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Infrared transmission through cirrus clouds:

model for target detection

a radiative

K. N. Liou, Y. Takano, S. C. Ou, A. Heymsfield, and W. Kreiss

An IR transmission model for thin and subvisual cirrus clouds composed of hexagonal ice crystals with a
specific use for target detection has been developed. The present model includes parameterizations of the ice
crystal size distribution and the position of cirrus clouds in terms of ambient temperature. To facilitate the
scattering and absorption calculations for hexagonal column and plate crystals in connection with transmis-
sion calculations, we have developed parameterized equations for their single scattering properties by using
the results computed from a geometric ray-tracing program. The successive order-of-scattering approach
has been used to account for multiple scattering of ice crystals associated with a target—detector system. The
direct radiance, path radiance, and radiances produced by multiple scattering and background radiation
involving cirrus clouds have been computed for 3.7- and 10-um wavelengths. We show that the background
radiance at the 3.7-um wavelength is relatively small so that a high contrast may be obtained using this
wavelength for the detection of airborne and ground-based objects in the presence of thin cirrus clouds.
Finally, using the present model, including a simple prediction scheme for the ice crystal size distribution and
cloud position, the transmission of infrared radiation through cirrus clouds can be efficiently evaluated if the
target-detector geometry is defined.

I. Introduction

It has been recognized that cirrus clouds are global in
nature, relatively stable and long-lived, and generally
reside in the upper troposphere and lower strato-
sphere. They are mostly associated with large scale
weather disturbances and deep cumulus outflows.!
From in situ aircraft observations, it has been deter-
mined that cirrus clouds are largely composed of non-
spherical columns, plates, and bullet rosettes.? Be-
cause of low ice crystal concentrations and their high
location in the atmosphere, cirrus clouds are normally
semitransparent and nonblack. For this reason, there
are significant problems in the development of satel-
lite remote sensing techniques for the mapping of cir-
rus clouds over the globe. As pointed out in Liou,!
some thin cirrus clouds may be undetected by satellite
visible and IR channels and/or ground observers.
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Owing to their high location in the atmosphere, thin
and subvisual cirrus clouds could have a significant
effect on the passive detection of IR signatures from
high flying aircraft and hot ground sources. Signifi-
cant attenuation may occur from long path transmis-
sion when thin cirrus clouds are present. In order to
quantitatively assess the IR transmission through cir-
rus clouds, it is necessary to develop a model that
accounts for the effects of the nonsphericity of ice
crystals and multiple scattering involving these parti-
cles. The objective of this paper is to develop an IR
transmission model for cirrus clouds, using the basic
scattering and absorption data for hexagonal ice crys-
tals. InSec. II we present parameterization equations
for the ice crystal size distribution in terms of tempera-
ture based on size spectra measured from aircraft. In
addition, the single-scattering properties of hexagonal
ice crystals are also parameterized using the data com-
puted from the light scattering program developed by
Takano and Liou.® The formulation of IR transmis-
sion through cirrus clouds for a target-detector system
is given in Sec. III. Computational results, using 3.7-
and 10-um wavelengths, are described in Sec. IV. Fi-
nally, conclusions are given in Sec. V.

ll. Parameterization of Cirrus Microphysical and Single-
Scattering Properties

To facilitate the computation of light scattering by
nonspherical ice crystals for applications to the trans-



mission problems associated with cirrus clouds, we
wish to develop parameterization equations for the ice
crystal size distribution as a function of temperature
and for the scattering and absorption properties of
hexagonal ice crystals.

A series of in situ measurements of the microphysi-
cal properties of cirrus clouds associated with warm
frontal overrunning systems, warm frontal occlusions,
closed lows aloft, and the jet stream in midlatitudes
have been undertaken by Heymsfield.%® There is
strong evidence from the data that the maximum di-
mension of ice crystals and ice water content are corre-
lated with temperature. Heymsfield and Platt?
grouped the observed data for the ice crystal concen-
tration as a function of maximum dimension and tem-
perature for a 5°C interval from —20 to —60°C. Based
on this grouping, the ice crystal size distribution in
cirrus clouds can be represented by two equations in
the forms ‘

for D < D,, (1a)

A, x DV x IWC
n(D) =
for D > D,, (1b)

A, x DP x TWC

where nisin units of m~3 um~1, D the crystal maximum
dimension in um, IWC the ice water content in g m=3,
B; and B, the slopes of the curves, 4; and A; the
coefficients related to ice crystal concentrations at 100
and 1000 um, respectively, and the crystal maximum
dimension criterion is given by

Ay \V/(Bi=By)
Dy = 4, . (2)

The values of A;, As, Bi, Bz, and IWC are related to
temperatures in the range of =20 to —60°C. Once the
temperature is given, the ice crystal size distribution
may be inferred from Eqs. (1) and (2). The smallest D
measured from the aircraft experiment and presented
by Heymsfield is 20 um, and the resulting ice crystal
size distributions are for cirrus clouds in midlatitudes.

The extinction cross section C, for randomly orient-
ed hexagonal ice crystals of the same size can be ex-
pressed by?

c, = %(w/Z)"‘(\/E +4D/w), 3)

where w is the width of the basal plane of a hexagonal
ice crystal and D the maximum dimension defined
previously. When absorption is small, the absorption
cross section C, is proportional to the product of the
absorption coefficient k; and volume V, where k; =
47m;/\, m; is the imaginary part of the complex refrac-
tive index, A is the wavelength, and V = 3y3 w?D/8fora
hexagonal cylinder. The single-scattering albedo is
defined as the ratio of the scattering cross section C; to
the extinction cross section in the form

c, c

o= ZS: =1 - Zf: . (4)
Thus for weak absorption, (1 — &), the single-scatter-
ing coalbedo, must be proportional to a physical pa-
rameter defined by
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Fig. 1. Computed single-scattering coalbedo, 1 — &, denoted by
crosses and the fitted curve as a function of the physical parameter 2
defined in Eq. (5). There is a slight discontinuity at z = 0.4 that
defines strong and weak absorption.
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Based on numerical calculations involving a number of

wavelengths, particle sizes w, and aspect ratios D/w, we

find that the single-scattering albedo can be param-

gterized in terms of a fourth order polynomial in the
orm

z = k,(w/2) (5)

4
@=1-> fz" for z2<04 (6)
n=1

where f; = 1.1128, f; = —2.5576, f3 = 5.6257, and f4s =
—5.9498. For weak absorption, the lowest single-scat-
tering albdo & = 0.7564, correspondstoz = 0.4. Eq.(6)
fits the exact values of @ within 83%. In the computa-
tion, the complex refractive indices, m(= m, — im,), for
ice were taken from Warren.®

For strong absorption, the scattering cross section is
related to Fraunhofer diffraction and external reflec-
tions. Rays undergo refractions and internal reflec-
tions are largely absorbed and contribute little to scat-
tering. In the limit of geometric optics, the scattering
cross section due to Fraunhofer diffraction is one-half
of the extraction cross section. The scattered energy
per unit incident energy due to the contribution of
external reflections for randomly oriented ice crystals
of the same size is ~0.06. Using an extinction efficien-
cy of 2, the single-scattering albedo in the limit of
geometric optics is (1 + 0.06)/2 = 0.53. Consistent
with the physical parameter defined in Eq. (5), we find
the following parameterization fits the computed sin-
gle-scattering albedo:

&=1-047[1 —explaz?)], 2204, (7

where @ = —1.5051 and b = 0.6789. Whenz — =, i.e,,
in the geometric optics limit, we have & = 0.53 in
agreement with the preceding analysis. The param-
eterized equation gives an accuracy of better than 3%.
Figure 1 shows the single-scattering coalbedo as a
function of the physical parameter z in the range from
0.01to 10. The crosses are the exact values computed
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from the light scattering program, while the solid
curves are the best fits to data points. There is a slight
discontinuity at z = 0.4 that defines weak and strong
absorption because of the different mathematical
functions used in the fittings.

Equations (3), (6) and (7) were derived for ice crystal
size in terms of the maximum dimension and width.
The width of a hexagonal ice crystal can be related to
the maximum dimension on the basis of in situ ice
crystal size observations.” The ice crystal size distri-
bution given in Eq. (1) defines both the size and shape
(in terms of the aspect ratio D/w) of ice crystals. The
scattering and extinction cross sections for a sample of
ice crystals with sizes defined by Eq. (1) can be ob-
tained by performing an integration over this size dis-
tribution function. The averaged extinction cross sec-
tion C. is defined by

— 1 ©
Co= L C,(D)n(D)dD, (8)
where the total number density

N= j " (D)dD. ©)
0

The average scattering cross-section C, is given by

=107
CW =5 L &(D,NC(D)n(D)dD. 10)

The extinction, scattering, and absorption coeffi-
cients, per unit length, can be obtained, respectively,
from

B.(\) = NC,(\)

8,0 = NC,(\) ] : ()
8,00 = B,(\) — B.(\)

The preceding extinction coefficient and single-
scattering albedo parameterizations can be applied to
any imaginary refractive index, size parameter, and
aspectratio. For the calculation of the phase function,
the exact light scattering program must be used.
However, the phase function does not vary significant-
ly with wavelength when compared with the single-
scattering albedo. For this reason we may use a limit-
ed number of representative wavelengths and ice
crystal size distributions for phase function computa-
tions.

Recently, Platt and Harshvardhan® have derived a
parameterized equation for the absorption coefficient
of cirrus clouds in terms of temperature, based on a
large number of measurement data obtained from the
ground-based lidar and passive radiometer located at
38 and 12.4°S latitudes. They found that averaging
over many cases (typically 400 observations), the cir-
rus IR absorption coefficient is a well defined mono-
tonic function of temperature within a temperature
range from —77 to —5°C. A direct comparison of the
present parameterization for the single-scattering
properties of cirrus clouds with their results appears
not to be entirely appropriate because there were no
concurrent observations of ice crystal size distribu-
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tions during the ground-based experiments. Howev-
er, to have a general comparison, we computed the
absorption coefficient from the preceding parameter-
ized equations at the 11-um wavelength and obtained
values of 0.41, 0.30, and 0.07 km™! for temperatures of
—25, —35, and —45°C, respectively. The results of
Platt and Harshvardhan for the same temperatures
are ~0.52, 0.36, and 0.22, which are in the range of the
present values that are valid for cirrus clouds in midla-
titudes. The differences in the absorption coefficient
for colder temperatures are probably due to different
ice crystal size distributions involved and the possibili-
ty of small ice crystals in tropical cirrus that were not
accounted for in the present treatment.

ll.  Formulation of IR Transmission through Cirrus
Clouds

In this section we present basic formulations con-
cerning the IR transmission through cirrus clouds with
a specific application to a target-detector system. We
first consider the basic radiative transfer equation for
diffuse radiance I in the form

_ dI(s,9)

Bds I(5,2) — J(s,2), (12)

where the source function is defined by

J(s,Q) = %L I(s,2)P(Q,Q)dQ’ + (1 — &)B(T). (13)

In these equations, s denotes the path length along the
radiation stream, P the scattering phase function
which is a function of the incoming and outgoing solid
angles, Q' and Q, respectively, and B the Planck func-
tion for a temperature, . Other notations have been
defined previously. The differential solid angle dQ =
dud¢, with u = cosf, 8 the zenith angle, and ¢ the
azimuthal angle.

From Eq. (12), the formal solution for diffuse radia-
tion at position s = 0 is given by

1(0,2) = I(s,0) exp(—B,s) + Js J(s',Q) exp(—B,s)B.ds’. (14)
o

The first term on the right-hand side of Eq. (14) repre-
sents the direct transmission, while the second is relat-
ed to multiple scattering contributions. To apply the
preceding IR radiative transfer equations to a target—
detector system, we must consider the contributions of
emitted and scattered radiation that the detector
would receive within its field-of-view. There are four
radiation sources: direct transmission of the emitted
energy from the target, multiple scattering of
the emitted energy by cloud particles, background ra-
diance, and path radiance. The details of these
sources are described below.

A. Direct Transmission

As shown in Fig. 2(a), the solid angle with respect to
the target that is viewed from the detector is

AQ, = wr,Y/s?, (15)

where r; is the effective radius of the target, and the
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Fig.2. (a)First-order scattering contribution and definitions of the

nadir angle, 6, half beamwidth of the detector ¢, and path length s, in

atarget—detector system. Inthis diagram,s’ = DE,ands—s’=ET.

(b) Contribution of order of scattering higher than the first in a

target-detector system. Inthis diagram,s’ = DE,s” = EF,s; = TG,
and s; = GE. Other notations are defined in the text.

path length s = Az/y, i.e., the distance between the
target and the detector, where Az is the thickness of
the cloud and u the cosine of the zenith angle of the
detector. The solid angle associated with the detector
field-of-view is

AQ = my?, (16)

where ¥ is the half beamwidth of the detector.

The target with an effective temperature T; emits
radiationr in all directions and a part of this radiation is
transmitted to the position of the detector. Taking
into account the relative solid angles with respect to
the target and detector, the direct transmitted radi-
ance may be expressed by

2
L0,9) = (;r;—) B(T,) exp(~B.s). an

For IR emission, the transfer of radiation is indepen-
dent of the azimuthal angle.

B. First-Order Scattering Contribution

We shall approach the multiple scattering problem
by using the order-of-scattering method. Based on
the solution given in Eq. (14), we may write

170, = ] JO(s',Q) exp(~B.5)8.ds, n=12... (18)
0

Here, n = 1 denotes the first-order scattering, n = 2 the
second-order scattering, and so on. The source func-
tion in this case is associated with scattering only.
Thus from the source function defined in Eq. (13), we
have

T(s',0) = 2 j I (s, )P, 2)deY. (19)
47 Jaq
Equations (18) and (19) can be used to generate high-
order multiple scattering contributions iteratively.
This is referred to as the order-of-scattering method in
radiative transfer. From Eq. (17) for the direct trans-
mitted radiance, the radiance for the zero-order scat-
tering may be written

2
19 Q) = (sr_‘;) B(T,) exp[—B8.(s — s")], (20)

where s’ is defined in Fig. 2(a). From Eq. (19) the
source function asociated with the first-order scatter-
ing is given by

JO(,0) = 2 10(s.0) ] P(,Q)de. @1)
47 Aq®

Q

The solid angle under which the detector can receive
the scattered radiation is

AQY = 27y (22)

From the geometry illustrated in Fig. 2(a), the angular
limit for the zenith angle may be expressed by

¥ =y + tan s’ tany/(s — s')]. (23)

The scattered radiance at position s = 0 due to the
first-order scattering is then

10,0) = f JV(57,0) exp(—,5')8,ds". (24)
0

C. Contribution from Scattering More Than Once

In reference to the geometry shown in Fig. 2(b),
contributions to the received energy may come from
the scattering of cloud particles outside of the detector
field-of-view. In this case, scattering must occur more
than once. The radiance associated with the zero-
order scattering may be written

2
19%) = (;’é—) B(T,) exp(—B.s,), 25)

where s; is the path length defined in Fig. 2(b). Itis
given by

81 = (s — §”)/cosX. (26)

From the geometry, the angle X is related to the path
lengths s, s/, and s”, and the scattering angle 0” in the
form

—(s —s") + [(s — §)* + 4(s — s”)(s” — &’) tan®0”]2

tanX = . (27
an 2(s — §’) tan®” @7

Following the same procedures as described in the
preceding section, the source function associated with
the first-order scattering is as follows:
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M= I [ P, @)
where the solid angle is given by
AQW™D = 25(y, — y), (29)
with
Y1 = 0,y = min(£,,£,) for s” > o, (30)
V1 = max(§;,6,),¥, = w fors” < ¢/, 31)
§ =7 —0+tan"'[(s — s”)/(s’ — ") cotd], (32)
&, = —tan"[(s — s”)/s” cotf]
+ tan~!{(s’ ~ s”)/s” coth], (33)
6 = cosp. (34)

We may express the scattered radiance at position s =
s’ due to the first-order scattering in the form

IV ) = f JV(, ) exp(—B,8,)8,ds”. (35)
o

The path length, s, for attenuation may be expressed
by
8, = (s” — §’)/cos0,, (36)
where
0,=0" - X, @37

with ©” the scattering angle and the angle X is defined
in Eq. (27).

The source function associated with the second-or-
der scattering may be written

T, @) = 2 j IN(s", Q") P(Q”,2)dQ”. (38)
47 (@

AQ
From Fig. 2(b), the appropriate solid angle in this case
is given by

AQ® = 2x[(0, + ) - (6, - ¥)], (39)

where ¢ is the half angle of the detector defined previ-
ously, and ©1 is defined in Eq. (37). The radiance for
the second-order scattering that can be detected at
position s = 0 may then be written

10,0 = ] " JO(5',9) exp(~B,5')8,ds". (40)
(4]

The geometry for scattering more than twice is the
same as that for the second-order scattering. Thus we
may generalize the formulation for the second-order
scattering to n-th-order scattering and write

T,0) = 2 j 1"Y(s",97)P(2",9)d2”, 1)
4r [pqm

I™(0,0) = j " J0(,0) exp(=B.)B,ds'n = 3, (42)
0

where AQ™ = AQ®),

Combining the contributions from the direct trans-
mission, first-order scattering, and multiple scatter-
ing, the total radiance that can be detected within the
detector field-of-view may be expressed by
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N
1,(0,Q) = I,(0,9) + Z I(0,9), (43)
n=1
where N denotes the total number of scattering*events.
We define a modified extinction coefficient 8, which
takes into account the multiple scattering effect such
that

2
L0,0) = (:—‘2) B(T,) exp(—6.s). (44)
Thus we have
L,(0,)
L,0.9 = exp[—B,s(k — 1)], (45)
where
k=g/8,<1. (46)

The factor k is a parameter that accounts for the multi-
ple scattering contribution.

D. Background Radiance, Path Radiance, and Contrast

In addition to the contribution from the direct trans-
mission from a target and multiple scattering of cloud
particles, background and path radiances should also
be considered. The background radiance I, is the
radiance that is produced by the cloud-atmosphere-
surface system at the cloud top where the detector is
located. This radiance can be computed from the
radiative transfer program for the cloud-atmosphere—
surface system developed by Takano and Liou.?

The path radiance is the radiance arising from the
multiple scattering of cloud particles between the
cloud top and bottom. Referring to Eq. (14), it is
defined by

L0,9) = j " J(s',2) exp(~B,5")8,ds'. 47)
0

The background radiance is partially blocked by the
target with respect to the detector. Thus the radiance
received by the detector due to the contribution of the
background is proportional to [1 ~ (r;/sy)?]. Includ-
ing the background radiance, path radiance, and ra-
diances produced by the direct transmission and mul-
tiple scattering of cloud particles, the total radiance
observed by the detector is given by

Iy = [1 = (r/s)?T, + (r/sp)1, + 1, (48)

where I; is defined in Eq. (43). Finally, using the
preceding definitions, the contrast is defined by

C = (IO—Ib)/Ib‘ (49)

The contrast of a target against the background de-
pends significantly on the geometric factor (r,/sy), and
the target temperature contained in Eq. (44).

IV. Computational Results

InSec. II, we illustrate that the ice crystal size distri-
bution may be parameterized in terms of temperature,
and that the single-scattering properties of ice crystals
for any given wavelength may be efficiently computed
by using parameterized equations. For applications



to IR transmission through cirrus clouds, the position
of their heights must be known. The prediction of
cloud heights requires a model for the cloud formation,
which could be extremely involved. For cirrus clouds,
such a model has not been available up to now. We
shall present a simple empirical expression, which
could be of some use in relating the cirrus cloud height
with the relative humidity (RH).

The supersaturation with respect to ice S; is a func-
tion of temperature and RH, which is defined as the
ratio of the ambient vapor pressure e to the saturation
vapor pressure over water e,. If we let the saturation
vapor pressure over ice be denoted as e;, from the
definitions of e; and e;, we have

efe 1/1 1
RH = Z (e—s) = (1 + Sz) expl:-R—U <—0 - —7;) (Ls - L):I ’ (50)
where R, is the gas constant for water vapor, T, the
freezing temperature in kelvins, and L, and L the la-
tent heat for the phase transitions between vapor and
ice, and vapor and water, respectively. The exponen-
tial function can be fitted by exp[c(T-273)], where ¢ =
9.24 X 1073, with an accuracy within a few percent over
the temperature range 0 to —60°C. From measure-
ments with rawinsondes, RHs have been found to be
usually biased downward by ~10% at the temperatures
where ice clouds are present.’? To err on the conserva-
tive side we set a threshold RH upon which an ice
crystal cloud may be generated by

RH, =~ 0.9 exp[c(T-273)}. (51)

In this manner, the threshold RH is expressed in terms
of temperature. This equation does not consider
evaporative regions located below the ice growth layer.
If the ambient RH > RH, cirrus clouds are present in
the atmosphere. This expression has been used to
relate the observed RH and cirrus cloud height and
gives a height accuracy within ~0.5 km for a number of
observational data (Heymsfield, unpublished data).
We realize that the prediction of the position of cirrus
clouds using the RH technique is primitive and re-
quires further verification. Nevertheless, the preced-
ing parameterization offers a simple and efficient
means of producing cirrus clouds. This is sufficient as
a first approximation for the formulation of IR trans-
mission through cirrus clouds.

On the basis of the preceding discussion and the
discussion presented in Sec. II, temperature is the
basic parameter that determines the ice crystal size
distribution and the position of the cloud via the
threshold RH. Once the size distribution is known,
the single-scattering properties may be calculated.
Moreover, having the position of cirrus clouds in the
atmosphere and the geometry governing the detector-
target system defined, radiative transfer calculations
may be carried out.

As shown, the ice crystal size distribution is depen-
dent on the temperature in clouds. To simplify radia-
tive transfer calculations, we may perform an averag-
ing procedure over the single-scattering parameters to
account for the inhomogeneity of the size distribution.

Detector and Target
Geometry

[ pairacrie |

Temperature
Relative Humidity

] ¥
Ice Crystal Position of
Size Distribution cirrus
Averaged

Extinction Cross Section Extinction Cross Section
Scattering Cross Section [—Scattering Cross Section
Phase Function Phase Function

P I

Background and I Direct Radiance
Path Radiances

Multiple Scattering
Program

{

Adjustment Factor for

Multiple Scattering

[
Fig. 3. Block diagram for the IR transmission model for cirrus
cloud developed in the present study.

For example, the averaged extinction coefficient may
be computed from

- 1 2t
A J ,, B,I\T(2)]dz, (52)
where z; and 2; denote the cloud base and top heights,
respectively. Once the averaged single-scattering pa-
rameters are known, the direct radiance, radiances
produced by multiple scattering of cloud particles,
background radiance, and path radiance can be com-
puted from the radiative transfer program described in
Sec. ITI. Using these radiances, the contrast for a
target—detector system may be computed to investi-
gate the relative importance of the presence of cirrus
clouds in the transmission of infrared radiation. A
block diagram that describes the aforementioned com-
putational programs is displayed in Fig. 3.

The present IR radiative transfer program includes
the contribution due to water vapor absorption.
The absorption coefficients for water vapor in the
window regions were taken from values available in
LOWTRANS.1! The effects of water vapor absorption
can be incorporated into the transfer program by ad-
justing the optical depth and single-scattering albedo.

The program was used to compute the direct radi-
ance, path radiance, and background radiance associ-
ated with a target-detector system. We have selected
two IR wavelengths of 3.7- and 10-um, along with a
midlatitude winter atmosphere in the radiance simula-
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Fig.4. Scattering phase functions for randomly oriented hexagonal

ice crystals at the wavelengths of 3.7 and 10 um. The ice crystal size

distribution used in the calculations correspondsto a temperature of
—40°C.

tion. Inaddition, the following parameters were used:
target equivalent radius r, = 1 m, target equivalent
temperature T; = 873.2 K, half beamwidth of the de-
tector ¥ = 1°, cloud top height z; = 8.5 km, and cloud
base height z, = 8 km. We used six temperatures
corresponding to each 100 m to get the ice crystal size
distributions. Using the parameterization equations
developed in Sec. Il and Eq (52), the optical depths and
single-scattering albedos computed for the 3.7-um
wavelength are 0.1156 and 0.7144, respectively. For
the 10-um wavelength, they are 0.1155 and 0.6119.
Strictly speaking, the phase function is also dependent
on temperature. Using temperatures of —20, —40, and
—60°C, we find that the computed phase functions
deviate only insignificantly. As far as the radiative
transfer calculations are concerned, these deviations
can be neglected. Figure 4 shows the phase functions
for randomly oriented ice crystals at 3.7- and 10-um
wavelengths using a temperature of —40°C. For the
3.7-um wavelength, the distinct maximum located at
the scattering angle of ~30° is the halo feature. Also,
the backscattered energy is much larger than that for
the 10-um wavelength.

Figure 5 shows the computed radiances for 8.7- and
10-um wavelengths as functions of the nadir angle 6 or
the pathlengths = (z; — 2)/cosf. Because of the small
water vapor concentration in the winter atmosphere,
the computed background radiances for nadir angles
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Fig. 5. Background, path, and direct radiances as functions of the
nadir angle 6 at the cirrus cloud top for a model midlatitude winter
atmosphere. The upper scale is the path length defined as s = Az/
cosf, where Az is the cloud thickness.

less than ~60° are close to the emitted radiance from
the surface with a temperature of 272.2 K. The back-
ground radiance at 3.7 um is 3 orders of magnitude
smaller than that at 10 um. The direct radiance is
inversely proportional to the square of the path length
s. Itsvalues decrease significantly as s (or §) increases.
The target equivalent temperature used in the calcula-
tion is 873.2 K. Because of this high temperature, the
direct radiances at 3.7- and 10-um wavelengths are
almost identical. For the path radiance, the limb
brightening effects are evident for nadir angles close to
90°. At the 3.7-um wavelength the path radiance is
extremely small.

Next, the significance of multiple scattering is inves-
tigated. Figure 6 illustrates the ratios of the first-
order and second-order scattered radiances to the di-
rect radiance. At the 10-um wavelength, the
contribution due to first-order scattering is generally
<1%, except for nadir angles larger than ~80°. The
first-order scattering contribution at the 3.7-um wave-
length accounts for more than ~2%. For large nadir
angles, this contribution is significant. The second-
order scattering contribution is ~2 orders of magni-
tude smaller than the first-order scattering at both
wavelengths. For all practical purposes, the effects of
multiple scattering due to cloud particles may be ne-
glected if the half beamwidth of the detector is <1°.
As shown in Fig. 6, the scattered radiances at 3.7 um
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are larger than those at 10 ym. This is because the
single scattering albedo and the Fraunhofer diffrac-
tion peak are larger for the former wavelength.

Figure 7 shows the adjustment k defined in Eq. (46).
Because of larger scattering contributions at the 3.7-
pm wavelength, k is smaller. This factor is largely
independent of the nadir angle for both 3.7- and 10-um
wavelengths. If scattering effects higher than first-
order are neglected, a simplified expression may be
derived for the adjustment factor k. On the basis of
Egs. (17), (24) and (44), we find

Table l. Muiltiple Scattering Adjustment Factor k
Apm)/Y(°) 0.5 1.0 1.5
3.7 0.921 0.867 0.831
10 0.970 0.941 0.916
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Fig. 8. Contrast as a function of the nadir angle or path length for
8.7- and 10-um wavelengths. The parameters used in the calcula-
tions are as follows: target equivalent radius r; = 1 m, target
equivalent temperature T, = 873.2 K, half beamwidth of the detector
¥ = 1°, cloud base height z, = 8 km, and cloud thickness Az = 0.5 km.

500 (9
O 21— % J P(6) sin6do, (53)
0
where
(1621 +0558  for A =3.Tum o
~12.089¢ +0.895  for A = 10 um. (54)

In Table I, the values of k& are listed for a number of
values of ¥ and two wavelengths.

The contrast in the presence of cirrus clouds as a
function of the nadir angle is shown in Fig. 8. The
contrast decreases as the nadir angle increases. At the
3.7-um wavelength, the background and path ra-
diances are much smaller than the direct radiance, as
illustrated in Fig. 5. For this reason, the contrast is
remarkably high. However, a low contrast in the case
of 10um is shown due to large background radiance.

Finally, we investigate the sensitivity of the contrast
at A = 8.7 um to various pertinent parameters, includ-
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ing the cloud base height, cloud thickness, target tem-
perature, and target radius. Figure 9(a) shows the
contrast as a function of the nadir angle (or path
length) for three cloud base heights of 7, 8, and 9 km.
The cloud thickness Az is fixed at 0.5 km and other
parameters are the same as before unless otherwise
stated in the discussion. As presented in Sec. I, the
ice crystal size distribution is dependent on tempera-
ture, which is a function of height. Warmer tempera-
tures would produce larger ice crystals and larger IWC.
The optical depth is directly proportional to the ice
water path (= Az-IWC). Asaresult, the optical depth
increases as the cloud is lowered, as shown in Table II.
A factor of ~10 in the optical depth is shown when the
mean cloud temperature varies by 12 K (from 7 to 9
km). Since larger ice crystals absorb more radiation
than small ice crystals, the single-scattering albedo
decreases as temperature increases. Although its val-
ues vary by only ~0.1, this variation could have signifi-
cant effects on the long path transmission. The con-
trasts presented in Fig. 9(a) are a result of competition
between the optical depth and single-scattering albe-
do. For the case involving the cloud bases of 8 and 9
km, contrast results do not vary significantly. Howev-
er, in the case of the 7-km cloud base, noticeable reduc-
tions of the contrast occur for larger nadir angles or
longer path lengths (s > 3 km).

In recent years, there have been suggestions that
some cirrus clouds may contain substantial numbers of
ice crystals <20 um that are not been detected by
imaging probes. These suggestions have been made
on the basis of indirect radiometer, satellite, and lidar
observations during the First ISCCP (International
Satellite Cloud Climatology Program) Regional Ex-
periment (FIRE), which was carried out in Wisconsin,
Oct.—Nov., 1987. Although the direct evidence of
small ice crystals <20 um in cirrus clouds has not been
available at this point, their presence may have signifi-
cant effects on the transfer of some of the IR wave-
lengths. We have performed additional experiments
that include smaller ice crystals (10-20 um) in light
scattering and absorption calculations by extrapola-
tion of the size distribution in the logarithmic scale
presented in Eq. (1). For the case involving the 8-8.5
km cloud, the optical depth and single-scattering albe-
do are 0.1521 and 0.7650, respectively. However, con-
trast results are practically the same as those comput-
ed without small ice crystals.

Figure 9(b) is an illustration of the effect of the cloud
thickness on the contrast. As shown in Fig. 5, the
background radiance is small for the 3.7-um wave-
length. Thus the contrast is primarily produced by

Table ll. Single-Scattering Properties of Cirrus Clouds Corresponding to
the Results Presented in Fig. 9(a).
z; (km) 2p (km) T (K) T @
9 9.5 224.2 0.0440 0.7607
8 8.5 230.2 0.1156 0.7144
7 7.5 236.2 0.3942 0.6803

the scattered radiance due to the cloud and path radi-
ance defined in Eqs. (44) and (48). Both radiances
depend on the geometric factor, (r;/sy)?, that relates
the target and detector field-of-views. The path
length s is given by Az/cosf. Thus the total radiance is
inversely proportional to Az2. This explains why the
contrast is greatly reduced for larger thicknesses. On
the basis of the results presented in Figs. 9(a) and (b),
we conclude that the effect of optical depth of thin
cirrus on the contrast at the 3.7-um wavelength is
relatively small.

In Fig. 9(c) we present the effect of the target tem-
perature on the contrast. From Eq. (44), the direct
radiance and radiances due to multiple scattering are
directly proportional to the Planck function, which
increases as temperature increases. As pointed out
previously, because of the low background radiance at
3.7-um, the contrast at this wavelength is linearly re-
lated to the geometric factor, (r:/sy)2 The results
presented in Figs. 9(a)-(c) may be applied to a hot
target located at the ground, such as an initial stage of
forest fire. Let the half beamwidth ¥ be fixed at 1°.
The hot target at the ground would have a path length
s’ = (zp + Az)/cosf that differs from s = Az/cosd,
corresponding to the case when the target is just below
the cloud. It follows that to have the same geometric
factor, we must have r, = ry(z, + Az)/Az. Ifr;=1m,2
= 8km, and Az = 0.5 km, r, = 17m. There appears to
be sufficient contrast for the detection of a ground fire
using the 3.7-um channel even when thin cirrus are
present. Finally, the effect of the target radius r; on
the contrast is shown in Fig. 9(d). Since the total
radiance is directly proportional to 72, the results pre-
sented in this figure are self explanatory.

V. Conclusions

An IR transmission model involving thin cirrus
clouds has been developed for a target—detector sys-
tem. On the basis of the successive order-of-scatter-
ing approach, the effects of multiple scattering of ice
crystals within the detector field-of-view can be prop-
erly accounted for in the model. Although the theo-
retical formulations were for thermal IR emission, they
may be modified to include the contribution due to the
reflection of solar radiation. To simplify the multiple
scattering contribution in the model, an adjustment
factor in the exponential direct transmission term has
been derived. This factor is expressed in terms of the
half beamwidth of the detector and wavelength.

In connection with scattering and absorption calcu-
lations, we have presented parameterization expres-
sions for the ice crystal size distribution in terms of
temperature based on cloud physics data derived by
Heymsfield and Platt.2 To facilitate scattering and
absorption computations, the single-scattering prop-
erties, including the extinction cross section and sin-
gle-scattering albedo for randomly oriented columns
and plates are parameterized in terms of the maximum
dimension of ice crystals and wavelength. We have
also developed a simple relative humidity technique
for the prediction of cirrus cloud height. The thresh-
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old relative humidity above which cirrus clouds are
allowed to form in the atmosphere is determined as a
function of temperature. However, this technique
requires further verification.

Using the present IR transmission model along with
the single-scattering parameters computed from the
observed ice crystal size distribution, the direct radi-
ance, path radiance, radiances produced by multiple
scattering of ice crystals, and background radiation
have been computed for 3.7- and 10-um wavelengths.
The background and path radiances in the presence of
cirrus clouds were computed from the adding method
for multiple scattering developed by Takano and
Liou.? Forboth wavelengths, contributions from scat-
tering events higher than first-order scattering may be
neglected due to substantial absorption by ice parti-
cles. We show that the background radiance at the
3.7-um wavelength is relatively small so that a high
contrast may be obtained using this wavelength for the
detection of objects in the presence of thin cirrus
clouds. Sensitivity of the contrast at this wavelength
to the cloud height and thickness, and target tempera-
ture and radius has been examined. The most impor-
tant parameters that determine the contrast are the
target temperature and geometric factor (r;/sy) where
r; is the target radius, s = Az/cos#, Az the cloud thick-
ness, § the zenith angle of the detector, and ¥ the half
beamwidth of the detector. Although the present for-
mulations are primarily developed for application to
the detection of airborne objects, they are equally ap-
plicable to the detection of hot ground sources, such as
forest fires. This may be done by redefining the afore-
mentioned geometric factor.
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