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We have developed a two-dimensional �2D� model for inhomogeneous cirrus clouds in plane-parallel and
spherical geometries for the analysis of the transmission and backscattering of high-energy laser beams.
The 2D extinction-coefficient and mean effective ice-crystal size fields for cirrus clouds can be determined
from a combination of the remote sensing of cirrus clouds by use of the Advanced Very High Resolution
Radiometer on board National Oceanic and Atmospheric Administration satellites and the vertical
profiling of ice-crystal size distributions available from limited measurements. We demonstrate that
satellite remote sensing of the position and the composition of high cirrus can be incorporated directly in
the computer model developed for the transmission and backscattering of high-energy laser beams in
realistic atmospheres. The results of laser direct transmission, forward scattering, and backscattering
are analyzed carefully with respect to aircraft height, cirrus cloud optical depth, and ice-crystal size and
orientation. Uncertainty in laser transmission that is due to errors in the retrieved ice-crystal size is
negligible. But uncertainty of the order of 2% can be produced if the retrieved optical depth has errors
of �0.05. With both the aircraft and the target near the cloud top, the direct transmission decreases,
owing to the propagation of the laser beam through the curved portion of the cloud top. This effect
becomes more pronounced as the horizontal distance between the aircraft and the target increases.
© 2002 Optical Society of America
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1. Introduction

With advances in laser technology in recent years,
high-energy lasers at near-infrared wavelengths
have been developed and incorporated into an air-
craft platform for engagement with a moving target.
For such an active system to be effective in operation,
atmospheric effects must be carefully taken into con-
sideration. The presence of persistent high-altitude
cirrus clouds along the path between the aircraft
platform and the target, particularly in the typical
cirrus-residing regions of the upper troposphere and
the lower stratosphere, can significantly affect the
transmission and backscattering of laser beams.

In a paper previously published in this journal,1 a
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near-infrared airborne-laser transmission model for
thin cirrus clouds was developed on the basis of the
successive-order-of-scattering approach to account
for the multiple scattering of randomly and horizon-
tally oriented ice crystals associated with an aircraft–
target system. Direct transmission and the
transmission that is due to multiple scattering were
formulated specifically for a homogeneous plane-
parallel geometrical system, in which scattering and
absorption associated with aerosols, water vapor, and
air molecules were accounted for. A number of sen-
sitivity experiments were performed for the investi-
gation of effects of aircraft–target position, cirrus
cloud optical depth, and ice-crystal size on laser
transmission for tactical applications. We illus-
trated that transmission contributions produced by
orders of scattering higher than 1 are small and can
be safely neglected. The possibility of horizontal
orientation of ice crystals could enhance the trans-
mission of laser beams in the aircraft–target geom-
etry. The transmitted energy is strongly
dependent on the horizontal distance between the
aircraft and the target and on the cloud optical
depth, as well as on whether the cloud is above or
below the aircraft.



Satellite mapping of the optical depth in midlatitude
and tropical regions has illustrated that cirrus clouds
are frequently finite in nature and display substantial
horizontal variability.2,3 Vertical inhomogeneity of
the ice-crystal size distribution and ice–water content
has also been demonstrated by balloon-borne replica-
tor sounding observations,4 as well as the time series of
backscattering coefficients derived from lidar and ra-
dar returns.5–7 To quantify laser transmission and
backscattering with reasonable accuracy, it is neces-
sary to take into account the horizontal and vertical
variations of cirrus cloud structure. In this paper,
because most of the laser energy is confined in the
vertical plane defining the aircraft and the target, we
construct a two-dimensional �2D� inhomogeneous cir-
rus cloud model for the simulation of laser transmis-
sion and backscattering, employing the successive-
order-of-scattering method. The effects of the Earth’s
curvature on the laser transmission and backscatter-
ing have also been taken into account in this study.
The direct transmission, forward scattering, and back-
scattering are subject to the variation of the extinction
coefficient and the mean effective ice-crystal size along
the line of sight between the laser and the target. For
the input to the laser transmission–backscattering
model, 2D cirrus cloud fields are constructed from the
mapping of the horizontal distribution of ice–water
content and mean effective ice-crystal size of cirrus
clouds by use of National Oceanic and Atmospheric
Administration–Advanced Very High Resolution Ra-
diometer �NOAA–AVHRR� data.

The arrangement of this paper is as follows. Sec-
tion 2 presents the model formulation for the laser
transmission and backscattering. In Section 3 we
discuss the physical significance of computational re-
sults, in which 2D and one-dimensional model calcu-
lations of laser transmission and backscattering
energy are compared for aircraft above, within, and
below the cloud and for selected optical depths and
mean effective ice-crystal sizes. Effects of uncer-
tainty of satellite-retrieved optical depths and ice-
crystal sizes on laser transmission and
backscattering are further analyzed. Finally, a
summary is given in Section 4.

2. Formulation of Laser Transmission–Backscattering

A. Transmission–Backscattering in a Two-Dimensional
Plane-Parallel Geometry

Our transmission formulation associated with mul-
tiple scattering follows transmission models devel-
oped by Liou et al.1,8 In general, transmission that
is due to the first-order scattering, i.e., the forward
scattering, is relatively small compared with the
directly transmitted radiation but is nevertheless
significant. As stated earlier in Section 1, trans-
mission contributions produced by the second-order
scattering are much smaller than those of the direct
component and can be neglected. For what fol-
lows, we consider the direct transmission and the
forward scattering and backscattering that are due
to the first-order scattering in a 2D plane-parallel

atmosphere. In the rest of this paper, the terms
forward scattering and backscattering refer to the
first-order scattering only.

The direct transmission through an inhomoge-
neous cirrus cloudy atmosphere follows the rule of
exponential attenuation and can be written in terms
of the transmitted power Fd in the form

Fd � F0 exp����nc,av � �nc,bu��exp�� �
0

s

�eds	�
� F0 exp����nc,av � �nc,bu��

� exp�� �
0

s

��air � �aer � kv
 � �cld�ds	� , (1)

where F0 is the laser power in watts and the total
extinction coefficient �e is the integration of the
scattering coefficient of air molecules �air, the ex-
tinction coefficient of aerosols �aer, the absorption
coefficient of water vapor times water-vapor density
kv
, and the extinction coefficient of cirrus cloud
particles �cld over the path along the laser beam.
In reference to Fig. 1�a�, the parameter s	 is the
distance EB along the laser beam between a certain
point at height z in the cloud and the cloud base,
which can be expressed by

s	 � � z � zb���, (2)

where � is the sine of the scan angle �  tan�1��za �
zm��d� of the laser beam. The parameter s is a dis-
tance along the laser beam between the cloud top and
the cloud base that can be expressed by

s � � zt � zb���. (3)

The parameters za, zt, zb, and zm are heights of the
aircraft, cloud top, cloud base, and target, respec-
tively; d is the horizontal distance between the air-
craft and the target; u  �zb � zm��� denotes a
distance BM between the cloud base and the target;
and v  �za � zt��� denotes a distance AT between
the aircraft and the cloud top. Exponential attenu-
ation outside the cloud is also accounted for in Eq. �1�,
where �nc,a and �nc,b are extinction coefficients that
are due to noncloud species �air molecules, aerosols,
and water vapor� above and below the cloud, respec-
tively.

Forward scattering can be expressed in the form

F�1��0, �� � exp����nc,av � �nc,bu���
0

s

J�1��s	, ��

� exp�� �
0

s	

�e�s��ds���e�s	�ds	. (4)
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On the basis of the principle of the successive order-
of-scattering approach, the first-order source function
J�1��s	, �� can be formulated in the form

J�1��s	, �� �
��s	�

2
F�0��s	, ���

0

�1

Pcld���sin �d�,

(5)

where ��s	� is the single-scattering albedo, which is a
function of s	, and Pcld��� is the phase function of the
cloud particle, which is a function of the scattering
angle �. We consider only the cloud phase function,

Pcld��� because the diffracted intensity is more in-
tense by more than 3 orders of magnitude than those
of aerosols and air molecules. �1 is an angle asso-
ciated with the target when it is viewed from point E,
defined by

�1 � tan�1� rm

u � s	� , (6)

where rm is the effective radius of the target. The
directly transmitted power at s	 is given by

F�0��s	, �� � F0 exp���
s	

s

�e�s��ds�� . (7)

In this formulation, the laser beam is assumed to be
collimated.

In a manner similar to the transmission formula-
tion and in reference to Fig. 1�b�, the source function
that is due to the first-order backscattering based on
the successive-order-of-scattering approach can be
expressed in the form

J�1��s	b, �� �
��s	�

2
F�0��s	b, ���

���b

�

Pave���sin �d�,

(8)

where the angle

�b � tan�1�ra�s	b�, (9)

in which ra is an effective radius of the aircraft and s	b
is the distance between the aircraft and a certain point
along the path connecting the aircraft and the target,
as shown in the schematic diagram depicted in Fig.
1�b�. The direct transmission in this case is given by

F�0��s	b, �� � F0 exp���
s	

s 	b

�e�s��ds�� . (10)

In Eq. �8� the terms Pave��� and �e denote the average
phase function and the average extinction coefficient
defined by

where h�z � z	� denotes a step function, which is
defined as h�z � z	�  1 for z � z	; otherwise, h�z �
z	�  0. The order of magnitude for the phase func-
tion in the backscattering direction is approximately
the same for ice crystals, air molecules, and aerosols
��0.1�, so that Pave��� is used. And because of the
comparative magnitude of the backscattering phase
functions, aerosol particles above, below, and inside

Fig. 1. �a� Laser transmission through a 2D inhomogeneous cir-
rus cloud. A gray-scale contour inside the cirrus shows a distri-
bution of relative extinction coefficient �e �km�1�. s	  EB, s � s	
 ET, u  BM, v  AT. �b� Laser backscattering through a 2D
inhomogeneous cirrus cloud. A gray-scale contour inside the cir-
rus shows a distribution of effective particle size De ��m�. s � s	b 
EM, s	b  EA.

Pave��� �
�h� z � zb� � h� z � zt���s,cldPcld��� � �s,aerPaer��� � �airPair���

�h� z � zb� � h� z � zt���s,cld � �s,aer � �air
, (11)

�e � �h� z � zb� � h� z � zt���cld � �aer � �air � kv
, (12)
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the cloud can make an important contribution to-
backscattering in contrast to transmission. Finally,
the first-order backscattering is given by

Fb
�1��0, �� � �

0

s

J�1��s	b, ��

� exp���
s	

s	b

�e�s��ds���e�s	b�ds	b. (13)

Furthermore, reflection from the target can be ac-
counted for in the backscattering formulation as fol-
lows:

Fref � R�T
2F0��ra

2�sb
2�, (14)

where R� is the reflectivity of the target, T �Fd�F0�
is the transmittance between the aircraft and the
target, F0 is the laser power, sb is the distance along
the laser beam between the aircraft and the target,
and �ra

2�sb
2 is the effective solid angle by which the

target sees the aircraft.

B. Transmission–Backscattering in a Two-Dimensional
Spherical Geometry

In this subsection, we present only the formulation
for the geometry in which both the aircraft and the
target are above the cloud, as illustrated in Fig. 2.
The direct transmission of a laser beam in a 2D
spherical geometry is similar to Eq. �1� and can be
expressed by

F*d � Fd Fs, (15)

where Fd is the direct transmission based on a plane-
parallel geometry. Referring to Fig. 2�a�, when both
the aircraft and the target are above the cloud, the
direct transmission through the cloud, Fs, is now de-
fined by

Fs � exp���
0

s*

�e�s	�ds	� , (16)

where s* is the distance along the laser beam be-
tween the two cloud interception points, T1 and T2,
and s	 is the distance along the laser beam between a
point in the cloud and the far-side intercept, T2 �see
Fig. �2a��.

Forward scattering is the sum of forward scatter-
ing based on a plane-parallel geometry, F�1��0, ��,
plus forward scattering in the cloudy atmosphere
that is due to the spherical geometry:

F*�1��0, �� � F�1��0, �� � Fs
�1��0, ��. (17)

On the basis of the successive order-of-scattering ap-
proach, the second term is given by

Fs
�1��0, �� � �

0

s*

J�1��s	, ��

� exp�� �
0

s	

�e�s��ds���e�s	�ds	. (18)

The source function J�1��s	, �� in Eq. �18� can be writ-
ten in the form

J�1��s	, �� �
��s	�

2
F�0��s	, ���

0

�*1
P���sin �d�, (19)

where the angle

�*1 � tan�1� rt

s	 � u� (20)

and the direct transmission term is given by

F�0��s	, �� � F0 exp���
0

s*�s	

�e�s��ds�� . (21)

Likewise, laser backscattering that is due to the
first-order scattering in a 2D spherical geometry is
the sum of two terms defined in the following:

F*b
�1��0, �� � Fb

�1��0, �� � Fsb
�1��0, ��, (22)

where Fb
�1��0, �� is the first-order backscattering for

the plane-parallel case and Fsb
�1��0, �� is an additional

Fig. 2. Schematic diagram �a� for laser transmission and �b� for
laser backscattering through a spherical cirrus cloud. s*  T1T2,
s	  ET2, u  T2M, s	b  ET1, v  T1A.
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contribution from the spherical geometry involving
cirrus clouds. On the basis of the geometry defined
in Fig. 2�b�, the latter can be expressed by

Fsb
�1��0, �� � �

0

s*

Jb
�1��s	b, ��

� exp�� �
0

s	b

�e�s��ds���e�s	b�ds	b. (23)

From the geometry, the source function that is due to
the first-order scattering can be expressed in the form

Jb
�1��s	b, �� �

��s	b�

2
F�0��s	b, ���

���*b

�

Pave���sin �d�,

(24)

where the angle

�*b � tan�1� ra

s	b � v� , (25)

in which v is the distance between the aircraft and
the cloud top along the laser beam. However, the
direct transmission is given by

F�0��s	b, �� � F0 exp���
s	

s	b

�e�s��ds�� . (26)

Because of the sphericity of the cirrus cloud top, the
contribution that is due to direct reflection from the
target differs from that given in Eq. �14�. It is given
by

F*ref � R�Ts
2F0��ra

2�sb
2�, (27)

where

Ts � Fd Fs�F0. (28)

In the case in which the aircraft or the target is
located below the cloud top, a separate set of equa-
tions similar to Eqs. �15�–�28� can be formulated but
will not be duplicated here.

3. Computational Results

Input to the transmission–backscattering model in-
cludes the single-scattering and absorption parame-
ters for hexagonal ice crystals and aerosols and the
correlated absorption coefficients for water vapor.
The determination of these input parameters has
been described by Liou et al.1 The required back-
ground atmospheric temperature, pressure, and hu-
midity profiles, as well as aerosol profiles, are
assumed for the purpose of this study. To evaluate
the attenuation of laser energy through high thin
cirrus clouds, geometrical and system parameters
must be prescribed. The geometrical parameters in-
clude the horizontal distance between the aircraft
and the target �d�; heights of the aircraft �za�, cloud
top �zt�, and base �zb�; and initial and final target
heights. The system parameters include the wave-

length ���, the reflectivity of the target, and the equiv-
alent radii of the target �rm� and of the aircraft �ra�.
In what follows, we present illustrative results com-
puted from the laser transmission and backscatter-
ing model. We first examine effects of aerosol and
water-vapor scattering–absorption and of ice-crystal
shape on the first-order laser backscattering, assum-
ing that the cloud is homogeneous. We then com-
pare results of model calculations of laser
transmission and backscattering for homogeneous
and inhomogeneous clouds as well as for plane-
parallel and spherical geometries.

Consider the aircraft above the cloud as illustrated
in Fig. 1�b�. The first-order backscattered and
target-reflected powers reaching the aircraft are
shown in Fig. 3 as functions of the target height.
The top and bottom panels show effects of aerosols
and water vapor and of cloud particle size, respec-
tively. The left and right panels are for the vertical
optical depth of 0.05 and 0.2, respectively. Other
input parameters are �  1.315 �m, F0  106 W, rm 
3 m, R�  0.2, ra  4 m, d  100 km, za  11 km, zt 
9.5 km, and zb  9 km. The lightly shaded strip
signifies the vertical extent of the cloud, and the tri-
angle depicts the position of the aircraft. The first-
order backscattering is almost independent of the
target height. For a scattering point E far away
from the aircraft, the angle �b subtended from E by
the aircraft is smaller �Fig. �1b��, whereas aerosols
and air molecules exist close to the aircraft so that the
angle �b for these particles is larger. As a result,
the backscattering source function J�1�, which is due
to the cloud particles and which is a measure of the
contribution to the backscattering reaching the air-
craft, also becomes smaller �see Eqs. �8� and �9��.
Thus the backscattered power determined from Eq.
�13� is dominated by the scattering of air molecules
and enhanced by additional aerosol scattering near
the aircraft. For this reason, it is essentially con-
stant, regardless of the cloud optical depth or the
location of the target. Moreover, the target-reflected
power is much smaller than the first-order backscat-
tering. As the target leaves the surface, the atten-
uated target reflection increases owing to reduced
water-vapor absorption. As the target approaches
the cloud base, the attenuated target reflection de-
creases owing to an increasing cloud path-integrated
optical depth, i.e., the integrated optical depth along
the path. Effects of the cloud particle size are neg-
ligibly small, whereas the reflection from the target
through larger cloud particles is increased owing to
their smaller attenuation.

For the aircraft within the cloud, the backscattered
power as a function of the target height is shown in
Fig. 4. Except for the aircraft height, all other input
parameters are the same as those specified for Fig. 3.
Because the scattering coefficient of ice particles is
much larger than those of aerosols and air molecules,
the first-order backscattering is dominated by the
scattering contribution of cloud particles near the
aircraft, and its magnitude is 1 to 2 orders larger than
that displayed in Fig. 3. The effect of absorption by
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water vapor on the reflection from the target is sig-
nificant, particularly when the target is below the
cloud, as shown in the top panels of Fig. 4. The
first-order backscattering for a mean effective ice-
crystal size De  124 �m is the smallest among the
four different values, as shown in the bottom panels
of Fig. 4, because phase function values for this size in
the range of scattering angles between � � �b and �
are the smallest among the four.

Figure 5 shows the comparison of backscattered
power for three-dimensional �3D� randomly oriented
hexagonal ice crystals, equal-area spheres, Parry col-
umns �randomly oriented columns in the horizontal
plane�, and 2D plates �randomly oriented plates in a
horizontal plane�. The aircraft is immediately
above �za  9.6 km, higher than the cloud top by only
0.1 km� and within �za  9.25 km� the cloud, and all
other parameters are the same as those used in Figs.
3 and 4. For the aircraft above the cloud, the back-
scattered power decreases as the target height in-
creases, as illustrated in the top panels of Fig. 5�a�.
This is because the aircraft is close to the cloud top, so
that the first-order backscattering is dominated by

the scattering of cloud particles, and effects of aero-
sols and air molecules are relatively small. Owing
to the glory peak in the phase function for equal-area
spheres, the backscattered power for equal-area
spheres is larger than that for 3D randomly oriented
hexagonal ice crystals. Because of the relatively
smaller extinction coefficient caused by the horizon-
tal orientation of 2D plates, the backscattered power
for 2D plates is smaller than that for 3D randomly
oriented hexagonal ice crystals.

For the aircraft within the cloud, the first-order
backscattering by 3D randomly oriented hexagonal
ice crystals is slightly larger than that by equal-area
spheres, as shown in Fig. 5�b�. This is because the
solid angle �b can become large when the aircraft is
inside the cloud and because the complementary an-
gle in the required integration, � � �b, is out of the
maximum glory region. Because of the smaller ex-
tinction coefficient and therefore the smaller optical
depth in the case of 2D plates under the configuration
of the present aircraft–target geometry, the first-
order backscattered power is smaller than those of
randomly oriented ice crystals and Parry columns.
In addition, when the target height zm is close to the
aircraft height za, specular reflection that is due to 2D
plates enhances the backscattered power, as illus-
trated in Fig. 5�b� by the small bulge within the cloud.

Fig. 3. Backscattered power that is due to the first-order scatter-
ing and the reflection from the target. �a� Upper panels show
effects of aerosols and water vapor. �b� Lower panels show effects
of cloud particle size. The assumed conditions are as follows:
�  1.315 �m, F0  106 W, rm  3 m, R�  0.2, ra  4 m, d  100
km, za  11 km, zt  9.5 km, and zb  9 km.

Fig. 4. Same as Fig. 3, except that the aircraft is within the cloud
�za  9.25 km�.
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To investigate effects of the cloud inhomogeneity,
we first constructed 2D fields for ice–water content
and mean effective ice-crystal size of cirrus clouds on
the basis of optical depths and mean effective ice-
crystal sizes derived from the AVHRR data. In our
previous study, we developed a retrieval algorithm
utilizing the 0.63–3.7-�m reflectance–radiance corre-
lation technique for the inference of cirrus cloud op-
tical depth and mean effective ice-crystal size �Ou et
al.9�. Although the 3.7-�m radiance includes both
solar reflection and the thermal emission compo-
nents, this algorithm does not require the removal of
either component and thus is more straightforward
and applicable than algorithms involving adjust-
ments of the 3.7-�m radiance. The adding–
doubling radiative transfer program10 has been used
to generate look-up tables of 0.63-�m reflectances
and 3.7-�m radiances. We employ 14 optical depths
ranging from 0.125 to 12. We also use six represen-
tative ice-crystal sizes described in Rao et al.11 This
algorithm has been applied to AVHRR data that were
collected during the FIRE-II Intensive Field Opera-
tions field experiment, which was held between late

November and early December 1991 at Coffeyville,
Kansas. Validation of this algorithm has been car-
ried out by use of the cloud microphysics data sam-
pled by the balloon-borne replicator and airborne 2D
probes that were collocated and coincident with the
AVHRR measurements. We demonstrated that the
retrieved cirrus cloud optical depths and mean effec-
tive sizes compare reasonably well with those deter-
mined from in situ analyses.

To characterize the cirrus cloud field for the
present transmission model calculations, we selected
a cirrus case that occurred in the northern Oklahoma
area on 18 April 1997, during which AVHRR data
from the NOAA-14 satellite and collocated and coin-
cident in situ cloud microphysics measurements were
available. The ranges of the solar zenith, satellite
viewing, and relative azimuth angles were 35–40°,
5–30°, and 25–30°, respectively. A 0.4° � 2.0° do-
main �36.4–36.8 °N and 96.5–98.5 °W� was selected
for the retrieval purpose. The horizontal distribu-
tion of the retrieved optical depths and mean effective
ice-crystal sizes exhibited substantial variability.
Following the procedure outlined in Liou and Rao,12

we constructed 3D extinction-coefficient and mean
effective ice-crystal size fields on the basis of the
satellite-retrieved cloud parameters. Subsequently,
the extinction coefficient and ice-crystal size in 2D
space can be obtained as inputs to the laser trans-
mission model. This observation-based 2D inhomo-
geneous model is a first approximation to real
inhomogeneous clouds. The 2D inhomogeneous
cloud will be extended to a 3D inhomogeneous cloud
model.

Figure 6 shows the direct transmission and for-
ward scattering and backscattered powers for the
1.315-�m laser beam as functions of the target
height. In this calculation, the spatially averaged
2D cloud optical depth field was scaled down to 0.1
and 0.4 to simulate thin cirrus situations. The hor-
izontal optical depths for these two cases ��8 and 32�
are close to that for �  0.05 and 0.2 with d  100 km
��10 and 40�, as specified for Figs. 3–5, because the
present horizontal distance d is 40 km. Here the
horizontal optical depth denotes the optical depth
along the path, when the aircraft is located around
the cloud top, and the target is located around the
cloud base. The mean effective ice-crystal size used
is 74 �m, based on the domain average of the re-
trieved mean effective sizes. The vertical extent of
the cloud is between 7.5 and 11.1 km, corresponding
to the maximum cloud thickness observed by the
ground-based radar. The aircraft is placed at 11.2
km, immediately above the cloud top, because back-
scattering for this aircraft altitude is the most sensi-
tive to the target height. When the target rises to 4
km, the direct transmission for the inhomogeneous
cloud is larger than that for the homogeneous cloud
because the laser beam path-integrated optical depth
is smaller for an inhomogeneous cloud, as shown in
Fig. 1�a�. When the target rises above 4 km and
before reaching the cloud base, the direct transmis-
sion is smaller for an inhomogeneous cloud because

Fig. 5. Backscattered power that is due to the first-order scatter-
ing and the reflection from the target. Each panel shows effects of
cloud particle shape and orientation and aircraft height: �a� air-
craft at 9.6 km and �b� aircraft at 9.25 km. �  1.315 �m, De  42
�m, F0  106 W, rm  3 m, R�  0.2, ra  4 m, d  100 km, zt 
9.5 km, and zb  9 km.
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the laser beam path length is larger for an inhomo-
geneous cloud, as also shown in Fig. 1�a�. When the
target is in the cloud, both the direct transmission
and the forward scattering are larger for the homo-
geneous case than for the inhomogeneous case. This
is due to the larger laser beam path length and larger
ice-crystal size in the case of the inhomogeneous
cloud �see Fig. 1�. The first-order backscattering is
almost the same for the target within the cloud in
both cases. Moreover, when the target is below the
cloud, the cloud inhomogeneity has little effect on the
laser transmission and backscattering.

Figure 7 shows effects of satellite retrieval uncer-
tainties in the cloud optical depth and mean effective
size on laser transmission as functions of the target
height for inhomogeneous and homogeneous clouds.
Again, the aircraft is assumed to be above the cloud.
The cloud optical depth and mean effective size used
were 0.4 and 74 �m, respectively. Uncertainties in
the retrieved cloud optical depth are set to be �0.05,
and for the cloud mean effective size they are �5 �m.
These are typical error ranges for satellite retrievals
of cloud optical depth and mean effective size.10 The
resulting errors in laser transmission are expressed

as �W�F0, where �W is the difference between the
perturbed and the unperturbed laser powers and F0
is the initial laser power.

For direct transmission, errors that are due to the
optical depth uncertainties of �0.05 in the computed
laser power occur when the target is within and below
the cloud. The error that is due to uncertainty in
cloud optical depth is less than 4%. Local maximum
values of error occur near the surface and the cloud
top. Because direct transmission follows the rule of
exponential attenuation, exp���*�, where �* is the
cloud optical depth along the laser beam path, the
differential of the direct transmission, dFd, which is
proportional to the error of the direct transmission,
also follows the rule of exponential attenuation, i.e.,
�W � dFd � �exp���*�d�*. As the target leaves the
surface, the errors increase initially because the op-
tical depth of the laser beam path decreases owing to
the decrease in atmospheric water-vapor absorption.
As the target rises above 2 km, the errors decrease
because effects of cloud attenuation become domi-
nant.

Once the target enters the cloud, the optical depth
of the laser beam path begins to decrease, so that

Fig. 6. Direct transmission, forward scattering, and backscatter-
ing in an inhomogeneous and a homogeneous cirrus clouds with
the same optical depth. �  1.315 �m, De  74 �m, F0  106 W,
rm  3 m, R�  0.2, ra  4 m, d  40 km, za  11.2 km, zt  11.1
km, and zb  7.5 km.

Fig. 7. Percentage errors in the direct transmission and forward
scattering that are due to uncertainties in the cloud optical depth
��0.05� and in the mean effective size ��5 �m� as functions of the
target height. �  0.4. Other conditions are the same as for Fig.
6.
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errors increase steadily toward a maximum value
corresponding to the target at the cloud top. Fi-
nally, after the target departs the cloud, the direct
transmission is no longer subject to errors in cloud
retrievals, and errors drop to zero. Errors are larger
for homogeneous clouds than for inhomogeneous
clouds because the optical depth of the laser beam
path is smaller for the former. However, the pattern
of variation for both cases is similar.

For the forward-scattering contribution, errors that
are due to the optical depth uncertainties of �0.05 in
the computed laser power occur when the target is
within and below the cloud. The error that is due to
uncertainty in the cloud optical depth is less than
0.2%, much smaller than that for the direct transmis-
sion. Local maximum errors occur near the cloud top.
Because the forward-scattering contribution to laser
transmission is proportional to the product of the ex-
ponential attenuation term and the optical depth, i.e.,
F�1� � exp���*��* �see Eq. �4��, the differential of the
forward-scattering contribution term, dF�1�, which is
proportional to the error of the forward scattering, also
follows the rule of exponential attenuation, i.e., �W �
dF�1� � exp���*��1 � �*�d�*. As the target leaves the
surface, and before it reaches the cloud top, the optical
depth is larger than 1. Errors are dominated by the
exponential term and are negatively correlated with
the term �1 � �*�d�*. However, right at the cloud top,
the optical depth drops close to zero, and errors in this
case are proportional to d�* and have maximum or
minimum values. The magnitude of errors for homo-
geneous clouds is larger than for that for inhomoge-
neous clouds because the optical depth of the laser
beam path is smaller for the former, leading to a larger
value of exp���*��1 � �*�.

For both direct transmission and forward scatter-
ing, errors that are due to the mean effective size
uncertainty of �5 �m in the computed laser power
are less than 0.3%. Local maximum errors occur
near the cloud top. As discussed in Liou et al.,1 di-
rect transmission depends weakly on the mean effec-
tive size through the term exp���e�1 � f���, where f�

is the fractional energy that resides in the forward
direction of the phase function. The term �1 � f��
decreases when the mean effective size increases,
leading to the increase in the exponential term and in
the direct transmission. Forward scattering also de-
pends on the mean effective size. Because the dif-
fraction peak is sharply confined to forward-
scattering directions for larger mean effective sizes
�see Eq. �5��, errors in forward scattering are positive
for a positive error in mean effective sizes. In addi-
tion, because forward scattering is proportional to the
exponential attenuation term, the magnitude of er-
rors increases with target height, reaching a maxi-
mum near the cloud top.

Figure 8 shows effects of uncertainties in the sat-
ellite retrievals of cloud optical depth and mean ef-
fective size on laser backscattering. Although the
magnitude of errors in backscattering is generally
much smaller than that for direct transmission, there
are still many interesting features. When the target

leaves the surface, the incident point of the laser
beam at the cloud top is close to the aircraft. This
point shifts away from the aircraft as the target rises,
and effects of aerosol scattering and water-vapor ab-
sorption become dominant, so that the absolute value
of backscattering errors decreases as shown in the
upper-left panel. The reflection from the target is
proportional to the square of direct transmission.
The lower-left panel of Fig. 8 shows a shape similar to
that in the upper-left panel of Fig. 7. When the
mean effective size De is approximately 74 �m, P�� 
180°� increases with an increase of De. Backscatter-
ing increases �decreases�, owing to a perturbation of
�De  �5 �m, as shown in the upper-right panel.
However, the sign is reversed near the ground for the
inhomogeneous cirrus. The effective size De is
40–50 �m around the cloud top under the aircraft, as
shown in Fig. 1�b�. P�180°� locally decreases from
P�180°, De  42 �m�  0.256 to P�180°, De  48 �m�
 0.225. The reversal of sign around zm  0 can be
understood in terms of the local maximum of P�180°�
at 42 �m.

Finally, effects of the spherical Earth on direct
transmission, forward scattering, and backscattering

Fig. 8. Percentage errors for the first-order backscattering and
the reflection from the target that are due to uncertainties in the
cloud optical depth ��0.05� and in the mean effective size ��5 �m�
as functions of the target. The conditions are the same as for Fig.
6.
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are shown in Fig. 9. Two values of the horizontal
distance �d  100 km �left panels� and 200 km �right
panels�� between the aircraft and the target were
specified. Clouds are assumed to be homogeneous
and located between 10.5 and 11.5 km with �  0.05.
The aircraft is located above the cloud at 12 km. For
the direct transmission, the effect of the spherical
Earth is more significant for d  200 km than for d 
100 km, particularly for a target height between the
cloud base and the aircraft altitude. Direct trans-
mission powers for spherical and plane-parallel at-
mospheres are virtually the same for the target below
the cloud base. However, for d  200 km, as an
extreme case, the direct transmission for the spheri-
cal geometry is smaller than that for the plane-
parallel geometry by approximately a factor of 10 for
the target near the cloud base and by approximately
a factor of 103 for the target near the cloud top be-
cause the cloud path length is longer for spherical
geometry. The difference in the forward scattering
between the two geometries is again negligible for the

target below the cloud. The forward scattering is
larger for spherical geometry by approximately 100
W for the target near the cloud top. The additional
forward scattering Fs

�1� is proportional to the product
of the exponential attenuation term and the optical
depth, Fs

�1� � exp���*��* �Eq. �18��. When the target
is immediately above the cloud top, Fs

�1� increases
with an increase of the target height owing to the
exponential attenuation term. When the target
rises higher, Fs

�1� decreases because of the domination
of the linear optical depth term over the exponential
attenuation term. For this reason, there is a second-
ary peak for Fs

�1� above the cloud top at approximately
12.5 km for d  200 km, as shown in the middle right
panel of Fig. 9. Because the effect of the scattering
of cloud particles is weaker than those of the scatter-
ing of aerosols and air molecules, the Earth’s curva-
ture has little effect on first-order backscattering for
aircraft at some distance above the cloud top. How-
ever, because of the effect of the Earth’s curvature,
reflection from the target is reduced for the same
reason that the direct transmission shows a reduc-
tion, as illustrated in the top panel.

4. Summary

We have developed a computer model for computing
laser transmission, forward scattering, and backscat-
tering through 2D inhomogeneous thin cirrus clouds
in both plane-parallel and spherical geometry based
on the successive-order-of-scattering approach. We
first examine effects of aerosol and water-vapor
scattering–absorption and of ice-crystal shape on the
first-order laser backscattering, assuming the cloud
is homogeneous. For an aircraft above the cloud, the
first-order backscattering is essentially constant, re-
gardless of the target height or cloud composition.
For an aircraft within the cloud, the first-order back-
scattering varies with the cloud optical depth but is
nearly constant with respect to the target height.
Reflection from the target that reaches the aircraft is
generally 2 to 6 orders of magnitude less than the
first-order backscattering. We also compared back-
scattering from different shapes of ice crystals. The
backscattered power for 3D randomly oriented hex-
agonal ice crystals is smaller than that for equal-area
spheres, owing to the glory peak in the phase function
for equal-area spheres. Also, because of the rela-
tively smaller extinction coefficient caused by the
horizontal orientation of 2D plates, the backscattered
power for 2D plates is smaller than that for 3D ran-
domly oriented hexagonal ice crystals.

To simulate the inhomogeneous thin cirrus cloud
situation, we used the AVHRR data along with col-
located and coincident in situ ice microphysics mea-
surements for a cirrus cloud case to construct a 3D
extinction coefficient and mean effective size fields
following a procedure that was developed by our re-
search group. The 2D cloud fields were subse-
quently obtained by the averaging of respective cloud
parameter fields in the north–south direction for use
in the laser transmission model. Results of the di-
rect transmission, forward scattering, and backscat-

Fig. 9. Direct transmission, forward scattering, and backscatter-
ing in a spherical atmosphere and a plane-parallel atmosphere.
�  1.315 �m, De  42 �m, F0  106 W, �  0.05, rm  3 m, R� 
0.2, ra  4 m, za  12 km, zt  11.5 km, and zb  10.5 km.
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tering of a laser beam through homogeneous and
inhomogeneous clouds are compared for aircraft
above and within the cloud and for selected optical
depths and mean effective sizes. It is shown that
cloud inhomogeneity affects the laser transmission
and backscattering owing to differences in the inte-
grated optical depths along the line of sight.

Moreover, we investigated the effects of uncer-
tainty in the satellite-retrieved optical depths and
ice-crystal sizes on laser transmission computations.
We found that uncertainty in laser transmission pro-
duced by errors in the retrieved ice-crystal sizes is
negligible. However, uncertainty of the order of 2%
could result from errors in the retrieved optical depth
of �0.05. Finally, we studied the effects of the
spherical Earth on the laser transmission and back-
scattering through thin cirrus clouds. When the air-
craft is near the cloud top and the target is located at
or immediately above the cloud top, the direct trans-
mission decreases significantly owing to the propaga-
tion of the laser beam through the curved portion of
the cloud top. The magnitude of this decrease be-
comes more significant as the horizontal distance be-
tween the aircraft and the target increases. The
present results at the wavelength of 1.315 �m can be
readily applied to another near-infrared wavelength
�e.g., 1.03 �m�.

This research has been supported by U.S. Air Force
Office of Scientific Research grant F49620-01-1-0057.
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