microphysics therefore plays a very

important role in the development of a smalI tropical cumulus cl oud. It appears that the sole

effect of radiative instability, previously noted by Veyre et al. (1980), is not a sufficient

explanation on the cffect of longwave cooling on cloud circulations.

Using a steady-state kinematic model, Churchill and Houze (1991) showed that solar and

infrared mdiation did not substantially change the hydrometeor fields in the stratiform region of

a tropical cloud cluster. However, recent numerical srudies (Chen and Cotton, 1988; Dudhia,
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1989; Sui et al., 1991; Tao et al., 1991: 1993) clear1y indicated thm the circu1mion in the

stratiform region, as weil as the amount of lolal surface precipitation, can be enhaneed by

10ngwave radiative transfer processes. The reason of the discrcp:mcy can be explai:led, at le:lst

partly, by the fact that in the study of Churchill and Houze (1991), mdiative cooling is limited

to a shallow layer near the top of the cloud cluster where the temperature and water vapour

mixing ratio are 10w. The direct eftèct of radiative cooling on condensation is therefore quile

small. The enhancement of precipitation may come fromlhe et'fecl of l".ldialion on dynamics. The

use of a steady state kinematic mode1 precludes an investigation of such a mechanism.
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In the lust chapter, the effect of longwave radiation on the development of a small

cumulus in a calm environment wus investigated. However, it is well-known that vertic:l! wind

shear is frequently present and can influence the development of clouds. Therefore, it becomes

important to study the interaction of longwave cooling with clouds in the presence of wind

shear. To set the stage, we will first review briefly earlier results on the effect of wind shear on

small and moderate size cumuli. The interaction involving large and severe convective storms

with the environmental wind will not be reviewed, as it falls outside the seope of the present

investigation.

Observational (Malkus, 1954; Reuter and Yau, 1987a) and numerical modeling (Asai,

1964; Steiner, 1973; Yau, 1980; and Reuter and Yau, 1987b) results indi<.:ated that wind shear
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suppresses the growth of small anù moder~lte size eUl11uli. These stlldies suggested lhat at kast

for non-precipitating clouds developing in a sheared environment. the eenter of maxilllulll

buoyancy is displaced relative to the center of maximum updraft. This eontiguration reduees the

conversion of potential energy to kinetic energy and slows down the development of the eloud.

It is also known that clouds in a sheared environment exhibit asynunetrie org:mization.

Strong subsiding motion and colder air are round at the downshear edge of the clouds (Steiner.

1973; Yau, 1980; and Reuter and Yau. 1987a;b). Consistent with this, Telford and Wagner (1980)

found ascending motion in the upshear regions of small cumuli while the downshear portions

were usually subsiding and decaying.

The mechanism responsible for the asymmetric effects or wind shear on the

thermodynamic and dynamic fields were studied by a number or researchers. Heymstield et al,

(1978) suggested that the cloud updraft acts as an obstacle to the horizontal wind. Air is roreed

to flow around the upshear portion of the cloud, thereby protecting that rcgion l'rom entrainment.

They further argued that a turbulent wake wouId be romled in the downshear portion, producing

a high level of turbulence and mixing. Using a 2-D slab-symmetrie cloud model, Reuter and Yau

(l987b) explored the mixing mechanism of South At'rican cumulus congestus clouds in a shearcd

environment. Their results show that mixing at the cloud top incre:L~es the horizontal momentum

of the rnixed air relative to the momentum of the undiluted cloud core. This extends the period

of rnix.ing on the downshear side to yield cooler temperaturcs and stronger downdrafts.

In this chapter, we will investigate the effecl~ of longwave radiation on a small cumulus

in a sheared environment using the same model described in the last chapter. Our analysis will

focus on (wo experiments, designated by the symbols SO.SC and SO.5LW, which represent
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respectively the control run and thc longwave radiation run in an environment with a vertieal

wind shear of 0.5 ms" knl'. Bdore discussing the differences betwe.;n SO.5C and SO.5LW, we

first compare the rcsults betwecn experiment SO.5C and the CONTROL run in Chapter 3 to

benchmark the sole effect of \Vind shear on a small cumulus cloud.

4.2 Initial condition

The atmospheric sounding and initial conditions are the same as in Chapter 3. The

ambient wind is of constant direction (parallel to the x-axis) \Vith a shear of 0.5 m s" km"

between the height of cloud base (600 m) and the top of the domain (3000 m). Below the cloud

base, the wind is set to zero to keep the circulation and the simulated cloud within the simulation

• domain and to prevent fictitious advection over the lower boundary where surface heating is

being applied.

A shear of 0.5 m s" km" was chosen because preliminary tests with shears of 0.25 m S·I

km" (experiment SO.25C) and 0.75 m s" km" (experiment SO.75C) showed similar behaviour in

the simulated clouds. However, for the stronger shear case (0.75 m s" km"), the cloud is strongly

stretched in the horizontal direction and its development is quite weak. The thickness of the cloud

never reaches the observed depth of 300 m. For the weaker shear case ( 0.25 m s" km"), the

effect of the wind shear is relatively small. The cloud does not indicate important difference l'rom

the CONTROL ron in Chapter 3.

4.3 Results

•
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4.3.1 The effects of wind shear on cloud development

With the wind inereasing Iinearly with height, the cloud tilts downshear. Fig. 4.1 displays

the cloud structure in experiment SO.5C at the initial stage of the cloud (40 min). The cloud

water content, temperature perturbation and vertical velocity fields show slight asymmetry at this

carly time. The maximum downdraft is located at the downshear side. Its value of 1.34 m S·I is

0.21 m S·I or about 20% larger than that at the upshear flank. In the downshear portion of the

cloud, the cloud water content (Fig, 4.lb) is smaller and the: temperature perturbation (Fig. 4.lc)

more negative.

Twenty minutes later (Fig. 4.2), the fields above the cloud base tilt signifieantly in the

downshear direction. The asymmetry is <:Iso more pronounced. The downdraft (Fig. 4.2a) in the

upshear portion of the cloud is strongly inclined, while it is more vertical in the downshear side.

The cloud core (Fig. 4.2b) at a height of 800 m has been adveeted by 100 m from the center of

the domain. The distribution of temperature perturbation (Fig. 4.2c) indicates an alignment of

cooler air with the downdraft in the upshear region of the cloud. Therefore, the evaporation of

cloud particles would aid in driving the downward motion along the periphery of the cloud as

pointed out by Yau (1980), It is also notedthat a regionof warm 'Ùr occurs just above the cloud

top, as a result of adiabatic warming.

Fig. 4.3 shows a time series of total cloud water content ~or the CONTROL ron in

Chapter 3 and for experiment SO.5C. Up to 55min, the curves are very similar. Significant

"-
.. difference mainly .oecurs in the later ,tage when wind shear suppresses cloud development. The

maximum magnitudes of the total cloud water content for the CONTROL and SO.5C experiments

are 18 and 16 kg m" respectively (total cloud water content is calculated from the sum of liquid
.~ .
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waler content at each grid point for a cloud 1 m thick in the y direction). The life time of the

cloud in shear is shorteneu by 3-5 minutes. The inhibiting effects of wi.1d shear are also

illustrated l'rom a comparison of the fields of vertical velocity (W) at 60 min (Figs. 4.2a, dl. The

maximum updraft at a height (If 800 m is 0.15 m S·I in experiment SO.5C whereas it is 0.45 m

S·I in the CONTROL l'un.

4.3.2 Including the effects of longwave radiation

The temporal evolution of the maximum cloud water content and total cloud water content

for experiments SO.sC and SO.5LW are shawn in Fig. 4.4 and Fig. 4.5, respeetively. It can be

seen that the effects of radiation on cloud wt\ter content is qualitatively similar ta the no shear

case (Le. the maximum cloud water contents are, in general, larger when radiative effects are

present. Longwave radiation also accelerates the decay of the cloud). The maximum increase of

total cloud water content is 23% at 46 min. However, at the mature stage of cloud development,

the inerease of total cloud water content is mueh smaller than the no shear case and amounts ta

less than 10% between 47 and 60 min.

FigsA.6-4.8 depict the vertical cross sections of the cloud water content for the SO.sC and

SO.5LW runs at 40 min, 55 min, and 60 min, respectively. At the initial stage (40 min), the effeet

of mdiation on cloud water content is quite close ta the no shear case (Le. the inerease of cloud

water content is mainly concentrated near the cloud top and its sides). For the period from 55

min ta 60 min, the cloud water content in the SO.5LW -ron exceeds that of the SO.5C runeven

in the interior of the cloud. However, the cloud displays strong asymmetry and tilts toward the

downshear side. This asymmetry affects quantitatively the effect of radiation. As was shawn in
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Fig. 4.5, the increase in total cloud water content is damped in a sheared environment.

The temperature perturbation fields at 55 min for the two shearcd simulations are shown

in Fig. 4.9. Simitar to the casc without wind shear there are regions of enhanced cooling at the

lower cloud sides. Regions with small positive temperature perturbations arc found near the cloud

tops in association with adiabatic warming from downward motion above the cloud top level.

To examine the effect of radiation on the dynamic fields, we display in Fig. 4.10 the

vertical velocities at 55 min. When longwave radiation is activated, the downdrafts arc enhanced

and they expand further downward. The stronger downdraft is associated with stronger negative

tcmperature perturbations (see Fig. 4.9) induced by longwave radiative cooling in the vicinity '.:

the cloud top and sides. It is noted that the changes in the downdrafts arc asyrnmetrical. At the

downshcar side, the maximum downdraft is 1.5 m s'\, which is 0.4 m S·l (or 38%) larger than that

in experiment SO.sC. At the upshear side, the maximum downdraft is 1.05 m s'\ in experiment

SO.5LW, white experiment SO.5C shows maximum downdraft of 0.86 m s'\ (22% less). Thus

longwave radiation reinforces the effect of wind shear on downdrafts to yield a more asyrnmetric

vertical velocity structure. In section 4.3.3, we will explore the mechanism responsible for the

. asyrnmetric behavior.

Fig. 4.11 shows the vertical distribution of maximum vertical velocity. Similar to the no

shear case, the vertical velocity indicates sorne increase above 400 m. However, the increases are

weaker than those in the no shear CONTROL ron. The percentage increases at the cloud base

(625m) and at the cloud center (750m) are 9% and 20% respectively (for the no shear

CONTROL case, they are respectively 15% and 30%). The smaller increase is an indication of

the weaker secondary circulation which develops in the sheared cloud with longwave cooling and
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account~ for a smaller enhancement of the cloud water content in the mature stage depicted in

Fig. 4.5 and Figs. 4.7-4.8. Wc remark that the results for experiment SO.25LW (not shown)

indicate that the secondary circulation is weaker than in the no shear CONTROL case, but

strongcr than in experiment SG.5LW. Thus, wc conclude that in a sheared environment, the

strength of the secondary circulation may depend strongly on the magnitude of the vertical wind

shear.

4.3.3 The asymmetric effects of longwave radiation on downdrafts

To explain the asymmetric effect of longwave radiative cooling on downc!rafts, we display

in Fig. 4.12 the distribution of horizontal velocity and longwave radiative cooling rate (thin solid

• lines in intervcls of2 K hr') for experiment SO.5LW at 55 min. Note that the strongest horizontal

velocity is on the downshear side. The explanation for this is that the environmental wind blows

along the positive x-direction, the transport of horizontal momentum on the upper downshear

(upshear) side of the cloud is in (against) the direction of the horizontal outfiow relative to the

cloud. It can be seen that above 700 m, the u contour of 0.5 m S·l extends to the right side of the

cloudy region, whereas on the upshear side, the values for u is less than 0.5 m S·I. The

distribution of longwave radiative cooling rate indicates that the strongest cooling is loeated in

the regions where the horizontal velocity is positive (towards the right). Since the negative

temperature perturbation would be advected downwind, radiative cooling enhances the

development of negative buoyancy on the right flank of the cloud.

Fig. 4.13 depicts the difference in temperature perturbation (DTP) between experiments

• SO.5LW and SO.5C. Negative DTP values denote regions where the tcmperature perturbation (or
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temperature) in SO.5LW is colder than that in SO.5C. lt is evident that there is enhanced cooling

in SO.5LW on the upshear and downshear flanks at (X=-75m. 2=800m) and (X=300m. 2=650m).

Note that these locations are within zones of strong downdrafts (see Fig. 4.10) and that both the

size of the negative area and its magnitude are larger on the downshear side. Thus radi;ltive

cooling and horizontal momentum transport in a sheared environment enhanee the negative

temperature perturbation on the downshear flank, which in turn leads to the initiation of stronger

downdrafts.

The results at later times are similar to those at 55 min ;md will not be shown.

The effects of longwave radiative eooling in a small cumulus in a sheared environment

was studied using a 2-D slab-symmetric mode!. It was found that in qualitative agreement with

the no shear case, longwave cooling strengthens the secondary circulation and the cloud water

content. However, shear does suppress convection and the development of the cloud becomes

weaker.

Longwave cooling also enhances the asymmetric eharacteristics of the simulated cloud.

It was shown that in conjunetion with horizontal momentum transport, radiative cooling resull~

in a more negative temperature perturbation on the downshear flank relative to the upshear side.

The downshear downdrafts therefore exhibits a stronger development.

•

•

4.4 Conclusions
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Chapter 5

The effect ofAxially Symmetric geometry

5.1 Introduction

In the previous two Chapters, we investigated the effects of longwave radiation on the

development of a small cumulus cloud using a two-dimensional slab-symmetric mode!. While

this framework allows us to explore the effect of wind shear, it precludes a study of the effect

of the third dimension which has been shown to affect the mode of turbulent energy transfer, the

intensity of vertical motion, the ratio between the maximum updraft and maximum downdraft

speeds, and the magnitude of the perturbation pressure force in a convective cloud (Murray,

1970; Soong and Ogura, 1973; Steiner, 1973, 1982; Yau, 1979). Similarly, assumptions on the

geometries can also affect the distribution of longwave radiative cooling rates. For this reason,

we will explore the effect of the third dimension in this chapter using an axially symmetric .

. model, which is the simplest model for our purpose. Our focus is to compare the effects of

longwave radiation on cloud development in the two geometries in a calm environment. Similar

to the slab-symmetric case presented in Chapter 3, two experiments were performed. Experiment
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AC denotes the axially symmetric control run. and experiment ALW represents the axially

symmetric run including longwave radiative cooling. It should be mentioned that we used the

same input parameters as in Chapter 3 (Le. the initial sounding. the grid size and time steps. and

the parameters describing surface heating) to allow for a comparison with the ~lab-symmetric

case.

The cloud dynamics model is the same version reported in Reuter and Yau (1987a;b) and

the equations are described therein. The longwave radiation model is also very similar to that

described in Chapter 3 except that the net flux divergence is calculated in cylindrical

coordinates.

• 5.2 Longwave radiative cooling rate between the slab-

symmetric and axially symmetric geometries

To obtain a rough estimate on the effect of geometry on longwave radiative cooling rates.

we [lfst present results from the radiation models for an idealized cloud. The atrnospheric profiles

are the same as in Fig. 3.3. A constant LWC of 0.4 g kg·1 is assumed. For the axially symmetric

geometry, the radius of the cloud is [aken as 200 m. The cloud top is at 1000 m and the cloud

base at 600 m. Similar parameters are used for the slab-symmetric cloud except that the Iinear

width of the cloud is 200 m and the cloud is infinite in the y-direction.

The distribution of longwave radiative cooling rates in the slab-symmetric and the axially

symmetric geometries are depicted in Fig. 5.1 and Fig. 5.2 respectively. The distributions are

• qualitatively similar with strong cooling near the cloud top (about 6 K h· l
) and sides {about 2
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K h· l
) but weak warming (less than 1 K h") near the cloud base. It is noted that the cloud side

cooling is slightly stronger in the axially symmetric cloud because of the effect of curvature

discussed in Chaper 2. From Plate 2.1. the averaged cooling rate in the top 25 m of the convex

perturbation is slightly stronger than the maximum from the unperturbed cloud top. On the other

hand, the magnitude of the heating rate and the depth of the warming zone near the cloud base

are slightly smaller in the slab-symmetric geometry because the optical thickness is larger in the

y-direction. As a result, the radiances from the surface are more stronger attenuated in the slab

symmetric cloud than in the axially symmetric cloud.

5.3 Comparison between the results of experiment AC

and the slab CONTROL run

Sorne properties of the simulated c10uds in slab-symmetric and axially symmetric

gcometries are listed in table 5.1. The maximum updrafts are stronger in the axially symmetric

simulation, whereas the maximum downdrafts are, in general, weaker. As a result, the ratio of

the maximum downdraft speed to maximum updraft speed is larger in the slab-symmetric model.

More differences berween the axially symmetric cloud and the slab-symmetric cloud are

also found in the vertical cross sections of W, U. CL. and TP (Fig. 3.4 and Fig. 5.3). It can be

seen that the axially symmetric cloud has a narrower downdraft region. The horizontal extent of

the downdraft at a height of 500 m is about 175 m in the axially symmetric cloud, whereas it is

more than 300 m in the slab-symmetric case. The horizontal velocity fields (Fig. 3.4b and Fig.

5.3b) indicate that both the inflow and outflow velocities are weaker in the axially symmetric
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Table 5.1. Some characteristics of the cloud evolution in experiment CONTROL and AC.

Axially symmetric simulation (AC)

Time Cloud top Maximum Maximum Maximum
updraft downdmft (CL)

(min) (m) (m S·I) (m S") (g kg")

25 675 2.36 -0.39 0.12

30 825 2.37 -0.78 0.28

35 875 2.28 -0.87 0.33

40 900 2.09 -0.80 0.39

45 825 1.87 -1.10 0.07

Slab-symmetric simulation (CONTROL)

Time Cloud top Maximum Maximum Maximum
updraft downdraft (CL)

(min) (m) (m S") (m s") (g kg")

25 2.08 -0.67 0.00

30 725 2.05 -0.73 0.13

35 775 1.95 -1.06 0.25

40 825 1.77 -I.ll 0.29

45 850 1.66 -1.15 0.34

50 875 1.53 -0.94 0.35

55 900 1.32 -0.89 0.28

60 925 1.11 -0.87 0.37

65 950 0.93 -0.93 0.26
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cloud. The magnitudes of maximum outflow for the slab-symmetric and :t'(ially symmetric clouds

are 1.3 and 0.9 ms", respectively. As a result of the stronger updraft. more condensation (Fig.

5.3c) occurs in the axially symmctric cloud. lcading to a smaller negative tempcr:lturc

perturbation in the cloud core (Fig. 5.3d).

It is also noted that the axially symmetric modcl produees a very fast cloud evolution.

This is apparent l'rom Fig. 5.4, which shows the magnitude of the m:t'(imum cloud water content

as a function of time for both models. At 24 min the cloud forms in the axially symmetric

simulation, and the maximum cloud water content continued to incrcasc mpidly, rcaching a

maximum of about 004 g kg·1 at 41 min. Around this lime, the cloud top rises to the height of

900 m (Table 5.1). Because of the strong loading effect of the cloud water content, the cloud

starts its decay after 41 min. The cloud disappears completely through the evapomtive proeess

in just 5 min. In contmst, the cloud in the slab-symmetric model develops much slower. The

cloud forms at 27 min, which is 3 min later than the axially symmetric case. Il~ subsequent

evolution is also slower. The cloud starts to decay at 58 min, which is significantly later than the

axially symmetric simulation (41 min). It is also noted that the mte of decay is smaller.

Therefore, the lifetime of the axially symmetric cloud is much shorter than that of the sla1:l

symmetric cloud.

5.4 Including the effects of longwave radiation

Fig. 5.5 depicts the temporal evolution of the maximum cloud water content for

experiment AC and experiment ALW. Similar to the slab-symmetric simulations, the maximum
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cloud water content displays significant inereases when longwave radiation processes are

included. The maximum increase is 82% at 40 min. It can also be noted that for botb simulations,

the incrl::ases I~ecome noticeable 5-6 min after the cloud forms. Fig. 5.6 displays the vertical cross

sections of cloud water content for the AC and ALW runs at the mature stage of tbe clouds (39

min). The important Ïllcreases in cloud water content are found mainly near tbe cloud top and

sides. The cloud top is slightly lower in the ALW simulatioll.

To explore the mechanism responsible for tbe larger cloud water content in tbe ALW

simulation, we first compare the vertical veloeity fields for tbe AC and ALW runs (Fig. 5.7). It

can be seen that when longwave radiation is activated, botb the maximum downdraft and tbe area

where the downdraft magnitude exceeds 0.5 m s" are slightly increased because of a stronger

negative temperature perturbation (see Fig. 5.8) induced by longwave radiative cooling in tbe

vieinity of the cloud top and sides. Fig. 5.9 displays tbe vertical velocity at tbe center of tbe

cloud for the both runs. A weaker updraft is found in the ALW simulation. The results at otber

times (not shown) also show similar trends. We recall that in the slab-symmetric simulations,

cloud side cooling produces a secondary circulation at tbe mature stage of tbe cloud ( at about

55 min) to enhance tbe updraft. This phenomenon is however not apparent in tbe axially

symmetric simulation. Two factors may come into play. First, it is kIlown tbat tbe strong negative

temperature perturbations near tbe cloud sides is a cumulative result of longwave radiative

cooling. Since tbe lifetime of tbe axially symmetric cloud is shorter tban tbe slab-symmetric

cloud, tbe strengtb of. tbe radiative cooling induced downdraft is expected to be smaller.

Second!y, tbe airflow is not restricted to a single plane in tbe axially symmetric geometry. As

a result, tbe downdrafts speed can be smaller to compensate for a given arnount of upward mass
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flux. For example, at the mature stage of the axially symmetric clouds (39 min), the ma;'(.imum

downdraft increases from 0.82 m S·1 in experiment AC ta 0.9 m S·1 in experiment ALW (about

10%). On the other hand, at the mature stage of the slab-symmetric cloud (55 min), the maximum

downdraft increases from 0.89 m s'\ in experiment CONTROL ta 1.28 m S'1 in experiment LW

(about 44%). These factors result in a weaker secondary circulation in the axially symmetric

cloud sa that the increase in updraft speed induced by the secondary circulation is offset by the

decrease in upward motion resulting from radiative cooling (compare Fig. 5.8a, and Fig. 5.8b)

and the larger cloud water loading (compare Fig. 5.6a and Fig. 5.6b) near the cloud top.

5.5 Conclusions

• The effects of longwave radiative cooling in a small cumulus was studied using an axially

symmetric mode!. Consistent with the slab-symmetric results, radiative cooling enhances the

cloud water content and downdrafts. However, the effect of the axially symmetric geometry and

the shorter cloud Iifetime result in a weak secondary circulation which is offset by the decrease

in upward motion induced by radiative cooling and a larger cloud water loading near the cloud

top. As a resull, a weaker updraft forms at the cloud core.

•
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In this thesis we investigated the effects of longwave radiation on the development of a

small cumulus cloud by a combination of three-dimensional radiative transfer models as weil as

• slab-symmetric and axially symmetric cloud dynamics models.

A longwave radiation model was developed to calculate the flux divergence and in-cloud

radiative cOûling rates. The model was first applied to the case of an isolated cumuliform cloud

in the form of a cylinder. The distribution of cooling rates shows local maxima at the cloud top

and sides as weil as modest wanning near the cloud base. The magnitude of the cooling rates

depends on the temperatures of the cloud and the ground surface. For a 286 K cloud above a 302

K ground. the local cooling rates were typically - 34 K h·l at the cloud top and -14 K hol at the

cloud sides. A typicallocal heating rate of 8 K hol was found at the cloud base. We proposed that

the radiatively forced sinking of air at the sides of cumuliform clouds wound lead to lower-level

convergence and thereby enhances the upward motion in the interior of the cloud.

Changes in cloud top cooling rates due to positive (lifting) or negative (sinking), axially

• symmetric perturbations to the top of horizontally extensive stratiform clouds were also
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considered. Significant effects were found that do not cancel when avemged over both positive

and negative perturbations, A lifting of the cloud top does not increase the cooling mte. whereas

the peak cooling rate decreases rapidly in depressions. For small perturbation. '" 10 m. this may

tend to inhibit the growth of negative perturbations. For larger perturbations. '" 100 m. changes

to the radiative cooling rates within the positive perturbations and next to the negative

perturbations may act to sustain the perturbation and promote its growth.

The effect of longwave radiation on cloud microphysics and dynamics in .\ calm

environment was then investigated. A slab-symmetric cloud was simlliated which exhibited

features, particularly cloud water content and thickness, in agreement with observations made in

small tropical cumuli. It was also shown that a resolution of 25 m is suflicient for our study of

the effect of longwave radiative cooling.

We demonstrated that longwave radiative cooling sllbstantially enhances the maximum

cloud water content. The maximum increase reaches 96%. The total cloud water content was also

increased somewhat (maximum 20 %).

The effects of longwave cooling in different stages of development of the simulated cloud

were further examined and analyzed. In the initial stage of the development, the augmentation

of cloud water content near the cloud top and its sides is traced mainly to the direct effect of

longwave radiative cooling on cloud microphysics. In short, radiative cooling reduces the local

temperature and hence the saturation water vapour pressure. The additional condensation which

folIows further enhances the longwave radiative cooling rate. A positive feedback process is

therefore in operation.

In the mature stage of cloud, the increase of total cloud water content cornes from a
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combination of the effects of radiation on microphysics and dynamics. The cooling from radiation

and evaporation produce additional downward motion at the sides of the cloud. The enhanced

low-level convergence invigorates the updraft promoting further cloud development.

In the decaying stage, the negative buoyancy produced by cloud top radiative cooling and

a higher liquid water load speeds up the decay process in the LW run.

Similar effects were obtained in a slab-symmetric cloud in an environment with uni-

directional wind shear, Le. longwave cooling strengths the secondary circulation and the cloud

water content. However, shear does suppress convection and the development of the cloud

becomes weaker.

Longwave cooling also enhances the asymmetric characteristics of the simulated cloud.

It was shawn that in conjunction with horizontal momentum transport, radiative cooling results

in a more negative temperature perturbation on the downshear flank relative to the upshear side.

The downshear downdrafts therefore exhibits a stronger development.
, .

The effect of the third dimension was then studied using an axially symmetric cloud

mode!. Consistent with the slab-symmetric results, radiative cooling enhances the cloud water

content and downdrafts. However, the shorter lifetime of the axially symmetric cloud, and the

fact that the cloud side sinking motion can spread around the cloud core instead of being

confined to a vertical plane, result in a weaker secondary circulation which is offset by the

negative effects of cloud top ra~iative cooling and a higher liquid water load. As a result, a

weaker updraft forms in the cloud core.

We also compared the distributions of the longwave radiative cooling rate in an idealized

cloud using both the slab-symmetric and axially symmetric geometries. In general, the results for
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both models indicate qualitatively similar behavior. Small diffcrenccs arc dctcctcd near the cloud

sides and the cloud base. The axially symmetric model produces a slightly hrrger hc'lting at the

cloud base and stronger cooling at the cloud sides.

Future research should be directed toward the following areas:

1) The present study shows that longwave radiation dramatically increascs the m'lximum

cloud water content. As pointed out in Chapter 3, this may have important implication to

precipitation. Longwave cooling may lower the satumtion water vapor pressure, and promotes

the growth of cloud clroplets and the formation of precipitation particles. To quantitativcly

investigate these effects, further study is needed using a more rigorous cloud dynamics model

that includes the explicit evolution of the cloud droplet spectrum.

2) The dynamic implication to stratiform cloud mentioned in Chapter 2 is purely

qualitative, and of course, requires more analysis in future studies using models with explicit

dynamics.
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