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ABSTRACT

A one-dimensional radiative transfer scheme is presented which accounts for the effects of
broken cloud in the solar and infrared radiation field. The fractional cloud amount is explicitly
considered in the two-stream model by treating clouds as the boundary condition between two
adjacent atmospheric layers. The scheme accounts for absorption and scattering by gases and
aerosols assuming realistic atmospheres. The radiative properties of broken clouds are included
in a parameterized form making use of results from three-dimensional radiative transfer models.
The radiative characteristics of a cloud field are represented by an average finite cloud whose size
or optical thickness grows with increasing cloud amount. This growth is described by a simple
mathematical model, and its use yields qualitative agreement between model results and
observations for solar radiation.

The scheme is then applied to calculate the net radiative effect of broken cloud. Since the cloud
size growth with cloud amount implies a non-linear relation between the fractional cloud amount
and the radiative properties of the cloud field, the net radiative effect of cloud depends on cloud
amount. The idealized model shows that the albedo effect (increase of solar reflection with cloud
amount) of broken cloud is smaller than that of a plane-parallel cloud for cloud amounts less
than about 0.7, while the opposite is true for larger cloud amounts. The greenhouse effect
(reduction of the outgoing long-wave flux) of broken cloud is larger than that of a plane-parallel
cloud for small cloud amount and smaller for large cloud amount.

An application of the radiation scheme to compute bispectral curves of visible albedo versus
thermal brightness temperature shows that broken cloud layers and unbroken layers with

variable optical depths show a similar shape of the bispectral curve.

1. Introduction

Since clouds are the most effective modulators of
the atmospheric radiation field, accurate para-
meterizations for the computation of the radiative
properties of clouds are required. One problem are
the fields of finite clouds which often occur over
wide regions of the globe. Theoretical studies of the
solar (e.g., Busygin et al., 1973; McKee and Cox,
1974; Davies, 1978; Gube et al., 1981; Welch and
Zdunkowski, 1981) and the infrared (e.g. Harsh-
vardhan and Weinman, 1982a) radiative transfer
through finite clouds have shown that the effect of
cloud sides is to change the radiative properties
significantly from what is observed for hori-
zontally extended clouds. Since three-dimensional
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radiative transfer schemes are expensive, simple
parameterizations for the use in one-dimensional
schemes are desirable.

The present study outlines a detailed one-dimen-
sional radiative transfer scheme which takes frac-
tional cloud amount explicitly into account. The
effect of fields of finite clouds can be accounted for
in a one-dimensional scheme defining an effective
cloud amount which is used instead of the actval
cloud amount (that is the vertical parallel pro-
jection of the cloudy area). Such a parameteri-
zation for the solar radiation is derived from Monte
Carlo calculations for finite clouds; for the thermal
radiation, a parameterization after Harshvardhan
and Weinman (1982a) is used.

We will not follow the commonly used concept
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of a regular array of identical cuboidal clouds (e.g.
Harshvardhan, 1982), but rather assume that the
cloud field is represented by an average cloud
which becomes larger as cloud amount increases
(e.g., Plank, 1969). This results in a non-linear
dependence of the solar effective cloud amount on
the actual cloud amount, with the actual cloud
amount always being larger than the effective cloud
amount, which is contrary to previous parameteri-
zations (Harshvardhan, 1982).

Similar to the work of Harshvardhan (1982), the
influence of brokenness on the net radiative effect
of cloud is studied. An extension is the use of the
new parameterization of effective cloud amount
within the frame of the detailed radiation scheme.
This allows for interactions between cloud fields,
surface and the atmosphere and makes a quanti-
tative estimate of the change of radiation budget
parameters possible. Furthermore, bispectral
curves for the idealized cloud structures are
computed and the possibility of deriving infor-
mation on the spatial cloud structure from simul-
taneous visible and infrared satellite measurements
are discussed.

Before we start describing the radiation scheme,
some aspects of the cloud radiation problem in
climate studies will be presented.

2. Radiation and clouds

Clouds have two different effects on the local
radiation balance at the top of the atmosphere.
First, the total solar absorption is reduced by
clouds due to the increased reflection of solar
energy. Second, clouds generally cause a decrease
of the outgoing long-wave radiation due to their
opacity with respect to terrestrial radiation. The
first effect is known as the “albedo effect” of clouds
and the second effect is called the “greenhouse
effect”. Since both effects act in different direc-
tions, the question arises concerning what net cloud
effect occurs due to a change in cloudiness. The
answer to this question is of importance, since it
determines an eventual cloud-radiation feedback
mechanism. This feedback mechanism could either
dampen or enhance the climate sensitivity to
changes in temperature due to variations of the
solar constant, CO, increase or due to internal
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There are different ways to get an estimate of the
net effect of cloud. Wetherald and Manabe (1980)
employed a general circulation model which pre-
dicts cloud height and cloud amount but used fixed
optical cloud properties. Their results indicate that
from equator to 50° latitude, a CO, increase
reduces the net cloud amount and the effective
cloud height because of a temperature increase.
However, the increased long-wave loss to space is
balanced by the increased solar absorption. Pole-
ward of 50°, the net cloud amount increases, but
again increased greenhouse effect and decreased
solar absorption compensate each other. Thus, the
cloud climatology changed, but the radiation
budget of the earth did not. In that context one
should note that a change in cloud climatology
possibly implies a significant change in the local
radiative forcing of the circulation without chang-
ing the earth’s radiation balance.

Herman et al. (1980) have found a dominant
albedo effect for a one-month wintertime simula-
tion with a GCM. They have compared a control
run including an interactive cloud-radiation scheme
with two runs neglecting the solar and thermal
radiative processes, respectively. Other model
studies also suggest the importance of modeling
the cloud-radiation feedback (e.g., Hunt, 1982;
Wang et al., 1981; Fouquart and Morcrette, 1981;
Geleyn et al., 1982).

Another approach to estimating the net change
of the radiation balance due to a cloud change
involves empirical studies using earth radiation
budget data. Cess (1976) has suggested a solar-
infrared compensation on a global average, while
recently Hartmann and Short (1980) and Ohring
and Clapp (1980) have found evidence for a
dominant solar effect.

Schneider (1972) has introduced a cloud sensi-
tivity parameter § which determines the effect of a
change in cloud amount N on the net radiation at
the top of the atmosphere:

oF

N’
where d(net) is the change in net radiation, N is the
cloud amount, Q,,, is the solar absorption by the

earth-atmosphere system and F the long-wave loss
to space. Eq. (1) may be written as

t))

variations. Even a small local net effect of cloud on s« oF P oF
the earth’s radiation budget could be very effec- §= —Qp———=—— (Q o + _) , Q)
tive, since clouds cover about 50% of the earth. ON oN éN da
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where Q, is the solar flux at the top of the
atmosphere and a the planetary albedo.

Q, can easily be calculated, and dF/da can be
derived from satellite data, although it might be
difficult to get this partial derivative while holding
other variables constant. Ohring and Clapp (1980)
approached this partial derivative using individual
monthly data from NOAA satellites and cal-
culating the changes in F and a for the same month
in successive years in selected geographical regions.

In order to arrive at an estimate for J, some
functional relation for da/dN has to be assumed.
Ohring and Clapp (1980) used the constant value:

da

—=a-a,

3
N 3)

where a_ is the planetary albedo for cloudy and a
the planetary albedo for clear sky; both values are
specified for different latitudes from climatological
data.

In Section 8 of this paper, the radiation scheme
is used to study the dependence of da/dN, oF/oN
and & on cloud amount, that is to say the sensitivity
of these parameters 1o broken cloud is studied.

3. The radiative transfer scheme

The transfer of diffuse radiation, neglecting
azimuthal dependence, is described by the equation:

dL(tv ”) (D ! ’ !
P L(t,p) - —z—f_lp(ﬂ,ﬂ YL(t, u')
X dﬂ' —J(”)v (4)

where L is the radiance, 7 the optical depth, #’ and
4 the cosines of the angles of the incident and the
scattered radiation (positive for the upward radi-
ation), @ is the single scattering albedo, p(u u') is
the scattering phase-function and J(u) the source
function which for solar radiation is:

J() = ﬁ S P, —itg) exp (=t/utg) ©)

and for terrestrial radiation:

J=(1-a®)B(T)/n (6)

S, is the solar intensity at 7 = 0, 4, the cosine of the
solar zenith angle 6,, and S = g, S, is the direct
solar flux density. B(T) is the black-body radiative
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flux and T the temperature. Integration of eq. (4)
over both hemispheres, together with a quadrature
solution to the integral describing the scattering of
diffuse radiation yields the common coupled
differential equations for the two-stream methods
(e.g., Zdunkowski et al., 1980):

M+ Mt - M-
dr I H

o)
M- Mt M- .
—=—f-—{1-A1-P}+ 7,0, (8
dr u ]

where M* and M~ are the upward and downward
flux densities, respectively. For solar radiation. one
finds:

NW=F=1-r ()]
Q = @S, exp (—1/u,), (10)
and for terrestrial radiation:

Y =7, = 1.66(1 — @), ()
Q=B(T, t):B(T,O)+%I:—At. (12)

1/it is chosen as 2 for the solar and 1.66 for
terrestrial radiation. The back-scattering coeffi-
cients for the direct (£,) and the diffuse radiation
(p) are calculated from the phase function which is
expanded in Legendre polynomials and truncated
after the second term:

pluu')y =1+ 3gu’, a3
]
b=t [ Plho—w)dW =05 g (14)
[
]
ﬂ=f fodu=0.5— iz, (15)
[ 1]

where g is the asymmetry parameter of the phase
function.

In our calculations, the well-known delta-
approximation to the phase function is used (e.g.
Potter, 1970) which significantly improves the
results in cases of the highly asymmetric phase-
functions, and implies only a simple transforma-
tion of the model input parameters @, t and g. The
transformation of g avoids unphysical values of g,
for g > O which is an appropriate range of g in
atmospheric radiative transfer.
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The solutions to eqs. (7) and (8) for the solar
diffuse fluxes are:

M* =C,exp (g, 1) + Crexp (g, 1) + S¢ exp (¢, 1),

a, a,
exp (g, 1)+ C,

M-=C,

a, + & a, + &

x exp (€, 1) + S& exp (¢, 1), (16)

where ¢ are the eigenvalues of the differential
equation system consisting of egs. (7) and (8) and
the differential equation for the direct solar flux:

e=¢ =—¢=(a}—ad)" an
l
a,=—_—{l—u')(l—ﬂ)}. (|8)
u
1
a, = - ap, (19)
u
€ = — /iy, (20)
(a,a, +a,a,)—a
l=l‘o l’zzzs ) Q@
e u;—1
(a,a,+a,a,) +a,
¢2=l‘o ' 2 22 3 22)
eul-1
a, = Ofy, (23)
a,=w(l-48) (24)

For an inhomogeneous atmosphere, boundary
conditions exist between two adjacent layers for the
upward and downward diffuse fluxes:

Mi(t=Ar)=M}, (t=0),

M (t=Ar)=M;, (r=0), (25)
where the layer index i is counted downwards. Eq.
(25) and the boundary conditions at the top of the
atmosphere and at the surface build up a linear
equation system which is to be solved to get the
coefficients C; in egs. (16).

The present solar and infrared schemes have
already been compared with aircraft measure-
ments and with other radiative transfer schemes
(Slingo et al., 1982; Schmetz et al., 1981), and
good agreement was obtained.
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4. Parameterization of fractional cloud
amount

Since the model is employed to study the
sensitivity of the radiation field to cloud structure, it
must account for fractional cloud amount.

Although the radiation schemes are one-dimen-
sional, the horizontal cloud distribution can be
explicitly taken into account if the clouds are
considered with their bulk radiative properties (i..,
T = transmittance, R = reflectance, A = absorpt-
ance, E = emittance) as boundary conditions be-
tween two atmospheric layers (Schmetz and
Raschke, 1979). For solar radiation, eqgs. (25) are
replaced by:

M., =M; T,N+M;(1=N)
+ M}, ,R,N + S,T,N,
M} =M}, TN + M}, (1= N) + Mi R,N

+S;R,N, (26)
where:

R, = reflection for diffuse radiation,

R, = reflection for direct radiation,

T, = diffuse transmission for diffuse radiation,

T, = diffuse transmission for direct radiation,

T, = direct transmission,

N = cloud amount.

For the direct solar flux S at a boundary
containing clouds, the following holds:
sl+l=sl{(l_N)+ TJN} (27)
Relations similar to eqs. (26) are obtained for the
long-wave radiation.

The treatment of clouds as an infinitely thin layer
between two model layers through eqs. (26) does
not increase the computational effort which is
needed to solve the linear equation system for the
coefficients C,, i.e., the computer run time is not
increased. Eqs. (26) imply a random overlap in
case of multi-layered clouds.

The optical properties of clouds are determined
from a one-layer two-stream model, using the
cloud’s optical depth t, the single scattering albedo
& and the asymmetry parameter g as model input,
and again use is made of the delta-approximation
to the phase-function.

R, and T, are computed from the boundary
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condition that only diffuse radiation enters the
cloud top; we then have:

R,=1b, — b, exp (2e7)}"!

+ (b, — b, exp (=2e7)}"", (28)
T,- (1 — b)) exp (e0) + (1 — b}) exp (—¢€7) . @9)
2 — blexp (—2¢r) — biexp (2¢7)
where:
b, = (a, - €)/a,, b, = (a, + &)/a,.
The absorption 4, is:
A,=1-R,-T, (30)

The infrared emittance is analogously determined
by:

E=1-R,-T, 31

The optical cloud properties for the direct solar flux
are calculated from egs. (16) using the boundary
conditions M*(r) =0 and M~(0)=0, i.c., only a
direct radiative component enters at the cloud top:

Rz =
PGP — & ay) + pi&a,— & ps) — 26, €T,y
PyP\—PsP;
32)
Tz =
P& P — &) Ty + py(§a,— & p) Ty — 28, €
—Psp
PPy s P 33)
po=exp(er), p,=a,+¢

py=exp(—¢n, ps=a,—¢
T, = exp (—1/u,) is the direct transmittance.
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The absorptance for the direct solar flux is then:
A,=1-T,-T,—-R,. 34)

Eqs. (28)-(30) and (32)-(34) enable us to cal-
culate the optical properties of clouds from the
microphysical parameters for both the solar and
infrared radiation. This consistent albedo-emit-
tance relationship is a precondition for answering
the question of the net radiative effect of clouds.

4.1. Testing the parameterization of fractional
cloud amount

In Table 1, the parameterization of fractional
cloud amount is compared with the results of the
same model in resolving vertical cloud structure.
The cloud has an optical depth of 7(0.55 um) =
30.5, and 7 = 2.7, respectively, and the droplet size
distribution corresponds to that measured within a
stratocumulus top (Schmetz et al., 1981). The solar
zenith is 6, = 51.1°. The cloud is considered as a
boundary condition at a height of 900 m, whereas
the vertically-resolved cloud extends from 450 to
875 m. A standard mid-latitude summer profile is
used, but no aerosol is considered. Table 1 reveals
that the parameterization of cloud as infinitely thin
layers gives good results for the upward fluxes, and
thus also for the planetary radiation budget which
is of most interest in this study. The error in the
long-wave divergence and the solar convergence
within the cloudy layer is larger since the radiative
penetration depth is reduced for the parameterized
cloud; however, the effects balance one another.
The relative accuracy of the parameterization is
slightly better for the optically thick cloud than it is
for the thin cloud.

Table 1. Comparison between radiative transfer calculations for different treatments of the cloud layer
The solar zenith is 51.1° and a profile characteristic of a mid-latitude summer atmosphere is used.

Short-wave Long-wave
Planetary Short-wave convergence Outgoing Long-wave divergence
albedo surface between long-wave  surface between
r=130.5 (%) irradiance Oand 1 km flux irradiance  Oand 1 km
Wm?)  (Wm?H) (Wm?H) (Wm?) (Wm)
Cloud vertically resolved 57.8 146 41 268 417 89
Cloud as boundary condition  58.3 144 37 267 413 85
r=27
Cloud vertically resolved 238 499 28 269 407 80
Cloud as boundary condition 24.4 481 24 268 404 75
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5. Further model properties R/R’130 — T

The scheme has 37 spectral subintervals in the 125
solar region (0.2-3.58 um) and 50 subintervals in T % b
the thermal infrared (4—400 um). For the results \
presented in the following sections, a C.1 droplet 1.204 J
size distribution typical for low-level cumulus
clouds (Deirmendjian, 1969) is used. &

The model accounts for all important gaseous 115¢ 3 ]
and aerosol extinction processes. The aerosol L\
profile is a maritime standard atmospheric profile 1104 \ i
with a sea-level visibility of 23 km after ' Y N\
McClatchey et al. (1980). \ AN

1.054 g\\\\\ i

6. The Monte Carlo simulation 1004 —e =

To study the radiative characteristics of three- + } t + t

dimensional clouds, a 3-d model is required. An
appropriate approach is the Monte Carlo method
(e.g., Marchuk et al., 1980), which treats the
transfer of photons as a Markov process. Basi-
cally, photons are traced and scattering and
absorption events are determined by the scattering
phase-function and the single scattering albedo.
The advantage of the Monte Carlo method is that it
can easily be used to simulate the radiative
characteristics of clouds with arbitrary geometry.

A test of our Monte Carlo model is presented in
Fig. 1 (from Harshvardhan and Weinman, 1982b).
The ratio of the reflection R of an array of cubic
clouds to the reflection R’ of an isolated cloud is
calculated. All clouds have the same size and an
optical depth of = 49; the single scattering albedo
is @=09999 and a phase-function for a C.1
droplet size distribution is used. The solar zenith
angle is 8= 0°. The ratio R/R’ is plotted versus
(s + d)/s, where s is the cloud dimension and d the
separation. As d approaches infinity, R/R’' ap-
proaches 1, which is correct since clouds become
isolated. For d = 0, the clouds merge to a single
sheet. The interaction between clouds increases the
local cloud albedo significantly for a separation of
d <4s. However, this local effect is drastically
diminished if the average albedo of a cloud field is
considered.

Our results in Fig. 1 include the interaction
between a center cloud and its next neighbours,
similar to Aida’s (1977) approach. Harshvardhan
and Weinman (1982b) used an approximate
three-dimensional model, but they considered the

0 1 2 3 4 5 6

Fig. 1. Ratio of the reflection R from an array of cubic
clouds to the reflection R’ from an isolated cloud at a
single wavelength (1 =450 nm). O Aida (1977). ——-
Harshvardhan and Weinman (1982b). —— + this work.
s is the cloud dimension and d the separation of
individual cloud. Single-scattering albedo: @ = 0.9999;
optical depth: r = 49; zenith angle: §, = 0°.

radiative interaction between all cuboidal clouds
which explains the differences.

In summary, Fig. | shows that our Monte Carlo
scheme is in agreement with previous work (Aida,
1977), and it will be used in the following to derive
a parameterization for the influence of cloud
geometry or macrostructure on radiative pro-
perties.

7. Parameterization of cloud fields

It is an observable feature that the average cloud
size of a cloud field increases as cloud amount
increases (Plank, 1969). This can be simply
explained by the merging of individual clouds.
Plank observed such an increase for the horizontal
as well as for the vertical extent of a cloud.
Obviously this feature is not accounted for by a
simple area weighting of radiative fluxes with actual
cloud amount, nor is the concept of a regular array
of identical cuboidal clouds compatible with that
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observation. Fields of regular clouds are quite
useful in studying the influence of radiative inter-
actions between individual clouds (i.e., mutual
shading and multiple reflection). While this inter-
action can significantly enhance the local cloud
albedo, the mean cloud field albedo of the array is
fairly well-described by a simple area weighting
(Claussen, 1982). Claussen’s result for a single
visible wavelength is confirmed in Fig. 2, where the
albedo of a field of identical interacting clouds is
calculated from an integration over 8 solar wave-
lengths. The effective cloud cover N, is calculated
from the relation:
NR'

Ne=—,

R (35)

where N is the actual amount (vertical projection of
cloud on to the surface), R’ is the albedo of a single
cloud within the field, and R_, the albedo of an
infinite cloud layer. Fig. 2 shows no systematic
deviation of the effective cloud amount from the
real cloud amount, except for 8= 0°. Generally,
deviations are of the order of 10%. It must be
noted that the use of different cloud shapes results
in slightly different results. The conclusion from Fig.
2 is that the cloud-cloud interaction plays a minor
role for deviations from a linear relationship

104
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cloud omount

Fig. 2. Solar effective cloud cover (see eq. (35)) of a field
of equally-sized cubic clouds versus actual cloud cover.
The solid line is the one-to-one relation. The signs pertain
to different solar zenith angles as denoted in the figure.
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between cloud amount and mean optical prop-
erties of a cloud field.

7.1. Cloud size dependence on cloud amount

In order to model the growth of the geometric
cloud size with cloud amount, we adopted the
following line of thought.

(1) Individual clouds consist of a cluster of unit

elements.

(2) As cloud amount increases, the probability
of clustering increases, and hence the
average cloud size of the cloud size spec-
trum increases.

A simple mathematical model for cloud size as a
function of cloud amount is assumed. Consider an
infinite chain of unit elements where the prob-
ability that an element is cloudy is proportional to
the cloud amount N (e.g., Stauffer, 1980). Then the
probability for a clustering of ¢ cloudy elements is
N¢ The ends of the cluster have to be cloud-free,
which gives twice the factor (1 — N). The prob-
ability n for a cluster of size q is then:

n(q) = N°(1 — N)%. (36)

The average cluster or cloud size ¢ is then
calculated as the ratio of two converging series:

w‘ 2
- q=1\ n(q)q _ 1+ N 37
§=— =" @7
2 n(gyq
q=1

where g € IN. A derivation of eq. (37) is given in
the Appendix.

Eq. (37) provides the desired relation between
average cloud size and cloud amount. It should be
stressed that the units of ¢ are not yet physical, but
just the number of unit elements ¢g. One has to
define the optical dimensions (optical thickness) of
such a unit element which will be done below. Eq.
(37) will be extended to a two-dimensional cloud
growth assuming that the growth is the same in
both horizontal directions. In a further model, this
growth will also be extended to the vertical
direction. Fig. 3 illustrates how the average relative
cloud size increases with cloud amount.

1.2. Effective cloud cover

In this subsection, three models for the para-
meterization of the radiative properties of broken
cloud will be described.
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7.2.1. Model 1(M1). The simplest approach to
model the radiative properties of a broken cloud
layer is the commonly-used area weighting of the
radiative characteristics (i.e. albedo, emittance,
etc.) of a plane-parallel cloud with cloud amount.
This approach is hereafter referred to as model |
(M1).

1.2.2. Model 2 (M2). Monte Carlo calculations
were performed for single finite clouds of varying
size assuming that they represent the solar optical
properties of a cloud field with a certain cloud
amount. The cloud size is computed from cloud
amount using eq. (37). Here the optical dimensions
(i.e., the optical depths in the x, y, z directions) of a
unit element are chosen as 10:10:10. The vertical
optical depth is kept constant, but the horizontal
optical dimensions vary according to eq. (37). For
example, a cloud with the optical dimensions
12.9:12.9:10 is characteristic of 1 okta cloud
amount, while the dimensions 150:150:10 are
characteristic of 7 oktas. With increasing cloud
amount, the height to width ratio (i.e. the aspect
ratio) of the average cloud decreases and the
average cloud approaches a single sheet as
Ngoesto 1.

Monte Carlo simulations were performed for 3
zenith angles and for cloud amounts from 1 to 8
oktas. The effective cloud cover N, ., was calcu-
lated from eq. (35), and the results were fitted with

20-
16
N T
m -
o 12
3 .
(8] 8_
g 4
2
S 41
g |
G T T T T T T T T T ]
0 02 04 06 08 10

cloud amount

Fig. 3. Average relative cloud size as a function of cloud
amount (after eq. (37)). The units of the cloud size are
arbitrary and depend on the optical depth as a unit
element (for details see text).
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an empirical expression, relating N, ., to the actual
cloud amount:

N,

= NO-2+0WD,
€. 50l

38)
Eq. (38) yields the correct limits as N approaches 0
or 1. Fig. 4 shows that it is a reasonable fit to the
Monte Carlo results for the three solar zenith
angles. The results are integrations over 4 spectral
intervals which were properly weighted with insola-
tion. About 12,000 photons were traced in each
spectral band.

The dotted line in Fig. 4 denotes Harsh-
vardhan’s (1982) parameterization of the solar
effective cloud amount for a regular cloud field with
the aspect ratio 1 (i.e., cloud cubes). It can be seen
that N, is larger than N which is in contrast to our
paramaterization.

A comment on our assumption that the optical
properties of a cloud field are represented by an
average cloud should be added. Certainly there
exists a single finite cloud whose optical properties
are equal to the average properties of the cloud
field, but it remains an assumption that this cloud is
adequately described by eq. (37) and the empirical
choice of the optical dimensions of a unit element.

101 Solor
“ [- 2 0.
- a L5
€ o8- >
o -
§
3 06
2 04
3 -
¥ 02 |
187 -
0 4-7"1 ‘l L) L] L ) 13 i
0 02 04 06 08 10

cloud amount

Fig. 4. Solar effective cloud amount versus actual cloud
amount. Different signs denote wavelength-integrated
Monte Carlo results for 3 zenith angles. Lines pertain to
parameterizations for different cloud models. --- M1
(area weighting with cloud amount). —— M2 (cloud
grows only in horizontal dimensions). M3 (cloud grows
in three dimensions). ------ solar effective cloud amount
after Harshvardhan (1982) (for details see text).
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Experimental studies seem to be required to assess
the validity of this choice. One example will be
shown below in Subsection 7.2.4.

For the thermal infrared radiation, a formu-
lation for the effective cloud amount N, ,, after

Harshvardhan and Weinman (1982a) is adopted:

_{1+2a(1+ 0.1 NI N
“R 71+ 2aN(1 + 0.15N)

(39)

where a is the aspect ratio, defined as the ratio of
height to width of the cubic cloud. Eq. (39) has
been derived for an array of cubic clouds. The use
of eq. (39) is made consistent with N, ., derived
from the Monte Carlo calculations by decreasing
the aspect ratio “a” with increasing cloud amount
according to eq. (37), i.c., here we have a = 1/4.
Although one could argue that the infrared and
solar models are not fully consistent, such a
consistency can be achieved by considering the
solar parameterization as being valid for a field of
non-interacting clouds whose aspect ratio varies
according to eq. (37).

Fig. 5 shows the relation between N, . and N.

7.2.3. Model 3 (M3). Model 3 is a modification
of model 2 also taking into account that the vertical
optical depth of an average cloud increases as
cloud amount increases. Again the optical dimen-
sions of the cloud are varied according to eq. (37).
Since all dimensions grow in the same way as cloud

effective cloud amount

cloud amount

Fig. 5. Infrared effective cloud amount versus actual
cloud amount. Different curves pertain to different cloud
models as in Fig. 4.
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amount increases, the aspect ratio remains a = 1.
In order to avoid vertical optical depths which are
not realistic, a cloud amount of 7 oktas is chosen as
the limit for a vertical cloud growth. At that cloud
amount, the maximum vertical optical depth of 10
is reached. The Monte Carlo calculations are fitted
with the relation:

Ne.sol = N3 +4N)' (40)

Eq. (39) is used in the thermal infrared witha = 1.
However, the cloud emittance is a function of cloud
cover due to the increase of the vertical optical
depth with cloud amount (see Figs. 4 and 5).

It is of note that Monte Carlo calculations for
optical depth between 10 and 30 essentially give the
same relation for the solar effective cloud amount,
which means eqs. (38) and (40) are valid for a
range of realistic optical depths.

Furthermore, it must be stated that the ex-
tension of the one-dimensional clustering model to
two dimensions can only be justified for cloud fields
without a preferred spatial orientation. The as-
sumption is certainly incorrect for cloud rolls where
the average cloud is elongated rather than having
the same dimension in all horizontal directions. The
extension of the 1-d clustering to the vertical
dimension (Model M3) is suggested by Plank’s
observation (1969) of cumulus clouds indicating an
aspect ratio of 1.

7.24. Testing the parameterization of broken
clouds. Fig. 6 shows a comparison of the para-
meterizations (Models 1, 2, 3) for solar radiation
with measurements. The solar transmittance cal-
culated with the full radiation scheme using the
effective cloud parameterization is compared with
aircraft measurements (Schmetz et al., 1983) of the
solar transmittance of a broken stratocumulus
layer. The vertical optical depth of the plane-
parallel cloud is chosen as £ = 10 in order to fit the
observations with overcast sky. Fig. 6 clearly
shows that M1 does not describe the observations
properly while M2 and, in this case, especially M3
are more adequate. As Fig. 2 has shown a regular
array of cubic clouds, neither would describe the
observations. Thus one is led to the conclusion that
the radiative properties of cloud fields are mainly
determined by cloud amount and the optical
dimensions of the individual clouds, which is
accounted for in models M2 and M3.

Whether models M2 and M3 are quantitatively
valid certainly requires further measurements. It is
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Fig. 6. Solar transmittance of a broken stratocumulus
deck, as measured with an aircraft, versus cloud amount,
and the transmittance curves computed from cloud
models M1, M2 and M3. The solar zenith angle is 50°
and the optical depth of the extended cloud layer is 7
(0.55 ym) = 10.

quite possible that the simple mathematical model
for cloud growth as described in Subsection 7.1 is
an oversimplification.

As an internal test of the solar parameterization,
Fig. 7 shows the cloud field absorption as a
function of cloud amount for M2 and M3 and a
zenith angle of @=45°, The absorption A4 is
calculated from:

AN)= AN, ., 4D

This functional relationship is compared with the
exact Monte Carlo results and shows good agree-
ment. Thus, the effective cloud amount for the
albedo is in good agreement with the effective cloud
amount for absorption.

8. Application of the scheme

8.1. Sensitivity parameters for broken clouds

In Section 2, the cloud sensitivity parameters
da/dN, 8F/AN, and J have been described. In this
section, we apply the radiative transfer scheme

(Sections 3 and 4) using the effective cloud cover
parameterizations (Section 7) to estimate the effect
of the brokenness of cloud on the sensitivity
parameters. A model atmosphere characteristic of
a mid-latitude summer including a maritime stan-
dard aerosol profile is assumed; surface albedo is
0.1, cloud top at 2 km and the vertical liquid water
path of the infinite cloud layer is 0.05 kg m~?,
corresponding to an optical depth of 7 (0.55
um) = 13.1. Model runs are performed for cloud
amount from O to 1 with increments of 0.1. The
partial derivatives da/ON and OF/ON are then
approximated by finite differences.

Fig. 8 shows the dependence of da/dN on cloud
amount. Results are given for two solar zenith
angles and the three different effective cloud cover
parameterizations M1, M2 and M3. The planetary
albedo for clear sky is a=0.114 for 6=0° and
a=0.164 for 8= 60°, while the corresponding
values for N=1 are a=0425 and a=0.52,
respectively. For model M1, where no 3-d effects
are considered, da/oN only increases slightly with
cloud amount. This increase by about 10% is
explained by the decreasing trapping of photons
underneath the cloud layer as cloud amount
increases. The differences in da/dN for the two
zenith angles are of the order of 10%.

For model M2, da/dN is a distinctly increasing
function of N. At cloud amounts smaller than

Tellus 36A (1984), 5
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Fig. 8. Change of the planctary albedo a with cloud
amount N versus cloud amount for 3 cloud models M1
(circles), M2 (triangles) and M3 (squares) and 2 solar
zenith angles. The optical depth of the infinitely-extended
cloud is £(0.55 um) = 13.1, cloud top is 2 km, surface
albedo is 0.1, and a mid-latitude summer atmosphere
with a maritime aerosol profile is used. §=0° corre-
sponds to the thin line, @ = 60° to the heavy line.

about 0.7, the values are lower than the corre-
sponding values of da/dN for M1, while for large N
the reverse is observed. The reason for this is the
larger transmittance of finite clouds due to the
leaking of photons through the cloud sides. This is
accounted for in model M2, while M1 is merely a
weighting of the planiform cloud with cloud
amount. As cloud amount gets larger, individual
clouds merge which is modelled by increasing the
average cloud size. Then the cloud field albedo
approaches the planiform albedo and da/dN is
larger than the corresponding values for M1.

While in model M2 the vertical optical depth of
the finite cloud representing the cloud field is kept
constant, it increases with cloud amount in model
M3. Therefore the non-linear dependence of da/ON
on N is more extreme than for M2. The cross-over
point where 9a/ON exceeds the corresponding
value for M1 is again at about N =0.7.
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The main conclusion from Fig. 8 is that the
albedo effect of broken cloud is always lower than
that of a plane-parallel cloud for cloud amounts
lower than about N = 0.7. The reverse is correct
for N larger than 0.7. This statement is not in
accordance with the results of Harshvardhan
(1982) who did different experiments with a regular
array of cuboidal clouds. In his three experiments,
Harshvardhan (1982) found an increased albedo
effect for broken cloud at low cloud amounts
(~0.2-0.3) and in one of his experiments a
systematically increased albedo effect for all cloud
amounts.

Fig. 9 shows the sensitivity of the outgoing
long-wave flux to changes in cloud amount versus
cloud for the three parameterizations of the effec-
tive cloud amount. M1 does give a constant
OF/oN = 13.6 W m~? since the effective cloud
amount is equal to the cloud amount. For model
M2, the greenhouse effect is enhanced if NV is lower
than about 0.2-0.3, i.e., the outgoing long-wave
flux is more strongly reduced than in the case of a
planiform cloud weighted with cloud amount. The
greenhouse term —dF/2N has a minimum for M2
at N = 0.65 which is explained by the fact that the
aspect ratio of the average cloud approaches zero
as N goes to 1. For M3, we find a steadily
decreasing value for the greenhouse effect with a
crossover point between M1 and M3 at about
N=06.

IR IR T NN N T WRNY N N N G S N |

N
T rTrtirirrrrrrrrror

0.6 08 10
CLOUD AMOUNT

Fig. 9. Change of the outgoing long-wave flux F with
cloud amount versus cloud amount for 3 cloud models
M1, M2 and M3 (note that dF/dN is negative). Cloud
and atmosphere are as in Fig. 8.
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The conclusion from Fig. 9 is that broken clouds
do have a larger greenhouse effect than planiform
clouds for small cloud amounts and vice versa for
large cloud amounts. This is in qualitative agree-
ment with Harshvardhans (1982) results (his
experiments two and three), which was to be
expected since we used the same parameterization
for the effective cloud amount in a modified way.

Fig. 10 provides an estimate of the dependence
of the net radiative effect 4 on cloud amount. The
sign of this quantity determines whether the
earth-atmosphere system gains (positive) or loses
(negative) radiative energy if cloud amount in-
creases. In Fig. 10, the values of J are negative,
indicating that the albedo effect dominates, which is
a well-known effect of low cloud. The figure is
essentially an image of Fig. 8, indicating the
dominant character of the albedo. Models M2 and
M3 show a strong non-linear increase of —d with

0.4 0.6 0.8 1.0
CLOUD AMOUNT
Fig. 10. Net radiative effect J (see eq. (1)) as a function
of cloud amount (note that & is negative) for 3 cloud
models (M1: dash-dotted; M2: solid; M3: dashed line).
Cloud and atmosphere are as in Fig. 8 and the solar
zenith angle is @ = 60°. Crosses (+) denote results of a
run using the M1 cloud but neglecting atmospheric
aerosol. Diamonds (0) show results for an M2 run,

increasing the surface albedo from 0.1 t0 0.3.
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cloud amount; there exists a crossover point
between M1 and M2 or M3. The essence is that
similar changes in the amount of broken cloud lead
to different net radiative effects depending on the
actual value of cloud amount. Specifically, for
small cloud amounts, broken clouds do have a
larger net effect than planiform cloud and vice
versa for large cloud amount.

The finding should have use in the derivation of
the net radiative effect of cloud from satellite
measurements (e.g., Ohring and Clapp, 1980).
Appropriate values for da/dN, dependent on N
could be derived from high-resolution satellite
fmages or aircraft measurements. Such experi-
mental studies would also be useful in order to
assess the validity of the effective cloud cover
parameterization used in the present study.

8.2 Sensitivity parameters and atmospheric
conditions

The magnitude of the sensitivity parameter ¢
also depends on surface and atmospheric proper-
ties. An example of this is also shown in Fig. 10
(marked with +). The radiation scheme has been
run for the same atmospheric conditions as above
using the M1 model, except that the atmosphere
is taken as aerosol-free. The neglect of aerosol
scattering and absorption results in a decrease of &
from —200 W m~2 to —232 W m~2 This is due
to the increased albedo effect, since the neglect of
aerosols lowers the planetary albedo of the clear
atmosphere from 0.164 o 0.132, which in turn
erthances the difference between clear and cloudy
planetary albedo.

The diamonds () in Fig. 10 denote results of a
run using model M2, with a surface albedo
increased from 0.1 to 0.3. The contrast between
cloud-free and cloudy planetary albedo is de-
creased, which decreases the albedo effect of clouds
and increases J on the average in this case by more
than 100 W m—2,

The last two experiments demonstrate that
studies of the net radiative effect of clouds are
significantly dependent on the atmospheric and
surface conditions. Therefore it is useful to con-
duct studies with radiation schemes taking ac-
count of realistic atmospheric conditions.

8.3. Bispectral curves for broken clouds

With the aid of the detailed radiation scheme, it
is possible to construct bispectral curves (visible
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and IR). These curves are used to discriminate
between dominating scenes in a satellite image,
where the different scenes appear as clusters of
pixels (e.g., Desbois et al., 1982).

Recently, Platt (1983) suggested that the exist-
ence of distinctive bispectral curves for cloud
signature could be used to deduct detailed cloud
information from visible and IR channels of
satellites. In particular, he stated that extended
cloud layers with varying optical depth follow a
curve in a histogram of visible versus IR pixels,
while broken layers show a straight line.

This is examined in Fig. 11. The planetary
albedo of a cloud field is plotted as a function of the
effective black-body temperature of the outgoing
long-wave flux. The model assumptions are the
same as in Subsection 8.1. The lines in Fig. 11 give
the transition from cloud-free to overcast sky for
the 3 cloud models described in Subsection 7.2, and
the signs mark the results for a cloud amount from
N =0 to 1 with 0.1 increments. Cloud Model M1
agrees with Platt’s approach in handling broken
cloud and approximately shows the expected
straight line. However, for M2 and M3, a well
defined “J”-shape of the bispectral curve is to be
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observed, although the curves are quantitatively
different. Thus, the inclusion of the three-
dimensional characteristics of clouds leads to a
signature which is qualitatively similar to that of an
infinite cloud layer with varying optical depth. This
is verified by the inclusion of model results for an
unbroken cloud in Fig. 11. The crosses correspond
to calculations where the area-averaged liquid
water is the same as that for the cloud models M1
and M2. Here, the “J”-shape is less extreme than
for model M3 but more pronounced than for model
M2,

One can conclude that the “J” shape signature is
typical for realistic broken and unbroken cloud
layers with horizontal and vertical variability. This
qualitative agreement of the signatures of extended
and broken clouds seems to prevent a possible
discrimination between these cloud structure types
from two-dimensional histograms. But the ex-
traction of higher moments of the area-averaged IR
and visible measurements might bear useful in-
formation. Broken cloud should exhibit large
standard deviations in the IR and VIS channels.
Unbroken cloud is expected to show significantly
less variability in the IR since clouds reach an
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Fig. 11. Bispectral curves calculated with the radiation scheme for cloud models M1 (dash-dotted), M2 (solid) and
M3 (dashed). The planetary albedo versus the effective black-body temperature of the outgoing long-wave flux is
plotted. The lines give the transition from clear to overcast sky. Signs indicate the results for cloud amounts from
0 to 1 with 0.1 increments. Crosses (dotted line) pertain to a planiform cloud whose liquid water path (optical depth)
is steadily increased so that the area-averaged liquid water is equal to that in models M1 and M2.
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emittance of 1 for a liquid water path (LWP) of
only ~40 gm~2 The VIS (albedo) signal is not yet
saturated at this LWP value. Thus unbroken cloud
with horizontal variable optical depth should show
relatively high VIS and low IR standard devi-
ations. Coakley and Bretherton (1982) have used
such a method in the IR to deduce cloud signature
parameters from satellite observations.

9. Summary and conclusions

In this study, a radiative transfer scheme has
been developed which includes explicitly fractional
cloud amount. The scheme accounts for gaseous
and aerosol absorption and scattering. The optical
properties of the cloud are consistently determined
for the solar and thermal radiation from spectral
values of the microphysical parameters of the cloud
droplet size distributions (single scattering albedo,
extinction coefficient and asymmetry parameter).
The scheme allows for detailed studies of the
radiative effects of fractional cloud amounts inter-
acting with realistic atmospheric and surface
conditions.

The effects of broken cloud are parameterized as
an effective cloud amount which is used for
weighting the radiative properties of planiform
clouds. The parameterizations are derived from
wavelength-integrated Monte Carlo simulations for
the solar radiative properties of cloud fields. In the
thermal region, a formulation after Harshvardhan
and Weinman (1982a) is adopted. We do not
follow the previously used concept of a regular
array of identical clouds. The basic assumption for
the cloud fields is that the average cloud size
increases with cloud amount and that the mean
radiative properties of cloud fields are represented
by the average cloud. The cloud growth with cloud
amount is derived from a simple statistical model.

In contrast with previous studies (Harsh-
vardhan, 1982), it is found that the solar effective
cloud cover of a broken cloud layer—as defined by
eq. (35)—is always less than the actual cloud cover
with the same vertical depth, while the opposite is
true for infrared radiation if the emittance is 1, i.e.,
the radiative characteristic of a field of clouds
retains the single cloud characteristic which is
determined by the leaking of photons through the
cloud sides.

A comparison of the solar radiative transfer
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scheme with measured data from an aircraft flight
under a broken stratocumulus deck shows quali-
tative agreement, which increases confidence in the
idealized model for the cloud growth with cloud
amount. This growth in turn implies a non-linear
relation between mean radiative properties of cloud
fields and cloud amount. This is also in agreement
with other observations relating cloud radiative
properties to actual cloud amount (e.g., Kasten and
Czeplak, 1980; Hughes and Henderson-Sellers,
1983). A regular array of identical clouds does not
reproduce the observations, even though cloud-
cloud interaction, i.e., mutual shading and multiple
reflection, is simulated.

Since large fractions of the globe are covered
with broken cloud, it is important to study the net
radiative effect of a variation in broken cloud.
Therefore, the radiation scheme is applied to
calculate this net effect. Due to the non-linearity
between mean solar or IR radiative properties and
cloud amount, the net radiative effect is strongly
dependent on cloud amount. Thus, similar changes
AN in cloud amount N can lead to completely
different net effects, depending on the absolute
amount of cloud.

It is found that for cloud amounts less than 0.7,
the albedo effect of a broken layer is lower than
that of a planiform cloud, while the relation is
reversed for larger cloud amounts. The greenhouse
effect of broken cloud is higher than the corre-
sponding effect of planiform cloud at low cloud
amounts, while the opposite is observed for large
cloud amounts. Thus both effects are changed in
the same direction and do not cancel. That is to
say, in case of small cloud amount and a broken
cloud layer, the earth-atmosphere system gains
more or loses less radiation energy than for a
planiform cloud. At high cloud amount, broken
clouds exhibit a stronger albedo effect' and a
smaller greenhouse effect than planiform cloud.

The application of a constant value of da/oN
and 3F/dN for the determination of the net effect &
(see eq. 1) seems to be incorrect. The use of a
constant value is only valid for extended hori-
zontally homogeneous clouds where the radiation
field for partial cloud cover can be described by
simple area weighting with cloud amount. In order
to get a better estimate of the global net effect, a
cloud climatology is required which includes cloud
amount and some measure of the brokenness of
cloud (for instance variances).
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Furthermore, the radiation scheme is applied to
compute the bispectral curve of a broken cloud
layer. A “J” shape is a typical feature if the IR is
plotted against the visible. This is true for broken
cloud layers as well as for extended layers with
horizontally variable optical depth. The qualitative
agreement does not allow us to distinguish be-
tween broken and unbroken clouds just from the
shape of the bispectral curve.

It must be stressed that the results for the effects
of broken cloud are certainly dependent on the
cloud model. In this study, a purely statistical
relation is used to determine the average cloud size
of a cloud field and thereby its radiative properties.
Therefore, the study performed in Section 7 can
only partially answer the question of the net
radiative effect of broken cloud. Further, studies
have to show if the concept of using an average
cloud to describe the radiative properties of cloud
fields is reasonable or an oversimplification. How-
ever, it should also be said that is was the intention
of the exercise to simplify and idealize. The use of
effective cloud amounts to describe cloud fields
seems to be very useful since it enables us to
simulate the mean radiative properties of such fields
with one-dimensional models.

Since the radiation scheme has a high spectral
resolution, further studies are possible, simulating
the exact response characteristics of satellite
sensors and relating these spectral quantities to
integrated ones. Preliminary results show that
generally, this spectral correction is essential. The
scheme is also appropriate for using existing cloud
climatologies as model input to estimate the global
net radiative effect of cloud.
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11. Appendix

Derivation of the average cluster size
For IN| < 1 and g € IN, the infinite geometrical
series N9 converges:

[+ <]
> Ne=

q=0

(A1)

1-N

By repeated differentiation, one finds for any
natural number p:

© fqg+p 1
N —
v%o( q ) (1 - Nyr+!

+
where (q p) are the binomial coefficients.
q

(A2)

For the first moment of the function n(q) =
N9(1 — N)? (see eq. (36)), we find

S gNe(l = N = (1 = N)?

q=1

w @«
x‘z_'(q+l)N°—2:N' =N. (A3)
q=0 q=0
Using eq. (A2) with p = 2 we have:
1 12, E 307
_— N+ q
T 2| &V A
-]
+ > 2N9}. (Ad4)
q=0

With the aid of eq. (A4),the second moment of n(q)
can easily be calculated:

N+ N?
1-N

> GIN(l — Ny = (A5)
a=1

The ratio of eq. (A5) to (A3) yields eq. (37).
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