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ABSTRACT

The scattering and reflection components of the remotely measured effective beam emittance of
high clouds are calculated using a detailed mode! of radiative transfer through cirrus. Two atmospheric
profiles of temperature and humidity are used representing tropical and midlatitude summer at-
mospheres respectively. The scattering and reflection components of the measured beam emittance are
shown to be appreciable, particularly for tropical atmospheres where for example the reflection component
at the ground for vertical viewing is 20% of the total emittance,

Computed values of the broad-band effective flux emittance are compared with equivalent values of
the narrow-band effective flux emittance at 11 um wavelength and the narrow-band beam emit-
tance at 11 um. It is shown that the two former quantities are well correlated and approximately

equal in magnitude.

1. Introduction

High cirrus clouds are important radiatively be-
cause they are cold clouds which reduce the radia-
tion loss to space typically by 20-30%.

The inherent problems in obtaining optical proper-
ties of high clouds from remote radiometric meas-
urements have been considered by a number of
authors (e.g., Shenk and Curran, 1973; Reynolds
and Vonder Haar, 1977; Platt, 1979).

There are two main problems connected with
remote measurements: first, the cloud scatters as
well as emits infrared radiation and, second, a
remote radiometer measures a radiance in a narrow
band of wavelengths rather than a total broad-
band flux. ,

If upward (or downward) radiances are measured
from above (or below) a cloud then an effective
emittance can be calculated in terms of these
radiances (provided that the cloud temperature is
also known) (Cox, 1976). Generally, the upward and
downward effective emittances are not equal be-
cause the measured radiances contain components
of reflected and scattered radiation as well as emitted
radiation. The effective emittance is thus in general
different from the true ‘‘absorption’’ emittance of
the cloud. If the effects of reflection and scatter-
ing are neglected, which has often been the case in
the past, the calculated absorption emittance can be
in error by up to 20%. The first object of this
article is to provide magnitudes for the scattering
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and reflection components of the calculated emit-
tance. These are computed here using the detailed
radiative transfer scheme of Stephens (1980), and
assuming ice crystals to be approximated by long
cylinders of appropriate dimensions. To aid in the
interpretation of the results a simple conceptual
model is employed which gives the reflection and
scattering components as additional terms to the
conventional equation for emittance. Because cloud
temperature is obtained variously from observations
as either the cloud top, mid-cloud or cloud base
temperature, the effects of these various definitions
on the calculated effective emittances are also
considered.

To be useful for incorporation into climate and
dynamic models (e.g., Stephens and Webster, 1979),
the deduced absorption emittances must be con-
verted into broad-band flux emittances. Remotely
sensed emittances are usually made in a narrow
band of wavelengths within the atmospheric win-
dow. The 11 um band is standard for meteorologi-
cal satellites and has been used extensively also
for ground-based measurements, One problem,
then, is how the narrow-band emittance can be re-
lated to the broad-band emittance. As mentioned
previously, a further difficulty is that remote
radiometers measure a.directional radiance. This
radiance then has to be interpreted in terms of a
radiant flux. An approximate relation between flux
emittance and beam emittance has been given
previously by Platt and Dilley (1979), but this
expression was derived by neglecting scattering.
The second object of this article is to provide
accurate relations between the narrow-band beam
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and flux emittances and the broad-band flux emit-
tance and these are calculated here for various
latitudes and cloud temperatures.

2. Theory

Consider a cloud as shown in Fig. 1. The radiances
are incident and exiting on the cloud at some angle
6. This is implied in the following sections but the
0 suffix is excluded for convenience. Subscripts 1
and 2 refer to radiances at the top and bottom cloud
boundaries, respectively. Subscripts 5 and 6 refer to
effective radiances scattered into the beam in the
upward and downward directions, respectively. The
plus and minus superscripts refer respectively to
radiances in the upward and downward directions.
The radiances and other quantities in this section are
assumed to be for a wavelength of 11 um. The
narrow-band effective upward and downward beam
emittances are then defined as

Ly - Ly :
€l = ———— | M)
L - Ly(T)
L - LY
€y = —2 "L )
Ly(T) - L{

where Lg(T) is the cloud blackbody radiance at
some temperature 7. The A subscripts distinguish
the narrow-band from the broad-band emittance.
A conceptual model is now given which considers
the separation of reflection and multiple scattering
from absorption in the equations. This model is
useful for visualizing the forms of the components
of reflection and scattering which can be computed
from the detailed radiative transfer model. The re-
flectance of the cloud for incident beam radiation
is defined as p. Upward radiances below cloud
base which are incident on the cloud at all angles
between 0 and 90° are partially reflected into the
downward beam at an angle 6. The radiance in
the direction of L due to this reflection is defined
as p’'L#. In general, p’ will not be equal to p because
the radiances incident at the cloud boundary vary
~with the angle of incidence. For this reason also the
p' at cloud top may be different from the p’ at
cloud base. However, for convenience, they are
considered to be equal so that the downward radi-
ance reflected into the direction of L7 at cloud top
is defined as p’'L{. Of the radiance L; which enters
the cloud, a fraction e, is absorbed, p is re-
flected down, and vy is scattered out of the beam
within the cloud. An effective amount yL, is
scattered into the beam. The total upward radi-
ance at the top is then
Ly =p LT+ (1 —€n —p — V)L;

+ yLs + Lp(T)ear, (3)
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F1G. 1. A schematic depiction of the different radiances
from and within the cloud.

where Lg(T) is the blackbody radiance at an effec-
tive temperature 7. Similarly, the total downward
radiance at the cloud base is

Ly =p'Ly + (1 —€n —'p— MLT _
+ yLe + Lg(T)€an. (4)

The equations for sensing from a satellite and from
the ground are now considered separately. It is
assumed that corrections have been made for the
effects of the intervening atmosphere, and that for
the case of ground-based sensing there is no inter-
vening middle- or low-level cloud.

a. Satellite sensing

Rearrangement of Eq. (3) gives

e = Ly — LT  (pL; — p'LY)
an —
L; — Lg(T) [Ly — Ly(T)]}
Ly — L, }
- Y| )
Y[L; ~ LD
Eq. (5) can be abbreviated to
el = €al — €l — end, ©6)

where €,1 = (pLy — p'LY)/[L; — Lx(T)] is the
term representing the reflection components and
en] = y(Ly — L;)/[L; — Lg(T)] is the term repre-
senting the multiple-scattering components. For
high clouds and in the atmospheric window, L{ is
effectively zero. €,,1 is dependent on the trans-
mitted radiances L; and on Lg(T), and cannot be
separated computationally from the term e,,7.
Hence a term €,1 will be calculated where €;,1
= el + end.

b. Ground-based sensing

The equivalent expression to Eq. (5) for the
emittance measured below the cloud is (where
L7 is the total radiance exiting from the cloud base)
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_ Lj — Ly  vyLg

Ly(T) Lp(T)  Ly(T)

= 66)\1« - Gp}\\L - e‘/)\\l/a (8)

where L{ is again zero. Then the second term de-
pends only on reflected radiation and it can thus be
calculated separately.

0

€ax

c. Relation between slant emittance and vertical
emittance

If the quantity e, is measured at a zenith angle
0, then it is convenient to convert e,(8) to an
equivalent vertical value €,,(0). If §,,(0) is the
absorption optical depth through the slant path at
angle 6 (i.e., scattering effects have been subtracted)
then

}

8an(0) = 8,,(0) cosb, 9
€n(0) = [1 — exp — (8,\(0) cosB)).  (10)
But
3an(0) = — In[1 — €. (0)], 03]
so that

ean(0) = 1 — expl[In{l — €,,(6) cosb], (12)
which reduces to
€n(0) = 1 = [1 — en(B)]*. (13)

The emittance at emergent angle 6 can .thus be
converted directly into a vertical beam emit-
tance €qr(0).

d. Definition of emittances

A remote radiometer measures a radiance, lead-
ing to a beam absorption emittance e,,. In order
to be used for a radiative transfer model, the
quantity €., must be related to an effective broad-
band flux emittance €., i.e., covering all wavelengths.
This emittance is defined as (e.g., Cox, 1976)

. M3 - My

- ———, 14
€ Mi — ol 14)
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- _ My - M;
M7 — oT?

where the M’s are broad-band fluxes (or exitances)
equivalent to the L’s in Fig. 1 and o is the Stefan-
Boltzmann constant. The narrow-band effective flux
emittances €}, and €, can be defined in a similar
manner in terms of equivalent narrow-band fluxes.
In general, upward and downward emittances are
unequal because of the effects of scattering and,
in the broad-band case, the different spectral com-
positions of the various fluxes.

If scattering effects are neglected then there is a
simple relationship between the narrow-band flux
(absorption) emittance €%, and the beam emittance
€4\ This is given by (Platt and Dilley, 1979):

; (15)

/2
j {1 — exp[—84,(0) sechl} cosbd(cosh)
F 0 :

€\ =

T2
J cosfd(cosh)
0 (16)

In practice, Eq. (16) will not be accurate because
of scattering effects but, nevertheless, it is a useful
guide to the relation between flux and beam emit-
tance. The relations between €f,, €}, and ¢, are

“discussed later.

For low water clouds the narrow-band flux emit-
tance e, for wavelengths in the atmospheric
window, is approximately equal to the broad-band
flux emittance €,. This is due to the fact that the
fluxes within the atmospheric absorption bands are
close to blackbody at ambient temperature and most
of the radiation exchange occurs within the at-
mospheric window (Paltridge and Platt, 1976). The
extent to which this is true for high clouds is not
known, and will be investigated here.

3. Cloud model ‘

The cloud particles are assumed to be long ice
cylinders, as an app,roximati(‘)n to the crystal shapes
found in high clouds (Stephens, 1980). To make the
calculations- more tractable, three types of mono-
disperse cloud are considered. Their physical prop-
erties are shown in Table 1, where o is the extinc-

TABLE 1. Optical properties of the three monodisperse model clouds.

o (km™) @y <cosf>
Case 1 0.836 0.5249 0.702
Case 2 2.579 0.5104 0.7864
Case 3 13.198 0.6390 0.814
Case 1 i ! =300 um, r = 75 um, n(r) = 0.0095, IWC* = 0.05 g m=3
Case 2 I =100 um, r = 25 pum, n(r) = 0.25, IWC =0.05gm™
Case 3 [ =200 um, r = 5 um, n(r) = 32, IWC =0.05gm

* Ice (or liquid) water content of cloud.
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tion coefficient, @, the single-scattering albedo,
(cosf) the asymmetry parameter, ! the crystal
length, r the radius, n(r) the number density and
IWC the ice water content. Note that as the IWC
is held constant, the particle size and thus the value
of o, (hence the optical depth) of the cloud vary
between the three models. Two model atmospheres
are considered, one representing a tropical situation
and the other, a midlatitude summer situation.
The temperature and humidity profiles for these
atmospheres are given in by McClatchey et al.
(1972).

The single-scattering properties of each cloud
model are discussed by Stephens (1980).

4. The radiative transfer model

The multiple-scattering radiative transfer model
employed in this study has been described elsewhere
(Stephens, 1976, 1978). In the model the atmosphere
is divided into N layers of varying thickness and
N + 1 levels. Cloud is inserted into a number of
adjacent layers, each with a different temperature.
In order to obtain a range of cloud optical depths,
each of these layers is then treated as a separate
cloud.

Stephens (1980) emphasized that the solution to
the radiative transfer model, in radiance (and flux)
form, could be separated into two distinct com-
ponents via

Li, =p(1,n + D)Ly + V:fﬂ/z} a7
L; =7(n,n + D)Ly + Vi ’
where p(l,n + 1) and 7(n,n +'1) are the diffuse

reflection and transmission operators, L; ., is the
downward radiance vector at cloud base (i.e., essen-
tially L7 in Fig. 1) and L, is similarly the upward
radiance vector at cloud top (L7). The levels are
numbered fromn = 1to N + 1 downward from the
top of the atmosphere. Eq. (17) suggests that the
resultant radiances at cloud base are composed of a
reflection contribution [p(/, n + 1)L;;,] and a term
Vi1 Which contains multiple-scattering and emis-
sion contributions. Similarly, the upward radiance
at cloud top consists of a transmitted component
[r(n,n + 1)L;;,] and a term V., which contains
multiple-scattering, emission and reflection con-
tributions. Since we assume that the downward
radiance at cloud top is zero, we set the reflectance
contribution in V;,,,, to zero [for more details see
Stephens (1980)].

Thus the solutions provided by the multiple-
scattering model given by (17) can be directly re-
lated to the conceptual models described by (3) and
(4). Matching terms from (17) and (3) and (4)
produces '
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FiG. 2. Exitant radiances L7 and L7 as a function of emer-
gent angles from a cirrus cloud imbedded in a model tropical
atmosphere. Curves 1, 2 and 3 refer to radiances deter-
mined from the scattering properties in Table 1 as cases 1, 2
and 3, respectively, and for A = 11 um.
Visyz = Lg + Lp(T)eq
Visue = vLs + Lp(T)eqn
p(l,n + )Ly = p'L3
m(n,n + DLy = — € — p — v)L3

L)

again for L = 0.

A knowledge of ¢,, [determined from (10) using
the single-scattering absorption optical depth
8,11 and Lg(T) can provide an estimation of the mul-
tiple-scattering contributions yLs and yL; by way
of the first two equations of (18) and computation
of Vi, and V., from the detailed transfer
model Stephens (1980). In this way, as mentioned
previously, the simple conceptual model described
above can be employed to interpret the solutions of
the more complex multiple-scattering model and to
provide estimates of the reflection and multiple-
scattering effects on emergent radiance fields and
thus emittances derived from these radiances.

S. Resﬁlts

The radiances at the cloud boundary are plotted
against angle of emergence (zenith angle) in Figs.
2 and 3 for two model atmospheres. The radiances
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F1G. 3. As in Fig. 2 exceﬁt for a model
midlatitude (summer) atmosphere.
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FiG. 4. Fractioq of the downward radiation due to cloud
reflection for the three case studies listed in Table 1 (i.e.,
oLa/L3) for A = 11 pum.
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F1G. 5. The 11 wm beam emittance as a function of emergent
angle determined for calculations associated with Fig. 2 but with
the specified cloud optical depths of 5, 1 and 0.1. Solid curves
represent the effective emittance (i.e., includes all scattering
effects) determined with the mean cloud temperature; dashed
curve is similarly an effective emittance but for the respective
boundary temperatures; and the dotted curves are the ‘‘absorp-
tion emittance’ curves (i.e., include contributions only by ab-
sorption processes). T, — T, = 11°C, T = -63°C.

at cloud top include a component of surface radia-
tion, particularly for the case 1 cloud, which is
optically thin. The radiances indicate the effects of
reflection of 'upwelling radiation by the cloud, so
that at large angles of incidence the cloud-base
radiances are greater than the blackbody values at
cloud temperature. Thus there is limb brightening
at the cloud base. There is a converse effect at’
cloud top with limb darkening. These effects are
similar, but of a larger amplitude, than those found
by Yamamoto et al. (1970) for water clouds.

The fraction of the downward radiation which is
due to cloud reflection is shown in Fig. 4 for vari-
ous cases. The reflected component is quite appre-
ciable, particularly at large angles, as is also appar-
ent from the limb effects of Figs. 2 and 3.

In Figs. 5 and 6 the emittance €, is compared
with the values of e.,1 and €| as given by Egs.
(1) and (2) and for three optical depths. The. radi-
ances in these equations were computed from the
detailed radiative transfer model. The effects of us-
ing different defined cloud temperatures to calculate
the €,’s are also shown. The difference between
the curves at a given emergent angle indicates the,
correction which has to be applied to the experi-
mental values of €.,1 and €., in order to obtain a
value of e¢,,. In all cases, the effective emittances
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FiG. 6. As in Fig. 5 except for midlatitude summer model
atmosphere. T, — t, = 11°C, T = —38°C.

are greater than the absorption emittances. In the
case where the optical depth §,, is §, the calculated
emittance is generally greater than unity. This is
because of the large reflection component. It can
be seen that for the upward case, the emittance
calculated from the cloud-top temperature is closer
to €, than when the mid-cloud temperature is

used. The same is true for the downward emittance -

when the cloud-base temperature is used.

Figs. 7 and 8 show, for the case of the down-
ward emittance, the contributions of the two com-
ponents of scattering, the internal multiple scatter-
ing component e,,) and the external reflection
component ¢€,,). The combined components in the
upward emittance are shown as €7,1. The contribu-
tions are shown plotted against absorption optical
depth 8,, for two emergent angles. Generally, for
the downward emittance, the reflection components
are larger than the multiple-scattering components,
particularly for slant paths (i.e., larger emergent
angles) and for the tropical case.

The upward emittance is also appreciably modified
by both multiple scattering within the cloud and re-
flections from the cloud base. The corrections are
generally smaller for the upward case, that is,
when the radiances are measured from a satellite.
However, for a rather typical cirrus cloud which
has an optical depth of unity, say, the correction
to the emittance is still significant. As the effect in
this case is due largely to multiple scattering,
it becomes greatest when the optical depth is about
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F1G. 7. Fractional scattering components of effective radiance
emittance for A = 11 um and for a model tropical atmosphere.
That is, the scattering contributions to effective emittance as
defined in Egs. (6) and (8) for radiation emerging at 8.3 and
62.7° as a function of absorption optical depth.
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Fi1G. 8. As in Fig. 7 except for a midlatitude model atmosphere.



2320

L I T 17 1 T
¥6 [~ TIropical .
.
=z 12
i
~ 1o
U
w
g o8l
8
E 0}
2 8.7
g 04 |- "@/
ozf-a",
QS
S/
/ i | | |

02 04 06 08 10
Absorbtion Emittance €4y

Fi1G. 9. The 11 um flux emittance as a function of beam **ab-
sorption emittance’’ for both upward and downward directions
and for the three case studies indicated. The calculations were
performed for a high cloud positioned in a model tropical
atmosphere, The three different sets of points represent the
three different ice cylinder radii, as given in Table 1. Dashed
line: curve for €, = €,,; dotted line: curve for the simple dif-
fuse relation of Eq. (16).

unity and then decreases for further increases in
optical depth, although this again depends on the
angular position of the path of interest.

Figs. 9 and 10 show the effective flux emittance
€., at 11 um plotted against the absorption beam
emittance e,y. Also shown (dashed curve) is the
function €, [Eq. (16)]. The general features of the
results are, first, that the flux emittance is always
greater than the beam emittance and, second, that
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F16. 10. Asin Fig. 9 except for a midlatitude summer atmosphere.
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Fi1G. 11. The relationship between the broadband effective
emittance and the narrow band (11 um) effective emittances
for the downward (full) and upward (open points) directions and
for a tropical atmosphere. The three different sets of points
indicate calculations with the three cylinder radii of Table 1.

the expression for €, appears to be a useful
approximation, particularly for the upward effective
emittance. In the downward case, the large devia-
tions from the curve, particularly in the tropical
case, mirror the large influences of reflection. They
indicate, as emphasized by Stephens (1980), that the
parameterization of cloud radiative properties in
terms of an effective emittance becomes difficult

-for high clouds, at least for the tropical case. The

effective emittance, for a given value of ¢, also
becomes critical on the particle sizes in the cloud. In
actuality a cloud is never monodisperse, so that
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F16. 12. Asin Fig. 11 except for midlatitude summer atmosphere.






