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1 Introduction

Lo this course, it must have afready been sioased that coads and radiation interactions are une
of the key probleis in undecstanding the «linale, its natural variability and ils sensitivity to
natural or anthropogenic forcings, According to Webster and Stephens (1984) "of all climate
parameters, clouds have the largest poreatial effeet on Lhe radiation field”.

The effcct of clouds on the carth radistion budget

The effect of elouds on the radialion budget at the top of the atmosphere is twolold: (i) in
the shortwave, clouds are very efficient ay rellecting the incidenl solar radiation back to space.
They, thus, decrease the aimuunt of solar cnergy available for absorption in Lhe atmospheric
culumn and at the surface, (i} in the lungwave, they absorb the infrared radiation emitted
by the surlace and the lower atmosphiere and re-radiate to space at colder ternperatures, thus
producing a heating effect. The balance belween these lwo compensating effects depends on a
variety of conditions such as the regional distribution of cloud types and cloud characteristics
and its seasonal variation.

Both eflects are large, thereflore it is nol surprising to find considerable desagreements
in satellite estimates of clinate sensitivity Lo cloudiness. This sensitivily was first analysed in
sutie details by Schucider {1972), who considered the sensitivity of the radiation balance Ry Lo
cloud cover fraction A, in tertns of a sensitivity parameter ¥ = 9y /84, Here Ry is the net
radiation balance at the tup of the atinusphere; it is thus the difference between the absorbed
solar energy and the outgoing terrestrial radiation.

Since then, there have been many attepts to determine 4 from satellite observations
(Cess, 1976; Bllis, 1978, Ohcing and Clapp,1980; Hartinann aud Shert, 1880). The results
ranged frot near cancellation of albedv and greenhouse effects (y ~ 0) to strong albedo dominant
effect (v ~ —80Wm~? ). Indeed,to determine 7, one has to isolate variations of #y which are
uniquely due to cloud cover variations, this is practically very difficult if not impossible with
purely observationnal Lechniques.

More recently, Charlock and Ranwnachan (1985) proposed that one approachs this prob-
letn by first caamining Lie "cloud radiative turciug” which is defined as the differvnce #y — ny{,‘"'
where K4 applies to clear-sky conditious aud iy applics to overall {tlear plus cloudy) condi-
tivns.

From the point of view of observation, it appears casier Lo determine the cloud radiative
[orciug fromn the difference bolween overall nvan irradiances and the mean clear sky irradiances,
rather than from the determination of cloud [raction, snd cloud parameters such as cloud albedo,
cloud height, cloud top tauperature and viittance (Hartmann et al, 1986; Rauanathan et al,
1989). This iuplicitely assuwines that atinusplieric conditions in Lhe clear-sky arvas that are found
do not difler systematically from average atnospheric conditions uver the region considered; this
may not always be su. Nevertheless, the availability of regional eslimates of clear-sky irradiances
in the processed data of the Earth Radiation Budget Experitnent (ERBE: Barkstrom, 1941)

allows an ernpirical estimate of the cloud radiative forcing. From the data available for the
month of April 1985, Hamanathan el al (1959a) found a glebal shortwave cloud forcing of 44.5
W # and a longwave forcing of 31,3 Wm=2. The net effect is thus a cooling une (-13.2 W 2).
For the uonth of July 1985, Ramanathan et al {1989b) also concluded to a net cooling effect of
clouds { 16.6 Wi 2 ).

li what sense is that a cooling? 1If we consider the present equilibriun climate with clouds,
then the cloud radiative forcing is the negative of the forcing that would apply in the event of
instantaneous removal of the cloud opacily. According to ERBE observations, rendering the
clouds transparent would produce an initial heating of roughly 16W ™2, This surt uf experiment
is visy Lo carry out in model simulations.

Cliinate models exhibit considerable desagreement regarding the magnitude of shortwave
and longwave cloud forcings terms, and even the sign of the net forcing is not certain, although
most resulls are uegative, between 0 and -40 W3 (Cess and Potter, 1987; Cess et al, §983).
‘The use of cloud radiative forcing then reveals extremely clearly the inadequacy of current
treatments of clouds in climate models. It should be noted that accurate determination of cloud
radiative forcing is only the first step to evaluate climate-cloud-radiation feedback this cloud
{eedbuck includes the reaction of cloud cover and cloud characteristics in response to climate
forcing. 1t is then hardly surprising that there should be a fairly wide range of predictions
of sensilivity of the climate to doubling atmospheric COy. The model comparisons (Cess et
al, 1989) show that the major source of uncertainty is in the treatment of cloud-radialion
interactions,

The effect of clouds an the surface radiation budget

The surface radiation budget (SRB) is intimately related with the nonrsdiative surface-to-
atmosphere energy (sensible and latent heat) fluxes, which govern in particular the surface
tetuperature. Except in polar regions, the downward shortwave radiation is always strongly
diurnally verying, and it is often the driver of the boundary layer activily as well as deep
conveckion; its amount and spectral composition determines the the energy available for photo-
syuthesis. Cloud cover always has a strong influence on the downward shortwave radiation. This,
together with the reasonable sssumption that atmospheric absorption: usually plays a secondary
role, is the basis of most algorithms for the derivation of the shorlwave downward irradiance
frons satellite observations: the variations of absorption or scattering by the other radiatively
active componcenls of the atmosphere can be fixed at climatological values of parameterized as
they are small compared to the cloud influence.

Clond cover also has a strong influence on the downward lougwave irradiance, even though
in this case, elouds act Lo decouple the surface from space (Stephens and Webster, 1984), Using
climatological temperatures and humidity profiles, Chou (1985) estimated the sensitivity of the
Sk over Lthe tropical Pacific ucean to different atmospherie parameters. He considered unifurm
inereases of the air temperature (1K), specific humidity (15%), or cloud top pressure (66 mb);
he obtained changes of, respectively, roughly 5 Wm~=?, 7 to 11 W2 and 1.8 to 2.4 Win-2,
As fur the cloud cover, & 5% increase gives a decrease of the surface nel irradiance of 8§ to
L0 Wen~? whereas a 20% increase of the cloud oplical thickness results in a decrease of 4 to
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5 Wm “. 'This conlirmas the dramatic influcnce of clouds in the shortwave, whereas for the
tropical areas Chon comsidered, the net longwave irradiance is mostly sensitive to bty
Outside Lhe tropies, the cfect of cdoud eover on the longwave is much stronger, manifesting
itself fur exampte in the well-known dilferences in night Lime minimum tempesatures between
clear and cloudy conditions,.

As stressed Ly Woods (1984) and Webster and Stephens (1981), the efficiency of solar
radiation to heatimg the oceanic mixed luyer is strongly dependent on its spectral disteibution.
The blue-green sunlight can sometimes reach deeper than 100 m, whereas the red light is ab
sorbed in a few meters and the infrared in a few millimeters. Therefore, it is not sufficient to
consider the global impact of clouds on the SRB. Variations in the cloud cover or eloud types
by affecting not only the global SRB but also its spectral disteibutinn may significantly impact
the structure of the ocean mixed layer.

The effect of clouds on the diabatic heating of the atmosphere

Through their impact on the longwave radiative cooling, clouds also have the potential of a
significant impact on the dynamics of the atmosphere. Albrecht and Cox {1975) were the lirst
Lo suggest that differentisl radiative healings caused by the contrasts between clear and cloudy
regions could play an important role in determining the amplitude and the structure of tropical
waves. Webster and Stephens (1984) compared the vertical distribulion of the various compo-
nents of the diabatic heating and its variation with latitude or longitude. They showed very
clearly that (i} the radiative heating is a very important component, sumetimes predominant,
of the total diabatie heating and (ii) that it has very strong longitudinal variations mainly at
tributable to variations in water vapor and clouds. Byrd and Cox {1984) analysed a tropiral
cloud cluster systemn observed during the GATE experiment; they estimaled the amplitude of the
differential radiation heating and found that its maximum was located in the mid troposphere
at the beginning of the life of the gystem with typical values up to 1.3 to 3.4 K.d ' overa 110
km distance. Using a simple model of vertical motion, they found that these strong contrasts
result in a very significant radiatively driven circulation around the cloud system at its earlier
stages, with subsidence in cloud free regions and convergence in the lower levels of the cloud
area, Lhus intensifying the convective activity.

The effect of clonds in climnate models

Since the role played by the interactions beiween clouds and radiation is so unportant in various

processes of the climite systen, il is of prise importance that they are adeguately taken into

account i 3D madels. A a matter of facl, simulations of the effect of doubling atmospheric
'Oy concentration have shown a very large sensitivity to elond radiative elfect (Schlesinger
and Mitchell, 1986) : estiniates of the surface lemperature changes using nondels with fixed
cloud cover give increases close to 2 K whereas those obtained using interactive clonds range
between 4 and & K. Tu these experiments, however, the cloud optical properties remain con
stanl. Somervitle and Hemer (1984) suggested that sariations of the optical properties night

significantly reduce the climnate sensitivity to the increase in greenlouse gases. Mote recently,
Miteheld ot ad (1989) suggested that the phase of the condensed water could induce a strong
nepative feedback. On the other hand, Cess et al (1989) showed thal very large differences in
model responses to identical forcings correlated very well with the miodel "cloud foreings”, The
treatment of clouds and radiation interactions in climate models is Lthus still a critical problemn
lor a proper simulation of climate scenarios.

So far, despite of this drastic influence on the climate system, the treatment of clouds anid
radiation interactions has often been very crude in many General Circulation Models {GOMs}.
In particular, Lhe cloud characteristics are tuned to assure the long term equilibrium of the model
or/and to fit some spatial observations (Geleyn et al, 1982), but Lhis Luning is itself deprndent on
so many characteristics of the model (in particular, on the cloud generation scheme, convection,
ete. ) that there is no evidence that the effect of clouds on the radiation field is realistic, Buriez
el al (1988) have shown that, on the contrary, this tuning procedure could result in strongly
hiased cloud optical properties that compensate underestimated cloud covers. In many cases, the
longwave and shortwave propetties have been Luncd independently and in the first generation
of GCMs, clouds were simply assumed to be black in the infrared. In the near future, however,
clonuds are going to be more and more interactive with the rest of the model and the liquid water
comntent is already a pronostic variable in some GCMs {Sundqvist, 1978; Le Treut and Li, 1988).
This is this perspective that we consider in this paper.

An adequate simulation of the interactions Letween clouds and radiation also requires
that attention be given to the effect of radiation on clond dynamics. Particularly important
in that centext is the role of radiative divergence on the entrainment processes in low-level
clouds (Deardorff, 1976; Handall et al, 1984, amang vihers) and the role of the cloud shortwave
absorption (Fravalo et al, 1981; Hansen and Gruber, 1982; Bougeault, 1985), For this purpose,
the profiles of the radiation divergence within the cloud need to be known accurately.

In the context of the above discussion, the purpose of this paper is to review various aspects
of the effect of clouds on radiation, both from an experimental and a theoretical point of view and
Lo suggest a parameterization of cloud optical propertics which allows a realistic representation of
their effect on both shortwave and longwave irradiances and radiation divergences. Considering
the observations available so far, the review is mostly focnsed on low and sometimes mid level
clouds for which a good deal of data is available including simultaneous microphysical and
riuliative observations. This lack of data on high level clouds should be filled in with the
availability of the results of the First ISSCP Regional Fxperiment-Cirrus (FIRE) (Starr, 1987)
and the International Cirrus Experiment (ICE) (Haschke and Rockwits, [9KR).

2  Clouds generation in General Circulation Models

In the actual atinosphere, clouds are interactively linked Lo dynamical, hydrological, turbulent
and radialive processes over scales ranging from the microphysics of cloud particles to the jdan-
clary scale itmpact of extended decks of steatiform clouds. In the present atmospheric goneral
cirvulation models, elouds are not related to the hydrological cyele; thev exist only for their

direct impaet on the radiation Reld and their characteristivs (horizontal cover, height, opical



praperties) are cither fixed or diagnosed frons a limited set of parancters (for « review, see Rul
luidge and Schlesinger, 1985). The radiative cilect of cdouds depends on their horizontal extension
(Lie cloud cover A, defined as the fraction of the maodel grid filled with clouds), their height
and their optical characteristics which will be addressed in section 3 and 4. In this seclion we
examine how these quantities are detvrmined in GCMs.

Parameterization of the cloud fruction

Following orinsky (1960), wwost modelers have relied on resolvable-scale relulive hurnidily
fur diagnosing nonconvective cloudiness, The first parameterizalions were linear, however mnany
suthors used more complicated relations, Geleyn et al. {1982) linked the horizontal cloud cover
A¢ to the relative humidity thirough a quadratic relationship

_ ]
A, = (mat (U. _ﬁﬁfi R{;’ii‘)) (1)

where Ril. is a critical relative humidity drlined as a function of the sigma pressure {o :=pres-
sure/surface pressure).

Relaling clouds aud relative hutnidity is certanly quite reasonnable; however the relation
is far from being clear in terms of model variables. A look &t the sky is suflicient to see thal
clouds present a spalial variability at a scale much smaller than that of a model grid.

An exaruple

The work of Buriez ¢l ul. (1988) provides a zoud example of this problem. Over the area vutlined
in Figure 1, they constituted a data file con aiuing, for a one-year period between | February 1952
and 31 January 1983, analysed large-scale liclds of geopotential height, temperature, humidity
and wind collocated with satellite measured radiances and cloud parameters derived fromn these
meagurements.

The large-scale fields were derived Lrum the 4-dimensional assimilation of observation
data carricd out routinely with the ECMWEF forecasting system. The ECMWEF opurational
systenn is an inlermittent data assimilation system (data are assimilated with a frequency of 6
hours) eunsisting of a multivariale optimuin interpolation analysis, & non-lincar normal mode
initialization and a a first guess forecast. A complete description of the data assimilation systew
can be found in Lorenc (1981). The analysed large scale fields were stored at the resolution uf
the ECMWF model. Thus, the stadied arvi included a total of 1189 grids of size (1.875°)2. In
vach of them, clouds paramcters were alsa stored once every 24 hours. These parameters were
derived from AVHRE measarements (Advanced Very iligh Resolution Radiometer on board of
NOAA satellites). The method which was developped by Phulpin et al. (1983), used a two-
diiensionnal (visible vis infrared) techuigue Lo estimate fractional cloud cuvers over the ocean
and to classify the cloudiness in five levels (plus one for Lhe surlace).

It tigure 2 are only considered clouds which top is below 800 mb according Lo the 11

chanels. For this particular subset {1436 cascs), were only considered the situations with no
abuve thal tevel in ECMWE grids, The figure presents the satellite derived clond cover as @
function of the analysed relative humidity in the layer (1000-800mb). The solid curves represent
the result of the correlations A, = f(Ry) and RH = [(A.) respectively. The dispersion is
typical of this sort of atternpt ( J. Slingo, private comunication) and is related to the high
spatial variability of hunidity. At a scale small enough to represent individual clouds, 100%
relative humidity should certainly be a good criteria for cloud formation, the problem is that
al the sume scale 99% means no cloud. Horizontal and vertjcal spatial integration of humidity
leads to an alinost complete lost of information.

Nevertheless, a statistical analysis performed over a large subset (Heinburger and Ruyer,
private communication) concluded Lhat relative hurnidity remained the best predictor of cloudi.
ness, al least for this particular climatic region in which convective clouds are not predominant.
(see Tuble 1)

Mure complex parameterizations

In addition to relative humnidity many schemes used other model prognosticated quantities, The
basic idva is that the spatial variations of the relative humidity are themselves related to other
dynanuicsl or thermodynarnical (temperature) characteristics of the atmosphere. Figure 3, still
from Buriez et ul {1948) illustrates this possiblity. For the same cases as in Figure 2, Figure
3 shows the dependence of the cloud cover upon the potential temperature difference (A#) in
the BOO-950 mb layer. The dispersion remains very large, but the correlation is now much
tuure significant and the root mean square error for a larger subset of 2866 cases is 0.34 to
be compared with 0.41 with the original Geleyn's parameterization. In addition, the original
furmulation presented a bias (-0.18) completely eliminated in that case.

Following Sasarnori’s (1975) assumption that clouds are generated by vertical motions
ol air parcel originating independantly from different depths, Hense aud Heise {1584} have
developped a completely different scheme in which the cloud cover is linked to the horizontal
variance of the model vertical velocities.

Fur the LCMWF operationnal model, Slingo (1987) developped a schemne which distin-
guishes convective, high, middle and low-level clouds. In this scheme, convective cloud cover
is determined from the scaled time averaged precipitation rate {P) from the model convection
scherne

A = a+blogp (2)
provided that convection extends above 400 mb and the convective cloudiness exceeds 40%. A
part of Lhe high cloud cover is linked to convective clouds

Ay = 2.0(4, - 0.3), (3)

whereas extratropical and frontal cirrus are determined according to the Geleyn's puraineter-
ization (see relation 1). Middle level clouds are also parameterized according to relation (1);
however to allow for the the dry subgrid scale downdraughts in the environnement of the cloud,
Rilis replaced by

RH, - RH(1 - A,). (4)

Ly T

P

LW~ -

it

i j‘

e



Low level clowds were divided in two calegories:

(1) those asworiated with extratropical fronts and trepical disturbances for which the
Geleyn’s furtmula (1) still applies with a candition of no subsidence (vertical velocily w must b
negative} and a lincar transition to Lhis cise:

I AN
Al ('rrm..r (ﬂ, ' h’H(g)> (5)

and
A ) for 00 <w <0
A A forw - 0.1 (6)
1] forw -~ 0

{2) those linked with the boundary layer and associated with low-level inversions in tem-
perature and humidity. For those clouds, the cloud cover was related to the lapse rate of the
most stable layer below T50mb.

Ay = —6.67 (L\--ﬂ) - 0.66T. (7)

In addition, to prevent clouds fortming under dry inversiens such as those over deserts and the
winter pole, a dependence on the relative humidily at the base of the inversion (R Hpuae) i3

introduced:
0 WA H g, < 0.6
A - 410 (0.8~ W Hiage)/0.2) for 0.6 < RHyg,e < 0.8 (8)
Al otherwise

For the UCLA GCM, Randall et al. (1985} developped a boundary layer miodel in which the
PBL depth is a prognostic variable. Thus, a stratocumulus ¢loud is assumed to occur whenever
the upper portion of the T'BI. becomes satnrated provided that eloud top entrainment does
not occnr. The thickness of the cloud is deterenined by the PBI depth (cloud top) and the
condensation level (cloud base).

Recently, Harshvardan et al. (1989) modified this last generation scheme: stratocumulus
cloud cover is assumed to be Ay = 1 when they are wore than 12.5 mb thick, and decreases
linearly for thinner clouds. Convective clonds are assumned to have negligible cloud cover below
400 mb, above, an vptically thick "anvil” clond is assumed to horizontally fill the grid eolumn,
from 406kmb Lo the highest level reached by the convection. Supersaturation clouds eccur when
the relative humidity +quals or exceeds 100%, they are ussumed o have a cloud fraction of 1
and to vertically fill their GOM tayer.

Avcording Lo Slingo (1987), these diagnostic schemes have reached a reasonnably suc-
cessfull lovel where eloudd distributions compare favorably with satellile data. However, this
agreemnent is essentinlly qualitative and a rigorous quantitative test is still missing to evaluile
cioud geaeration schemes,

Baories of al { 18#%8) used their data file Lo compare model generaled amd observed (satellite
derived) eloud covers. To altenuate the oflect of the nneerlainties Boked to the estimate of the

cloud top pressure, they compared the profiles of the cumulative cloud covers (A(p)) defined as
the toal percent of cloudy sky with clond top pressures lower than p. Therefure, they commbined
the model generated clouds assuing random overlap to simulate the satellite signal. Figure 4
compares these curttulative cloud covers, The model generated cloudiness is sirongly underesti-
mated (Amedet 01,34, Aghserved 060} and most of the desagreement comes from the around
00 1o 900 mb. ' prevent unrealistic ceoling by permanent clouds appearing in the lower layers,
an ad-hoc & filter was applied in the ECMWF model at this time: no cloud was allowed in the
boundary layer when the potential temperature was lower than at the surface for the layers in
question and all layers underneatl. Hemoving this filler considerably increases the total cloud
cover (up to A, - 0.56) but the desagreerent at the 250 mé level remained mostly unchanged.

Since then, the ECMWF cloud generation scheme has been changed and a shallow con-
vection scheme was introduced which allows the moistening of the free troposphere abave the
houndary layer; this should have strongy imaproved the cloud generation just above 850 mb.
The nvailability of Lthe data from the International Satellite Cloud Climatology project (ISCCP,
Schiffer and Rossow, 1985) shouwdd facilitate much deeper quantitative comparisons.

Parameterization of cloud optical characteristics

I'bie radiative effect of clouds, also depends on their optical properties. However, as noted in
the introduction, the characterization of the cluud eptical properties in GOMs is generally very
crude and in most cases, they are tuned to assure the tong term equilibrium of the model. At
best, they are tuned to fit some (non exhaustive) set of spatial observations. A consequence is
Lthat until recently, in many models, the shortwave and longwave properties (to be discussed in
the following sections) were adjusted independantly and were not consistent bet ween each other.

In the ECMWF model, the longwave and shortwave optical properties are both calculated
from a liquid water content in a way similar to that proposed in the following sections. The
waler content itsell is proportionnal to the saturaiion specific hutnidity of the layer in which the
clouds occur; the proportionnality coelficient is . In the original scheme {Geleyn et al., 1982),
+ was set to 0.2%.

The imporiance of the role played by these characteristics is illustrated in Table 2. Tn
his table, are reproduced the compouents of the observed and calculated radiation budgets
at the top of the almosphere for the region and the period investigated by Buriez et al. The
calculations have been performed in such a way as to minimize the causes of errors which could
resnlt from the specteal characteristics of AVIERR, that is: the components of the radiation
budget (absorbed solar energyQ and outgoing longwave tadiation #) have been caleulated on
the speciral bandpaths of the AVHRR chanels.

Let fiy" and fn be the averaged observed and computed radiation budgetsrespectively.
The difference between those two guantities is signilicant (HN‘ Ity - 7 W.m 3) but small
given the large difference belween the observed and computed cloud covers (A, -4, - - 0.26).
T'o explain this lact, we firsi determine the fraction of Hy' - Nx actually linked to the dilference
A" AL Let us assume, as in Fllis {1978), that, ou the average, the radiation budget is a linear



function of the cloud vover, e,
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{HNA {9)

1Y Iy glear | 84, €

witere H ;| gar 38 the averaged radiation budgel observed in clear-sky, otherwise identical atma-
all
N

spheric conditions; therelore, 308 is o partial derivative, I, similarly,
oy . Ry -
Hy'  dinlieaet 30 A0

o0y, (10)

Equations (9) and {10) give

O - L IRy g ity GHnY - .
R L TR A CEle B €y F RN (1Y
In (11}, the first r.hos. teran correspunds Lo the diflerence between the computed and vbserved
radiation budgets in clear-sky conditions. This difference was found to be negligible provided
a slight teinperature adjustement is made on the sea sarface temperature. The second r.h.s.
term in (11} is due tu the actual dilference Leiween the cloud covers assuming the same optical
properi’  “~= both Lhe vbserved and the computed clouds. The third r.h.s. term is linked Lo
the differences between the optical propertics of the elouds; it would appear even if the observed
and computed cloud covers were identical.
%{:ﬁ_‘ and %%ﬂ are determnined for the data set from (10) and (9) respectively; their values are
presented in Table 2, and
L R -2
s (4 - A) = +15Wm
and omy o
CON BN N -2
(BA; BA,.)' c 8Wm™*.
In other words, the averaged difference By" — Hy is 7 W.m—%, but is actually twice that much
when the compensating elfect linked Lo the differences in cloud optical properties is excluded.

These differences in the optical properties of the observed and computed clouds are dis-
played in both the shurtwave and the longwave ranges: the generated clouds reflect too much in
the shorlwave range (33: - g?- = ~15 W.m~?) and have too small an emissivity in the lungwave

range gi( - aﬂ% = 110 W.m™?) thus giving the total difference (%’%‘ - %’}“ = —25 W %),

A more detailed exainination shows that the too large brightness temperature of the generated
clouds is not due to too low clouds, but L too transparent high clouds.

This example exemplifies the role ol the cloud optical charaeteristics: in the present case
an efficient tuning of Lhese characteristics through the adjustment of ¥ has strongly cotnpensated
the discrepancies between observed and generated cloud covers. This is one tnore exatnple of ow
to get good resulls for Lhe wrong reasons. With the recent change of the radiation codes in the
ECMWYF model, Lhe ¥ cocflicient has been readjusted and a validation based on the utilisalion
of buth [SCCP aud NIBE dats has been carried out (Morcrette, personual communication).

More recently Harshvardau et al, {1959) linked the cloud optical prapertios to the clond
teuperature To and the cloud thickuess Ape. These authors paratneterized the shortwave

oplicul thickness (&: see sectivn 3) and related the infrared emissivity ¢ to this quantity; this is
very similar to parameterizing the liquid water content:
s ol -~ Ty)? i Ty < T < - 10°C .
T bap. for Tg - 6°C (i6)
witloa hiar interpolation between - 10°C and 0°C'. Ty is a crilical temperature : Ty - - B2.95.

‘They use ¢ = 2.0+ 107% and b .- 0.08 (Apc is in mb). The 11 enussivity is linked o & threugh
e - 1 —exp(--0.754).

The major disadvantage of the diagnostic methods is that clouds are passive and do not
interact with the rest of the nwdel: in other words they exist for Lheir radiative effect but have no
influence on latent heat release in the atmosphere neither on precipitations. As noted by Slingo
(E987) another disadvantage is that these schemes are not easily transferable from a mode! to
another one since they are so strongly dependent on the other model parameterizations, either
explicitely or implicitely.

A more physical approach has been initiated by Sundquist {1978) followed by a numnber
uf groups {Smith and Pearson, 1986; Roeckner and Schlese, 1985; Le Treut and Li, 1987). In
this approach, the cloud water is an additionnal prognostic variable and is explicitely calculated
through an equation of evolution. Despite of difficulties in closure assumptions, this method
seeus very promising as illustrated by Le Treut and Li (1987) who compared cloud covers
generated by the Laboratoire de Meteorologie Dynamique {LMD) GCM using this prognostic
method to the ISCCP derived cloud covers.

I the following sections, we keep the point of view that soon, GCMs will follow that way
and include cloud water as & prognostic variable. We, thus,consider the problem of paramever-
izing cloud optical properties in terms of of cloud water.

3 The influence of clonds on the shortwave radiation

The cloud efficiency at reflecting the solar radiation and reducing the solar energy availableat the
surfuce depends on a variety of parameters which concern the cloud itself (inherenl parameters)
and on a variety of external conditions such as direction of insolation, surface reflectivity, etc.
The iuherent cloud parameters are frequency dependent, they are;

1. ihe optical thickness §, which characterizes the attenuation of the direct solar beam due
to both absorption and scattering,

2. the single scattering albedo w, which is the probability that a pheton is scattered when
interacting (by scattering or absorption) with a particle,

3. the scattering phase function p,(8,3') which gives the probability of a photon to be scat-
tered in the dircction s when incident in direction s.
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3.1 Cloud layer reflectances and transmittances

For space horie observations of clouds, the complete dependence of the radiance on the geometry
st be accounted for, ‘Flis dependence is one of the major problems in cband remate sensing.
In this paper, however, we consider the eifect of clouds on the radiation Geld from the ebimnntic
2ar ")

Approximate methods have been developel Lo achieve a yuick solation to the radiative trunsfer

perspeclive; we are Lhus more interested by irradiances {(Wm B) than radianees{ W m

cquation by decorpusing the radiation ficld into two opposing streams. In Lhese methods, the
scattering phase function is reduced to its first moment, the asymmelry faclor

b
go = ; [ 740} cos O dcos O}, (17
1

where @  (s,8') is the scaltering angle.

According to King amd larshvardan [1986], such approximate ircadiance compulalions are get-
cerally accurate within a few percent.

In these condilions, the inherent clond eptical properties rednce to three parameters: oplical
thickness, single seattering albedo and asymrnetry factor.

3.1.1 Optical thickness

Practically, this is the parameter of maximum influence on cloud reflectance and transrnittance.
1t depends upon the drop size distribution, n(r,z) through

&, = /;: /ow n(r, )0t Qg m)drdz {1R)

where 7, and Z, are the altilude of the cloud base and cloud 1op respectively, v is the parlircte
radius, = = 2xr/A is the Mie parameter and Qea the Mie efficiency factor which depends
upon the refractive index s = m' — im”. Cloud particles are generally large compared 1o
the wavelength{z » 1). In these conditions it can be shown that Q. is close to 2 [Van de
1fulst,1957]. Then, the uptical thickness is directly proportional to the liquid water path W:

5, ~ 8 - W/ 2pr, (1N

where W - f,i’ w(z)dz with w the liquid water content, r, [ a(r)yetde [ nir)ride the

effective radins of the size distribution and p - 10%kg.m .

The liquid water content can reasonably be considered as a predictable quantity in climate
models {see for example Sundqgvist, 1984] but the drop size distributions (J}8Ds) are probably
not predictable in the next fulure. The strong dependence of the optical thickness on the effective
radius is thus a dilliculty. [owever, observations show that liquid water contenis and DEDs are

correlated, targer w heing associaled with larger particles [Paltridge, 1974}

The problem is quite different sccording to whether one considers the fne variations of

7, within a particular cloud or one searchs for sume ernpirical relatonship which is assuied to

apply statistically o any cloud systen and is derived from a lirge set of observations in dilferent

conditions. In the lirst casc, assuming that the DSTY follows a moditied gamma dist eilotion
[Ireirinendiian, 1969)
nlr) = ar™e ", (21)

o can easily show that

re  k{w/pN)/? (22)
wlere N [ n(r)dr is the total number of drops per unit velutne.
The proporiionality cocfficient £ only depends on «. It is typically of the order of 0.70 yn
with extreme vabues of 0.62 and 1.02 pm. luside a cloud such as a stralocomnlus, N is roughly
judependent of the altitude (see for example Slingo «1 al, 1982 b; Nicholls and Leighton, 1386).

In these conditions, 7, is clearly proportional to w!/®; this is the basis of the modelling used in
section 3.2 for the discussion of the clond absorption.

In this section, on the contrary, we are interested in the bulk properties of clouds and what
we need is a statistical relationship between £, and w or W in order to be able to derive the
aptical thickness from the specification of the liqnid water content. Viven though N is roughly
irnvlependent of the altitude within a given cloud, it is Lighly variable [rom one cloud to another
ar even within the same cloud, from one region to another; this makes refation (21) ustless in
the present context. llowever, even though the diversity of cloud charaeteristics makes relatively
ohscure the idea of "standard clouds”, one can agree Lhat the eight clouds that Stephens [1978a,
1979 considered are tepresentative. For these clouds there is clearly an increase of r, with w
which can, very roughly, be parameterized as

re = llw + 1, {23}
where v is in pgm and w in gmo 3,

"The use of the empirical relation {22) together with approximation ({9} defines the apiical
thickness.

.1 Asymmetry factor

With the noliceable exception of the 2.7pm absorption band, the asymmetry factor of liquid
water clouds shows hittle variation with either wavelength or DST) [Stephens, 1979]. In addition,
as noted by Slingo and Schrecker [1982), cloud radiative propertics depend only weakly upon Lhe
asymmetry factor. Except for particular cases, an average value of g ~ 0.85 gives satisfactory
results for low level clouds,

.2 Single scattering albedo

The single scattering aibedo w, is the probability thal a photon is scattered when interacting
with a particle, The co-albedo 1- w, is therefore the prabahility of absorption. Keeping in mind
the role of the solar heating in the generation of turbulent kinetic energy in low-level clouds, w,,
is clearly a key pararucter. The absorption coelficient al liquid water is very smnall in the visible
patt of the specirnm, but increases in the near IR and since abont 30% of the incomiug solar
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irradisnee corcespond Lo the viaage 1 gen to L gan, U cloud drop absorption is guite inportant.
The shortwave cloud absorption, however, is wot ondy due to dosplets absorption: the moleculas
absorption, wainly by waler vapor, 15 wodilied Ly the multiple scaltering. This problem is
considered in more dotails in section 2.2,

i order to take the droplet absorption into account in radiation imodels at low spectral
resolution, one has (o define some equivalent single scuttering slbedo w,. Empirically, we found
that w, is not very seusitive tu the DS, as long as stratiscumulus are considered, but increases
with the uptical thickuess (Lhis is directly related Lo the saturation of the liquid water absorption
bands). 'The following approximation is based on calculations performned in the case of a mid
latitude suruner atinusphere [Me Clatchey et al, 1971] and accounts for water vapor as well as
liquid water absorption.

1o we(8) = 407 (U9 + 2.75(cusbo + 1) 2%}, (23)

where ¢, is the solar zenith angle. Applying this approximation to the calculations of absorp-
Lances gives acecuracies better than 1%.

3.1.4 Comparison with vbservations

Since approximate tethods of solving the radialive Lransfer equation in scattering ruedium are
accuraie enough fur caleulaling irradiances and still very cheap in terms of contpuler time, the
most apy ‘~te way o characterize the bulk optical prupertivs of low-level elouds is 1o derive
the cloud optical thickness from (19) and (22) and the single scattering albedu from (23), tle
asymunetry factor being fixed to g = 0.85. From our puint of view, this methud is the most
apprapriate in climate modelling as il clearly identifies the range of validity of the different
approximations to be used, as well as the place of the empiricism in the parameterization, that
is the relutionship between r. and the liguid water content. With the availability of new obser-
vations this relationship should differentiate according to the type of clouds under consideration
or according to the mechanism responsible of their generation.

To test this method we tried to sutminarize (Table 3) the results of ebservations performed
in many locations and available in the literature. When possible the cloud reflectances, ab-
sorptances and transiittances have been calculated using the Delta-Eddington approximation
[Joseph et al, 1976, une of the most coiumonly used approxiinate nethod for solving the ra-
diative transfer equation, together with the above parameterization of é,w, and g. Howevcr,
in many occasions, il was nol possible tu get all the needed informations (that is, liquid waler
puth, cloud thickness, solar zenith angle, surface reflectivity).

According to these observations the liquid water path (W) of stratus and stratocumulus clonds
ranges roughly between 10 and 2000 gin ?, the largest value (450 g ?) reported in Table 3
corresponding to a mixture of stratocutuulus, altostratus and nimbostratus. Consequently, the
shortwave optical thicknesses according 10 (19) and (21) vary from 2 to 50. Trying to relate
eulside observations of cloud reflectances and transmitiances to inside toeasnrements of cloud
microphysics is generally a rather difficult exercise as clouds are, only exceptionally, homoge-
neous and stable enough. Despite of these difficultics, cloud reflectances and transiitbances
caleulated from the paramcterized relationships agree fairly well with observations (see Figure
5a). At least, the agrecinent is quile comparable to what other authors obiained from more
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cumplete observations and more detailed cajculations (compare Figures 5a and 5b). This shows

that the proposed parameterization of optical thickness, single scattering albedo and asyiumetry
Lctor js satisfactory.

3.2  Solar absorption

As outlined previously, the absorption of solar radiation in clouds is very important in many
aspecis: (1) It reduces the quantity of energy reflected back to space or incident at the surface.
Amung other consequences, uncertaintics in cloud absorption may lead Lo very substantial errors
in the derivation of surface shortwave radiation from space. It is often assumed that the globally
averaged cloud absorption is close to 5/absorption would increase be roughly 8 Wm-? if we
assutne & 50% cloud cover; this is nearly twice as large as the change of the nel lungwave
irradiance at the tropopause which would result from a doubling of the atmospheric C0);. (?)
The solar absorption results in quite a significant heating of the cloud layer. This may have
important cousequences on the dynamics of the atmosphere as well as on the Life of the eloud
[HBougeault, 1985; Byrd and Cox, 1984].

The cloud absorption is particularly difficult to measure so that it is not surprising to
see¢ a large dispersion in the reported ubservations (see Figure 6). The problem is that many
anthors observed nuch larger absorptions than predictable, Reynolds et ul {1975] reported
absorplances in the range 12 to 36% for siratocumulus clouds and 35 to 40% for cumulua,
Druannond and Hickey [1971] abserved absorptances of 25% in cumulus, and Neiburger [1949]
absorplances of 30% in strutiform clouds. As shown by Stephens et ul {1978], these observations
strongly desagree with the theory, and would correspond to some "anomalous absorption”. In
this section, we consider the possible physical reasons explaining these puzzling observations
and try to delineate more clearly the problem.

The sitnulation

From a purely theoretical point of view, the true absorption of sular radiation in clouds
<an be attributed to a combination of absarptions by atmospheric gases, liquid or solid water
and acrosols. TIn this section we limit the review to liguid water tlouds. To illustrate the
purpaose, simulations were made for a stratocumulus observed West of Brittany in Oclober 1982
during the NEPHOS experiment [Fouquart, 1985). The cioud top height was about at 550 m
and the cloud base varied from 550 m (a0 cloud) to 106 m. According to Betts [1973] and
Deardorff [1976], the liquid water potential temnperature (or equivalently the moist static energy
b = CpT + yz + Lq), and the total water specific humidity are independent of height inside
the cloud. Hence, the liquid water content w increases linearly with height (Figure 7a). The
tutal number of drops was roughly independent of height (N ~ 350 em™?); the correspouding
variation of . calculated from (21) is reported on Figure Th. The atmospheric profile, based on
radio-soundings and aireraflt observations, was roughly similar to the U.S, Standard Atmosphere,
L976. lrradiances were cuslculated using a narrow-band model (208 spectral intervals between
0.20pm and 4gm) which has been tested in the Intercomparison of Radiation Codes in Climate
Madels (ICRCCM)|Ellingson and Fouquart, 1969] and found to be accurate within a few Wm-?
when compured with line-by-line models and with the other high spectral resolution codes,
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Maulecular absorplion

In the shurtwave, the molecular absorption, mustly atiributable Lo wiler vapor, mav be
enhanced because of the increase of the photon optical paths due to rultiple scattering. This
enhanceinent depends on the radiation field itself, particularly on the spectral characteristios of
Lhe radiation incoming al clond Lop, in relation with the saturation of the water vapor absorptiom
hands. Therefore, the efficiency of multiple scattering at increasing molecular absorption is
inaximum when the atmosphere shove is dry, but it obviously depends also on the water vapur
aunount within the clund layer. During the NEPHOS experiment, the total water vapour amount
was 1.5 g.crn %, among which 1.0 g.em 2 gbove the cloud top. Figures 8 show the variation
of the absorplance with the cloud thickness or, equivalently, the liquid water path W. Three
cases are considered; the rlear ait absorptance of the layer in which Lthe clond is located and the
cloud layer absorptance without and with the cloud drop absorplion. “The difference helween
the first two curves Hlustrates the enhancetent due to multiple scatiering. In the present case,
for mederate water vapor amounts, the molecular absorption culminates to 2% for a layer 450
m thick; Wiscornbe et al [(984] found much larger molecular absorptions when they considercd
cloud layers 2 to 4 km thick in & tropical atmosphere. Stephens [1978a, 1978b| performed sinuilar
caleulations; he concluded that for short to moderale water vapor paths, mulliple scattering
enhanced the moleenlar absorption from roughly 1% for thin stratus clouds to 8% for thick and
moist clouds but reduces it for longer paths, According to Lhe present simulations, there are
another cases for which the presence of cloud particles results in a decrease of the absorption
within the layer {compare Figure 8a for 8y = 66° with Figure 8 for 8, = 37°}. This is dependent
upon the sun zenith angle and is due to the reflection of radiation out of the layer. For low solar
elevations, scattering privileges the reflestion so that the radiation beam does nol penctrate
into the layer enough to be absurbed. For high clevations, the reflectinn is weaker and coucerns
photons which have travelled deeper in the layer.

Cloud drop absorption

Figures 8 show a strong increase of the absorptance when the cloud drop absorplion is
added. Tlowever, al very low solar elevations, a large number of photons are reflected without
entering enough inta the cloud layer to be absorbed so that the absorption can still be reduced
compared to Lhe clear air case [Wiscombe et al, 1984].

Practically, in clouds, liquid water content and drop size distribution are related; in the
present simmlation, r, and w are linked by the relation (21) and W is proporlional 1o the square
of the cloud geometrical thickness AZ. The increase of the absorption with AZ is thus amplilied:
if the 1151 were kept constant te its value for AZ = 50 m, the absorption would citminate to
roughly 5% instead of 7%.

The dependence of Lhe absorption on v is rather complex. An increase of 7 at constant
optical thickness & results in an enhanced absatption, since the single seattering albedo w de-
creases |Irvine and Pollack, 1968; Twomey and Bohren, 1980], whereas il 1¥ is constant there
are Lwo opposite effects Lo consider: w decreases but & decreases too (see Bquation (19)). For
very thick clouds the first effect prodomninates whereas for thin clouds, Wiseombe and Welch
[1986] and Acker:nan and Stephens [1957] have shown that the decrease of &, whose imipact is
the largest, Lends to reduce the absorption, Table 4 shows the results of the present sitania

tion, in agreement with these conclusions. Nole that the rednction is much smaller at low solar
clevations, a cloud heing optically thick much more rapidly in this case.

The shortwave cloud absorptances, Abs, in Table 4 are tuuch smaller than many of the ob-
served values reported in Table 3. However, sinee for thick clouds Abs increases with r,, one can
qrestion if the presence of very large drops could explain the "solar absorption paradox”. Wis-
caribe et al [1984] considered different DSDs with v, varying [rom 12 to 55 pm; they concluded
to only a muderate increase of Abs. Hegg [F986] noticed that offective radius of several hundreds
of i were [requently reported even in non precipitaling clouds. Wiscombe and Welch|[19KG]
Lthus considered distributions with effective radius up 1o 7. - 216 pm and obtained absorplion
enhaucements up to 8% compared to Lhe standard cases without very large drops.

‘This explanation, however is unsufficienl al leas) for three reasons:

1. In the literature, Lhere are very few reports of sirmultaneous shservations of jrradiances and
size distributions including the classes of very large drops. Nicholls [1984] and Stephens
and Platt {1987] observed a significant proportion of large drops (v - 50pm) in low level
clouds. We also ohserved such large drops during NEPHOS. However their propertion is
much too smal! to arrive to the effective radius reported by Hegg.

2. According to Nicholls [1984), the relative concentration of large drops decreases with al-
titude. According to Newiger and Bahnke [1981], if the very large drops are Jocated near
the cloud hase, their impact on the cloud absorptivity is minimized , mostly due to the
fact that mosl of the reflected photons have not penciraled deep enough in the cloud to
encounter these large drops.

3. To obtain their result Wiscombe and Welch had to consider very thick clouds. The 8%
enhancement of Abs corresponded to W~ 5000 gm 2%,
clouds W is typically of the order of 10 to 200 gra %

For stratus and stratecumulns

Acroscl absorption

Situltaneous observations of aetosol concentration and oplical properties, cloud micro-
physical characteristics and radiation are exceedingly rare and FIRE represents the first oppor-
tunity to get such a comprehensive data set. The condensation nuclei are known as having the
potential of increasing cloud reflectivity at constant W by decreasing the drop size [T womey,
1977). However, in this section, we just consider the role of unacijvated aerosols in cloud ab-
sarption, by keeping constant the cloud characteristics.

‘I'he influence of unactivated aerosols depend upon their concentration and nature: sea-
spray acrosuls are practically non absorbing whereas som particles are extremely absochant.
These two characteristics are extremely variable in space and time and generally speaking, very
badly known.

In Lhe present simulation, we made the simplifying hypothesis of totally hydrophobic
acrosols and we kept the aerosol optical thickness &, constant fur three Lypes of aerosols: mar-
jtitne, continental and urban-industrial (WCP112, 1946|. We chose 8, - 0.4 hetween the surface

16



and the cloud top height, ie. an extincuon coeflicient of 9,73 k!, a large Lut not unrealistic

value.

Figures 9 show [ur Lo h elear and cliudy conditions the variation with A Z of the additional
absorption due to the interstitial avrosols. Nol surprisingly, the maritime acrosols give a very
sruall additional absorption (0.1% per 100 ) to be compared to 1% for continental and 2 to
4% for industrial aerosuls. The enhanced layer reflectivity in eluudy eonditions explains that
the aerosol effect is sinaller for eloudy tian for clear conditions for the larger solar zenith angle;
un the contrary, for 8 = 37°, the enhancement of the path length by the wultiple scattering
predomiinates, resulting in the vpposite cflect but less and less as the cloud becomes thicker.

I the present hypothesis uf hydrophbic acrosols, the additional absorption due to aerosols
is thus about two times sialler in a cloud Lhan in clear atmosphere for # = 66 and of the same
order for 8y = 37°. Acrosols are generally not completely hydrophobic. A detailed analysis of
the properties of mixtures of soot snd liquid water has been performed by Chylek et al {1984].
They showed that in case of carbon randomly distributed throughout the volume of a droplet,
the specific absorption of a water graphitic carbon internal mixture was more than twice as
large as for an external mixture, Conscquently, there should be some amplification of aerusol
absorption in cloudy conditions.

With respect to the solar absorption paradox, Figures 9 clearly show that under pol-
luted conditions, a stratocumulus cloud could theoretically experience very strong absorptions
(roughly 21% and 16% for 8, = 37 and 66° respectively, for a cloud 450 m thick}. However,
most, if not all of the vbservatians have been perforined in regions which are not particularly
polluted. In particular, above the occans where most of the data reported in ‘Table 3 have Leen
collected, the additional acrusol absorption should be small, at least if Lhe acrosols to be con-
sidered are of maritime origin. ln any case, if the contribution of aerosols is siguificant, Figures
9 show 1. _heir sbsorption should alsu be significant in the clear atmosphere surroundiug
the cloud layer; it should thus be mieasurable using the same technique us for cloud layers, as
Fouquart et al [1958] did tor desert aerosals,

The effect of cloud inhomogencities

At this stage, one can question whether the anomalous absorption exists really. An obvious
cause of possible overestimation of cluud absurption is that, for Hnite clouds, 4 part of the incident
solar irradiance emerges from the cloud sides and may be missed in the finai balance. In this
section we consider ouly the case of clouds whose horizontal extension is sutlicient to minimnize
this problem.

The cloud absorption is derived Lo upward and downward ircadiance mensurencnts
perfortned at cloud top and cloud base from airborne pyranoineters. The result is thus highly
unaccurute mainly becanse it assumes (i) that the eloud layer is hotizontally humogencous and
(ii) that the cloud resvains stable during Lhe measurement process. In addition the absorption
resubts {rom two successive differences bet ween large quantities and is vbviously highly sensitive
to the uncertaintivs which affect each comnponent; in particular, the non uniform cosine response
of the pyranometer and the pitch and roll of the aircrafl is responsible of large uncertainties in
the measurements of the incoming irradiance [Foot et al, 1986).
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Generadly, cloud absorptances are deterinived from measurements made by a single air-
craft. ln this case, because of the large spatial and ternporal cloud variabilily, the irradiances
measured at Lhe base of the cloud layer do nut necessarily eorrespond to those measured at cloud
Lup. Figure 10 depicts a situation that we observed during NEPHOS. A part of the flight leg
was done abuve a layer whose optical thickness was § ~ 6 according to the measured reflectance,
the second part over a visibly thicker layer (§ = 20). Table 5 shows the calculated apparent
absorptance according to the flight legs used. Whereas the true absorpilance varies from 2 to
%, the spparent one may be quite large (nearly 36% in the worst case) or even negative. Figure
Ul illustrates this effect: it presents a 10 sec. smocthed record of the time variation of upward,
downward and net irradiances during a descent in the stratocumnulus of Figure 10; this descent
corresponds to a horizontal length of approximately 15 km. Note the apparent increase of the
set shortwave irradiance during the descent (30 Wm~2) ns & result of the reduction of the eloud
uptical thickness. Such non physical results are frequent; in the case of a cloud thinning, they are
casily detectable; in the reverse case, it is much more difficult to distinguish between enhanced
absorption and variations of the cloud structure,

A rather more relisble method consists in deriving the shortwave absorptance from mul-
tispectral measurements. Ackerman and Cox [1982) used the usual (0.3 - 2.8uum) pyranometers
plus a pair of red domed ones (0.7 — 2.8um). Assuning that the actual visible (0.3 - 0.7pm)
absorplance is negligible, they can correct the measured absorptance from the effect of cloud
structure varialions by subtracting the apparent visible absorptance. We applied this technique
to vur simulation. The corrected absorptances reported on table 111 are much closer tu the
true ones. However, a fundamental hypothesis is that the cloud absorption vccurs totally in
the near TR (A > 0.70pre); thus aerosols absorption occurring in the visible window cannot
Le detected. If, for exaple, we consider a cloud identical to that of Lthe Lhickest part of the
stratocumulus of Figure 10, polluted by industrial aerosols of optical thickness &, = 0.4 as in
section 2.2, the "corrected” absorptance would be = 2% wherens the actual one would be 13 and
16% for @ — 67° and 37° respectively. Clearly, the bispectral method is very strongly Liased
and dues not provide, by itself, a definite answer on the effectiveness of an observed anomalous
absurption. However, if utilized in conjunction with absorption messurements in the clear air
nearby the cloud, it does represent a significant inprovement.

A more sophisticated technique makes use of detailed spectral measurements of the ra-
diances reflected or transmitted by the cloud layer. Compared to the bispectral irradiance
technique, this method has twe big advantages: (i) the spectral resolution of the observaiions
generally allows to distinguish in the near infrared between water vapor sbsorption bands and
continua and (i) the radiances are much more seusitive to small scale fuctuations of the cloud
characteristics which can thus be identified and accounted for. Curran et al {1981], Stepliens
and Scutt [1985] and Foot |1988] described the characteristics and performances of specially de-
signed radiomelers; Stephens and Platt [1987) and Fool [1988) presented the results of airborne
Iucasurerents of the spectral reflectance, whereas Rozenberg et al {1974] reported on similar
cbservations from & Kosmos satellite. They all reported on spectral behaviours which differed
significantly from those of plane-parallel pure liquid water clouds. Foot showed that cloud top
small scale (= 256} structures could be the cause of some of these anomalies but they had
almost no impact on the cloud sbsorption. Figure 12 shows the spectral reflectivities of (i) the
thickest part of the stratocamulus of Figure 10 (§ = 20, r, = Tum, AZ = 300m and b, 0, e,
no serosols), (ii) the saie cloud polluted by industrial acrosols (§, - .4} and (iii) a non polluied
¢loud similar to that of case {i) but with the Stephens [1978] cumnulonimbus DD (re = 31um).
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To get roughly similar values of the spectrally integrated reflectance for all three canes, the liguid
water reference oplicad thickness (8, see Bguation (19) has been kept constant. §t can be seen that

1. the influence of the DSD at constant & is very small in the visible but becunies very larg:

in the near inlrared ( AR > 1% in the visible, 15% near 1.65pm and 20% near 2.3,

Complete ealeulations showed moderate difference in total absorptance: 8% for the Lurge
drops compared 10 5% Tor the standard case. This relatively small impact is due 1o the

spectral distribition of the incident solar ircadiance which privileges the visible part.

2. the impact of acrosols 15 much more uniform over Lhe whole solar spectra. This is di
rectly linked to the spectral varialion of the acrosol complex index of reflraclion. However,
as noted for soot particles by Chylek et al [1984], the acrosol effect decreases with the
wavelength. For the particular cases reported on Figure 12, § is constant , the speclradly
integrated reflectance is thus a bit smaller with aerosols (R = 69% instead of 73%). In-
deed, § can be adjusted to gel exactly the same total reflectance; in Lhis case the spectral
differences rernain smaller than 4 2%; however, Llie total cloud absorptance inereases much
more substantially, froin 5% without acrusols to 12% for the polluted case.

A non ambiguous answer as for the reality of the anomalous absorption requires very
significant instrumental improvernents. ‘The accuracy of the usual pyrancrieters meets only
marginally those required [or the normal absorpiion in stratocumulus. Preferably, cloud absorp-
tances should be derived fromn quasi inslantancous observations of spectral reflectances which
intrinsically account for possible variations of the upper boundary conditions and, when satu-
rated for thick clouds, are strongly dependent upon the single scattering albedo. Another pow-
erfuil approach consists in reasuring the angular distribution of the scattered radiation deep
inside the cloud, in the region of the diffusion regime {King, 1981; King et al, 1986|. Measure
ments of avrosol eoncentration and optical properties are also needed and should systematically
accompany Lhe usual microphysical measurements; in addition direct observalions of the clear
air absorption in the immmediate surrounding of the cloud layer should be performed whenever
possible.

4 The influcnce of clouds on the longwave radiation

The usual approximation, in the longwave, is to neglect scattering and consider cloud droplets
as purcly absorbing particles. This is mainly justilied because of the very strong molecular
absorption out of the IR window {8 14um) which limits the impact of the liquid water on the
radiation leld tn that speciral range where Lhe scattering efficiency of particles with dimensions
typical of non precipilating clouds is much smaller than in the visible. Another lanportant
but often neglected reason lies in the {act that the distribution of the sources of radiation is
obviously murch more isotropic than in the shortwave, thus reducing the role of scattering. For
Cirrus elouds, the scattering may play a muere important role due to both the larger difference
hetween the incoming radiation at cloud top and eloud base and the smaller asymmetry factor
of crystals leading Lo larger reflectivities [Stephens, 1979].
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Neglecting the scatlering effects, the transinission through the cloud layer for & viewing
renith angle 8 cos Tpeis

1o
tp) -exp(---p L : :(n,..u.z)dz) < exp( kM p) (21)

where Ko, (A, 2) is the absorption coefficient, k & mass absorption cocflicient theorctically
freyuency dependent and W ois still the integrated liguid waler path.

The vertical emiltance is thus
e 1l-t(p=1)=1 ezp( A1) (25)

T ealenlate the longwave irradiances, a diffuse emittance ¢ is needed; oue generally uses the
dillusivity factor B = 1.66 [Elsasser, 1942|, so 1hat

€= 1 - erp(- REW). (26)

Platt [1976], Stephens et al [1978], Bonnel et al [19R3], Slingo et al [1982a] determined
experimentally a mass absorption coefficient averaged on the IR window. According to Stephens
ot al [1978], Rk =~ 0.158{gm~2)~1. Among other things, Figure 13 allows to test the validity of
the above parameterization. Figures 13a show the profile of the liquid water content observed
during an ascent at low vertical speed (100 ft/min) during NEPHOS ; two idealized longwave
profiles were considered : one including the cloud top rolls, the other one excluding them. In their
lower part the idcalized profiles were based on the hypothesis of a constant total water mixing
ratio in the mixed layer. Figure 13b shows the longwave upward and downward irradiances,
vhserved (solid lines) and caleulated for both idealized longwave profiles. The influence of the
rapid variation of the emissivity (from 0 to 1) can +asily be seen in the upper pari of the
cloud, The dashed lines correspond to the results of Stephens’ parnmeterization, whereas Lhe
slars correspond to calculations using a scattering model developed by Morcrette [1978]. The
accuracy of approximation (26) is quite spectacular.

Cloud top longwave cooling

The cloud top radiative cooling is a factor of extreme importance in cloud dynatnics,
particularly for clouds in the lower layer of the atmosphere (the boundary layer) since it drives
the entrainment of dry air from above and is a major source of turbulent kinetic energy within
the boundary layer [DeardorfT, 1976; Schubert et al, 1979; Fravaloet al, 1981]. The main problem
concerns the area-averaged thicksaess of the radiatively cuoled layer [Randall et al, 1984|. Figure
34 shows thal the vertical extension and the liquid water content of the well organized rolls
observed during Lhis particular flight were quite large (roughly 60 - 70m and w ~ 0.5gm~3) ;
according to horizontal legs performed at cloud top, through the rolls, the wavelenglh of the
rolls was ahout Gk,

Figure 13c¢ shows 90% of the cloud top cooling occurs withian a layer B0 m thick inside
the cloudy air, either below the top or the base of the rolls, in gool agreement with presious
abservations |Slingo et al, 1982 a, b; Bonnel et al, 1983]. Berause of their smabler liguid water
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path, the regions conrvsponding Lo the 1reaghs do ot evidence a longwave heating a1 clond
base; in addition the radialive cooling ol Wie regions of the troughs also inteeests the regions
of dry air which are cuoled by the surrouoding turrets, These features may have a significant
impact on the dynanics of the cloud and deserve more altention.

5 The effect on the radiation ficld of horizontal inhomogeneitics

Given the delicate balance Letween clouds and clilsate, small systematic errurs in the radiative
behavior of clouds way be significant. Since coudiness is known to exhibit heterogeneities at
various spatial scales, the most obvisus litnitation of the current estimates of the effect of clouds
un radiation probably lies in the plane parallel hypothesis. Much effort has therefore been
expended in recent yeats in studies of the radiative properties of broken clouds.

Relaxing the plane-parallel idealization raises serious problems both with regard Lo realis-

tic descriptiona of broken cloud fields and calculations of their radiative properties, particularly
at solar wavelengths. Experimental investigatiuns of the statistical morphology of real cleud
fields are under way. From detailed analysis of high resolution satellite imagery it is possible
to retricve the number deusity of cloud cells as a function of their mean dimension [Welch and
Wielicki, 1986; Wiclicki and Welch, 1986; Parker et al, 1986]. However, a conceptual framework
for describing statistically the variability of the shapes, sizes and spatial organization of cluuds
is still l# -*i»» and will need considerable ciforts.
On the other hand, solutions of the radiative transfer problem in media other than the usual
plane-parallel one are difficult, and accurate and fast techniques do not exist yet. Exact methods
[Preisendorfer and Stephens, 1984] or analytical Lreatments based on the Eddington approxitua-
tion [Davies, 1978; Gube et al, 1980] have been developed. These solutions may provide valuable
benchmarks and they are efficient at investigating the influence of some cloud parameters, hut
they have only been developped for isvlaled clouds with simple cuboid geomctries, and their
extension to other geouictries and cloud arrays is by no means immediate. Therefore, most
studies of radiative transfer in finite clouds have beenu based on numerical sirnulations using Lhe
Monte Curle technique, which is particularly suiled Lo this problem because of its ease to mod-
elling any geometry. However, while potentially very versatile for isolated clouds, the Monte
Carlo technique is still limited when addressing Lhe problem of cloud field assemblies. As a
consequence, given the liniting factor of the coniputation time, Monte Carlo simulations must
practically restrict Lu regular arrays of clouds in order that symmetry eousiderations allow that
the photun trajectory could be trached casily from one single reference cloud.

Finally, the present state of the art in finite cloud modelling consists in no more than
regular arrays of uniform, simply shaped clouds (cubic, hemispheric, eylindric ...), just arranged
in infinite chess board patterns. These are the most sophisticated maodels which are numerically
tractable in the shortwave domasin. On the other hand, whatever crude these models are com-
pared with the eomplexity of real cloudiness, they seem flexible enough to provide significant
insight sbout the specific radiative characteristics of broken eloud fields.

As previously, we distioguish in this seclion belween the lungwave und the shurt wave prub-
lems. In bolh ranges, the main objective is to evaluate the encrgetic impact of radiation from
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Lhe puint of view of genera) circulation vr climate studies. Accordingly, irradiances are meant
us average values uver rather large areas, with typical dimensions of several kilometers. Clearly,
in order that the previousiy described modelling make sense, the paramwlers characlerizing the
kind of brokenness which the cloudiness exhibits are assumed to be invariant over the area.
Thus, given the actual cloud cover A¢ of the area, we mainly aim at retrieving the eflective or
cquivalent plane-parallel cloud cover, A,, defined as that fraction of & plave-paraliel cloud which
would provide the same radiation budget than the finite cloud field. Whalever the difficulty for
evaluating A, from detailed specific caleulations, the possibility Lo keep plane-parallel param-
vtefizations usable is a sufficient justification for this approach. As a second goal, we address
the guestion of the bidirectional reflectance of heterogeneous cloud covers. While somewhat
secondary from the energetic point of view, this question deserves attention, particularly in the
shortwave range, on account of its implications for observational purposes [Davies, 1984]

5.1 Broken cloudiness and longwave radiation

5.1.1 The direct problem: effeets of brokenness on irradiances

The influence of broken cloudiness on the transfer of infrared radiation thruough the atinusphere
hias been addressed by Ellingson [1982] and Harshvardhan and Weinman [1982]. A infrared
wavelengths, the scattering of radiation is less important than geometrical effects [Harshvardhan
and Weinman, 1982; O'Brien, 1986). Accordingly, the clouds mnay be considered as black bodies,
which considerably reduces the mathematical complexity of the problem. In these conditions,
the plane-parallel approximation consists in neglecting the horizontal dimension of the clouds
under consideration and in considering them as flat. The resulting longwave irradiances are just
weighted averages of the irradiances calculated for completely clear and overcast conditions,
with the actual cloud fraction A¢ as the weighting factor for the cloud cover term.

Actually, since the clouds sides also interact with the radiation field, for any direction other
than normal the effective cloud cover is larger than Ac. Therefore, shaped clouds result in more
duwnward irradiance at the surface and, generally, less irradiance escaping the atmosphere than
predicted by their plane parallel counterparts. This effect may be quite noticable; as shown by
Lllingson [1982], planiform caleulations may lead Lo errors as large as 10 to 20% in the estimated
heating or couvling rates of the troposphere.

The elaburation of simple formulae to provide the effective plane-parallel cloud cover Ae,
although mainly a geometrical problern when neglecting scattering effects, remains complex,
‘The influence of brokenncss depends on the cloud sizes and shapes, as well as some evternal
parameters such as the atinospheric temperature and water vapor profiles.

The problem was addressed by Ellingson [1982], from the point of view of irradiance and
Leatiug rate evaluations, and by Harshvardhan and Weinman [1982}, who, wore particularly,
paid attention to the radiance and irradiance escaping the atmosphere. Both studies showed
Lhe tmajor influence on 4, of the cloud aspect ratio, @, i.e. the ratio of the mean cloud vertical
dimension to their mean Lorizontal dimension. By comparison, the influence of the atmosphere
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temperature profile, as studied by Ellingson, is muceh lesser. Moreaver it nimst be stressed that,
although Lllingson considered cylindrical clouds distributed according Lo a Poisson distribulion
wherens Harshvardbhon and Weinman considered regulur arrays of cubic clonds, the degived
relationships A, f{ A, a), are very simnilar in both cases; their typical forn is illostrated in
Figure 11.

These results therefore indicate that the fractional clond cover and the chnd aspect catio are
the main parameters for characterizing the cloud morphology: particular cloud shapes or spatial
orginization appear Lo be of secondary iinportance, Observalions indicate that generally o - !
[Planck, 1969], but the finiteness effect sicangly varies for a ranging from 0.5 to 2. As predietable,
the effective plane parallel cloud cover is always larger than the real une, and, the larger a, the
larger the difference. As A, obviously is identical to A¢ for small cloudiness and full clond
covers, the brokenness effect is maxiuum for Ag ranging from aboul 0.48 to 0.70.

Therefore, accounting for brokenness in estimates of the infrared radiative eflect of cloudi
ness seerns guite tractable. Some refinements are probably necessary in arder Lo take inlo acconnt
the effect of cloud shape, size distribution, cloud overlap or scatteting. Such effecls, hawewver,
consist very probably in sio more than correcting terms.

5.1.2 The indirect problem: directional effects of brokenness

Because of the cloud sides influence on the inlrared radiance, broken cloudiness cxhibits di-
rectional effects which differ significantly from these of planiform clouds. This was studied by
Naber and Weinman |1984], by using siinultaneous observations of broken cloud fields from the
GOES East and GOE'S West satellites. They found that depending on clond cover and aspect
ratio, the cloud side cffect may amount to differences in apparent brightness temperature as
large as 84 according to the viewing direction. By adjusting Lhe aspect raiio in their madel of
broken clouds, Naber and Wvinman {1884] obtained convincing fits of the observations. Duvel
and Kandel [1984] considered the influence of unresolved broken clouds on satellite estimates of
outgoing longwave irradiances. More specifically, they simulated & sort of "cloud street” orga
nization through a regular array of infinitely long parallel bands of clouds of rectangular cross
sections. They concluded to possible biases as large as 30Wm~32, depending an the viewing
conditions. This confirms Lhat, as noted by Harshvardan {1982], satellite measurernents of the
outgoing longwave radiation cannot be used to deduce the climatic impact of clouds withount
informations on the subgrid scule cloud organization.

5.2 DBroken cloudiness and shortwave radintion

For shortwave radiatien, broken cloudiness essenlially raises the problan of sealicring by hetero
geneuns media, Although seattering and absorption of solar radiation are linked, the energetic
impact of absorption is significantly sialler than the albedo effect.. Moreover, as shown by
Davies ¢t al [1984], estimates of the absorption from plaoe-parallel parameterizations resall in
relatively small errurs i the case of broken clouds. Therefore, for the sake of clarity, we re.
strict the present review Lo Lhe albedo probilenin the sanewhat academic ease ol nan absorbing
clouds.

5.2.1  The direct problem: effects of brokenness on ircadiances

This problem was first addressed for isolated cubic clonds by Mc Kee and Cox {1974] an the
bize of Mante Carlo sitnulations; then Davies [1978] used an Fddington approximation. For this
stnple case, these anthors clearly showed Lhe essenlial featnees linked to Lhe Infleence of the sides
of linite isolated clowds. The problem of ineluding the clond cloud interactions and the offects of
nitual shadowing was then approached, with increasing accuracy and completeness, particularly
by Aida [1976], Clanssen [1982], Welch and Wielicki{1984] and Kite [1987]. The main results of
these studies may be sum up in three characteristic behaviors that broken cloudiness exhibits
as a result of geormetrical effects:

1. First consider the intrinsic reflectance of a finite isolated cloud (Figure 15a), R, defined as
the ratio of the total upward scattered irradiance on Lhe total irradisnce received from the
directional sunbeam. As a result of the escape of photons through the sides of the finite
cloud, regardless of the solar zenith angle &, K, is definitely lower than the reflectance R,
of a plane-parallel cloud with nearly the same optical thickness.

2. Then consider a horizontal area § which some cloud field is arranged on (Figure 15b). Tet
Ac still be the actual fractional cloud cover. To sitnplify, let us assume that the broken
clouds are constituted of = spheres of radius r, such thal nar? = ns = 4¢5. When the
sun angle varies, the solar energy intercepted by the whole area is proportional to $ cos&,.
For the cloudy part Ag, it is proportional to A, §ecos 8y il A¢ can be considered as made
of plane parallel clouds. The broken cloud casc is very different: the cross section is A¢ S,
whatever &, Thercfore, neglecting the clear air reflectance, the reflectance of the total
areais R,y - Acfl, for a plane-parallel cloud field, aud fyy = Ag K./ cos 8y for the broken
cloud field. This gain in photons captured by the cloud sides eventually ec. - . sales the
corresponding increase tn photon escape.

3. Of course, this gain is only efficient if there is no significant mutual shadowing effects of
the clouds. If we except the case of normal sun incidence, it is clear that beyond some
critical clond cover, the neighbouring clouds progressively obscure the sides of the finite
cloud, thus reducing the expected gain by pholon caplure.

To crudely illustrate these effects, let us consider purely lambertian spheres, i.e. such that
the radiance should be constant for any point of their surface, in any direction, In fact, this
Lienristic model mimics the radiances escaping from a unifurm sphere whaose optical thickness
is about 15 [Cretel et al, 1988|. The reflectance R, of a plane parallel cloud of that oplical
thickness varies between about 1.55 and 0.65 according to @, and this is larger than R, which
olviously is R, - 0.5 for the lambertian cloud. Then considering as previously n isolated
spheres arranged over some horizontal surface S, 0,y - B.5Ag/ cosfly, 1o be compared with
1.y Ae-ly, for the planiform cloud. The resnlling effective plane-paralticl cloud caver, e
A, A (28, cos 043, smaller than Ae; for normal incidence, increases with g as a resull of
the gain in pholon capture, and becorues larger than A for large enough solar zenith angles.
Ol course, the apparcnl area §cosfy is completely filled with the Acar? cloud eross section
provided Lhat cosf, » Ag. Therefore, heyond this limit, the shadowing effects intervene anid
Tower the broken cloud efficiency at reflecting solar radiation.



These geometrical effects explain the characteristic behavior of the ellective cloud cover
A. as a function of A and 8y, as illustrated ta Figure 160 A mere detailed analysis should
secount fur the influcnee on A, of cloud shapes, cloud sizes, and cloud clund interactions. Iy a
first approximation, thie coud shape inllucnce may be thought as accounted for by the way of
the cloud aspect ratio. T'his is probably not suflicient. The problem was examined by Welch
and Zdunkowski [1981] for isulaled clonds. They showed that simple factors like mean optical
thickness and total liquid waler content weoe unable Lo scale the radiative behavior of diflerently
shaped clouds. They argued that the importance of the cloud shape probably vanishes for large
cloud covers: however, the analysis of Welch and Wielicki {1984] from detailed Monte Carlo
simulations accounting for cloud cloud interactions and mutual shadowing shows persistent
inlluence of the cloud shape and aspect ralio for large cloud cover. The problem of scaling
parmneter able to make equivalent diflerent cloud cell shapes with regard to their refleclance
therefore deserves more study.

Concerning the cloud cloud iauteractions, the problemn was first addressed by Aida 1976,
who poiuted out that surrounding clouds did not alter the cloud reflectance for distances larger
than ebout five times the cloud horizontal dimension. Obviously, interactions may be quite large
for high cloud cover, but the question Is about the resulting modification of the reflectance. Ac-
cording to the lambertian sphere model, how large the number of photons entering neibourghing
clouds, they do not mudify £y, provided Lhat the probabilities for finally escaping, upward or
downward [rom the cloud layer are the same, Multiple interactions are imporiant ouly for very
large or very small cloud oplical thicknesses, as a result of the [ailure of the nearly lainbertian
approximation. Here again, there is presently no available accurate modelling of this complex
eflect, and the method adepted so far cunsists to consider clouds as lambertian diffusors when
calculating cloud-cloud interactions, alithough this may be in error as shown by Claussen {1982],

Given Li. oud cover, the predicted differences in the solar irradiances reflected by broken
and plane  ~Vel clouds may amount tu 40 Lo 60 Wrn~? as shown by Welch and Wielicki |1984).
Note that the authors take into account, at least in an approximate way, the contribution of
the clear sky molecular scattering, which Lends to decrease the difference between plane-parallel
and broken cloud radiative impact. This is clearly significant compared, for example, to the
about 10 Wm~2 accuracy required by the ERBE experiment [Barkstrom, 1984]. Moreover, as
shown by Harshvardhan j1982), the longwave and shortwave effects by no meaus compensate,
50 that taking into account the brokenness paraneter in studies of the cloud radistive immpact
is clearly uselul. Despite the needed improveimnents just outlined, modellings of A, have been
elaborated whose degree of sophistication varies from purely or partly diffusive scattering models
[Harshvardhan and Welnman, 1982; Joseph and Kagan, 1988] to fits of detailed Monte Carlo
simulations [Welch and Wielicki, 19585]. The interest of such paraneterizations is no dubious,
as they make possible simplified analysis of the energetic impact of cloud brokenness.

5.2.2 The indirect problem: directions) effects of brokenness

Bidirectional reflectance eflvets are expected Irom broken cloudiness in the shortwave range also.
According Lo the reciprocily principle, the characteristic influence of the sun zenith angle upon
the reflected irradiance, described previously, should entail, as a counterpart, increasing re-
flectance of finite eloud fields for increasing zenith viewing angles. Estimates of the bidirectional

reltectance of finite cloud fields, as calenlated by Davies [1984], effectively exhibit farge discrep-
ancy [rom lambertian reflectance for moderate cloud cover. Obviously, these effeets should have
large Linplications for satellite measurements of top atimesphere irradiances at regional scales.
Obscrvational evidence of this effect, however, is still lacking for the momeut, The only re-
poried detailed observations of the shortwave radiation field of broken clouds are by Coackley
and Davies [1986}), from the NOAA-T AVIRR data; the authors did not observe the expected
increase in the apparent cloud cover with satellite view angle.

6 Conclusion

Wilth reference Lo observations and detailed theoretical work, this paper reviewed several aspects
of Lhe effect of clouds on radiation and considered, the problem of their parameterization in
climate models. Because of Lhe lack of experimental data for high clouds, the review was mostly
focused on low-level clouds. In this paper, we considered that clitnate models will soon include
the condensed water as a pronostic variable and we examined how paramneterizations based on
this quantity can realistically simnulate vhe radiation field.

leradiance calculations in cloudy atmospheres depend on a set of specific frequency de-
pendent cloud parameters, the optical thickness 4, the single scatiering atbedo w, and ihe
scattering phase function £,(©). It was shown in section 2.1 and 3 thal simple parameieri-
zations of these parameters Logether with approximate ruethods of calculation allow realisiic
simnulations of observed bulk properties of extended liquid water clouds, In this approach, the
shurlwave oplical properties of cloud layers depend on three spectrally averaged paratneters :
(i) the optical thickness §, (ii) an equivalent single scattering albedo w, and (iii) the asynunctry
fuctor g. The longwave optical properties may be described through a single spectrally averaged
parameter, the cloud layer emissivity ez, These parameters are functions of the cloud geometrical
thickness and the total amount of liquid waker present in a column of the cloud.

Extended ice clouds certainly require different parameterizations. Nowever, in climate
muodels, their radiative properties should, very likely, still be expresscd through the same set of
parainelers; the question of their relation with the integrated ice contenl remains open and needs
additionnal in-situ observalions such ag those performed during FIRE and 1CE. By comparison,
the prublem of luw level clouds is much better known. However two major questions remain: (i)
in the case of extended clouds, how adeguate are the present purameterizatious to simulate the
cloud absorption and (ii} in the case of broken cloud fields, how should the elfects of brokenness
with the usual plane-paralle] approximation be sirmulated.

The cloud layer sbsorption may be attributed Lo absorption by (i) molecules, chiefly water
vapor molecules, (ii) cloud drops and (iii) aerosols. For extended low level clouds such as stra-
tocumubus, theoretical models calculated absorption of the order of 10 -15% or less. However,
much larger values ( up to $0%) were reported from different observations. Lxcept for very
puolluted conditions, such large values can be considered as "anomalous™. One possible explaina-
tion is that this large absorption is an artefact resulting from the large spatial and temporal
variability that clouds experience at all scales.
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Figure captions

Figure 1: Spatial extension of the NEPHOS Gle. Satellite data are received for the
area surrounded Ly dashes, lioge-scale ficlds analyzed at LMW are stored
fur the arca cuclosed by the dotted line. Visual nephanalysis is perfonned on
Meteosat dita for the arcw within the thick full line.

Figure 2: Observed clond covers and associaled analysed relative huidities R for
a subset of low-level clouds (s section 2).

Figure 3: Observed cloud covers and ussociated variation of potential teinperature in
the lower atinosphere for the sane sybsel as Figurc 3.

Figure 4: The mean profile of curmnlative cloud cover derived fron satellite vbser-
vations (full line with dots), caleulated with the original RHi-scheme including
(full line) or without (dashed line) the #-filter.

Figure 5 : Comparizon belween mieasured reflectances R oand transmittances 1 and
calculated ones using @ (a), the simple parameterization described in seclion
3.1; (b), more detailed computations by the authors of the referenced papers
listed in Table 3. T'he squares |} refer Lo the reflactances, the crusses + refer to
the transmittances.

Figure 6: . Same as Figure 5 but for cloud absorption.

Figure 7 : Liquid water conlent w nnd drop effective radius £, as a function of the
L * ** above the cloud base (siiulation of the NEPHOS experiment).

Figure 8 :  Variation of the absorptance with the cloud thickness or, equivalently, the
liquid water path for the cloud described in section 2.2, for two values of the
solar zenith angle (a) 8, — 66° and (b) 8, = 37°, Three cases arce considered:
the clear air absurptance of the layer in which the cloud is located ( (O ) and
the cloud layer absorptance without ( } and with { (O ) the cloud drop
absorption.

Figure 9 : Variation of the additional alsurplance due to the interstitial acrosols, for
two values of the solar zemith angle (a) 8, = 66° and (b) 8, - 37°. Three types
of aerosols are considered: maritime(()), continental (L) and urban-industriul
{/A). The full lines refer to the cloud absorptance while the dashed lines refer
to the clear absorptance.

Figure 10 :  Horizontal extension of o typical cluud observed during the NEPHOS ex-
periment.

Figure 11 :  Time variations (10 sec. sinoothied) of the shortwave fluxes recorded during
a descent throught the stratocunulus deseribed on Figure 10.

Figure 12 ¢ opectral reflectance above a stratocumubus cloud located between 250 and
550, The liquid water oplival thickness is § = 20; 7, 15 the dreop ellective

radius, wnd &, the aerosal optical thichuess under the cloud top Leight.

Figure 13 :  Sumunary of vertical profiles corresponding 1o a stratocumulus observed
during the NEPHOS experiment:
{a) Liquid water content.
Two idealized profiles are reported, one including the cloud top roll, the otler
one excluding them.
(b) Longwave radiative fluxes.
Observations are compared to the results of parameterization (26) for the two
idealized profiles; the stars correspond to the results of calculations Laking scat-
tering into account.
(c) Infrared cooling rate.

Figure 14 :  The influence of broken cloud fields on the iufrared radiation lost Lo space,
illustrated by the behavior of the effective cloud cover 4, as a function of 4,.
Results are for a regular array of cuboidal clouds. Diilerent cloud aspect ratios
are considered. I'rom Harshvardhan (1982).

Figure 15 :  Schemalic ropresentation: (a), of an isolated cloud and an equivalent plan-

parallel cloud fraction; (b}, of a broken cloud field and its plan-parallel coun-
terpart.

Figure 18 : The ulbedo effect of broken cloud fields for solar radiation, illustrated by
the behavior of A./A; {where A, is the effective cloud eover). Results are for
a regular array of cuboidal clouds. Diflerend cloud aspects ratios (e = 0.5, 1,

2) and two zenith angles (£, = 0° and 60°) are considered. From Welch and
Wielecki (1984).
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Table 1: stalistical analysis of satetlite derived cloud cover and analysed Lirge seale fields @ vertical
profile (from Heinburger and Royver, private conununication)

Selection : HFF, RI?, RH3.G, G*, G W, B, T /dz, dg/d:.
Period : Sept. 1, vct. 30 1982: 80 278 cases.

I'arameter Multiple Correlation Correlalion
Coefficient Coefficient
X r(X(z), Al2))

RI? 651 651
G'((reopotential) 672 -.582
dT/dz .699 -.219
W .T89 -.25
2 Tig -.465
dy/dz 730 =340

Application of the ruultiple regression
to the data set: o~ 0.25

Initinily (Geleyn) & ~ 0.35

Table 2: Mean values of {hie parameters of the radiation budget at the top of the atmuosphere deduced by
Buricz et al. (1988) for the area of Figure 1 and a full year of observations (feb 82 Teh 83). The calenlated
values are for the model gencrated eloud covers (ECMWF model, version 1982). A is the dloud cover, o
the albado in AVHTI channel 1 (5 0.7 pm), @ is the absorhed shortwave radiation, Ty g is the
radiative temperature in AVIIRR channel 4, I is the outgoing longwave flux, aid #y is the radiation

budget.

Parameter  unit 77(:)71:7591’\“-(1 i ,C“]&Eﬂ,nt“d
Aer 0602 1340
oy 0.295 0217
(#] Woan ? 242 265

Tws K 272 281
¥ Wom 2 233 249
I Won 2 9 16

il 0380 1.459

‘,;‘_:é_ W # -108 123
att Won 2 00 10

4. JTH -3

T

Table 3 : 5W RADIATION QBSERVATIONS IN THE LOW EXTENDED CLOUDS SINCE 1970,

The mwasured relleciances K, transmittances 7' and absorptances Abs (Abs.,, refors to Ackerman and Cox

{1982} ruethod) are compared to thedretical values (a) oblained by the anthors (b)derived from the liguid
water path W, the cloud depth AZ, the solar zenith angle 8, and the surface rellectivity p,, by using the
method describied in section 2.1,

measured calculated (a} || calculated (b}

Authors Lat w AZ | b Pa BT | Abs | Abs,, | R | T | Abs || B | T | Abs

(¢/m3) | (m) %l %l % | % [%|%| % |%|% %
Palteidge || 178 ] 560 T T 2 N B
(1971) ” 180 26 0
” 410 38 2
Paltridge || 315 75 650 [10° [0.12[(50 (56| o ) 61 36| 8
{1974) v 90 B4D |35°; " [ 59,40 6 68 27| 7
Binenko || | 25 710 |38 T ler T2l i IR ENFI A EIAE IR
ct al. 75 300 |[74° 0 - | 65124 1 66 (27| 7 |73,23] 4
{(1975) 100 | 450 |26° | - |s9i36| s 56132 12 | ea|20| 7
125 | 550 |50°| - {6619 15 69 18| 13 || 73|20 | 6
| 450 | 1900 | 542 | - 71| 9 | 20 77 8| 15 || 84| 4| 12
Reynolds JIANT "7 177 i |7 a2 46| 12 — T 1T ;
et al. 15N Lge 3vi27) 3
(1975) | 16N 16° T4 | 2
Herman || 72N [ | 100 | 54° | 653 (|60 46| 3 i T ]
(1977) to to [ to JJto|ta| to to
900 | 67° | 0.63 {75 |86 | 12 6
Stephens || 3787 52 320 | 36° | 055 {67511 5 o7 | oo 11 || 65 60| 8
el al. » 29 230 | 31° {018 [ 50 | 54| 4 43|59 8 | 44|62 5
(1978) " 32 180 | 392|030 (|49 (67! 14 (69| 8 | 51|62 8
428 52 400 [ 75° [ 0.00 |68 121 20 65 (32 3 |7tlas] 4
" 61 480 [72o | » stz 14 76 (19 6 |[72)23| 4
” [it:3 560 627 » 66 | 21 t4 6H | 24 8 0019 5
Schenetz || 60N | 110 360 |45 | nos [ 6r 29| 6 o lsal33] 5 68|28l 6
et al. 59N | 105 | 370 | 50° ] U [ 6K | 35| 4 64 |34 5 flay 27| 6
{1981}
‘Slingo |l 60N | 150 | 435 1 44° {005 [[enl2t] 7 68 |24 a4 [[r2]22] 7
et al. te | to to
{1u82) 7L 30| 9
Ackernmn 20N T T T 18 o A
and Cox " 5
(1982) ] R S : S B !



Authors

" Bonnel
et sl

(1983)

| Herman |
and

Curry

{1984)

Nicholls
and
Leighton
{19%6)
!liguét_t
(L987)

and Plati
. {1987)

I'uot
(1988}

NEPHOS
erp.

Lat W AZ | 8
(g/u) | (m)
N 530 | 42
» 900 | 570
" 1300 | 65¢
” 1600 | 54¢
» 1800 | 57°
o 1100 | 19¢
AN [T | s | s
T4AN | 32 410 | 52¢
T4N | 53 202 | 542
T2N | 43 226 | s6°
75N 7 176 | 51°
73N 17 436 | 67°
7IN | 117 | 380 | 540
78N | 70 256 | B5*
TBN | 61 202 | 57°
BN | 72 321 | 57°
TIN| 53 283 | 57°
TIN 15 791 | 54¢
55N 81 450 | 35°
55N T 68 | 320 | 44°
54N | 148 | 450 | 3sv
55N 32 190 | 36°
50N | 13x | 670 | 750
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tu Lo
56- 237
18 | T 7 | e
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19N 22 190 1| 66°

" Lo
I ]

Filde 3 (vontinucd)

measured

P R | T | Abs | Absc,.

% | % | % %
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” 53 |40 | 10
” 61 [ 57| -14
" B2 3 11
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» 48 | 63| -7 ]
70l 55 69| 23| -1
0.70 || 79 |80 1 -2
P57 || 59 | 60| 15 3
0551 63 |55 ) 17 8
(.08 57 | 70| 15 -4
0471 49 [T1 | 12 4
057 || 74 | 43| 7 4
056 |1 80 | 66| -5 -4
.H8 | 6T | 57 ] 4
0sn |l 72 [0 8 5
0.58 || 66 |48 | 12 -1
057 59 {49 23 5
005 63 |31 7
0.06 || 66 |31 7
0.05 62 | 31 8
005 || 44 | 62| -1
w06 79 |33 -9
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to

60
- [ |8
o | os0 || e | T ]

to tu

82 15
007 |l 74 [s6 ] o
» and
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calenlated {a)

k| T Abs
%% | %

R A - I LI R

61| 86
661 71
70 | 57
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79 | 40
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76 | 54
74 | 50
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651 71
65 | 28
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41 | 58
68 | 28
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calculated (b)

R T | Abs
%lh| %

il et
73166
69 | 55
69 | 65
61 | 8
61 | 6d
76 | 58
72 | 18
7319
73| 44
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64 | T2
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43 | 55
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Lo
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W = 2.5¢gm-?

Te(ppm) 38

Abs{fy = 66°)
Abs(0q = 37°)

0.75%
0.62%

W = 250 gm?

r.(um) 3.8

Aba(dy = 66°)
Abs(8y = 37°)

4.5%
5.9%

9.6
0.66%
0.46%

9.6
6.4%
8.1%

Table 5: Shortwave cloud absorptances (Abs) calculated for the case of Fig. 22.

Upper
leg

4L
t

iy

Lower
leg

Apparent
Absorptance (%)
8y = 66°

2.5
1.8
22.8
-15.3

Corrected
Absorptance (%)
8y = 66°

25
18
23
4.6

Apparent
Absorptance (%)
Gy =37

2.9

6.1
29.2
-19.8

Corrected
Absorptance {%)
B = 37°

2.9
6.1
3.9
4.6
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