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ABSTRACT

One of the major sources of uncertainty in climate studies is the detection of cirrus clouds and characterization
of their radiative properties. Combinations of water vapor absorption channels (e.g., 1.38 pm), ice—water ab-
sorption channels (e.g., 1.64 pm), and atmospheric window channels (e.g., 11 um) in the imager, together with
a lidar profiler on future EOS platforms, will contribute to enhancing our understanding of cirrus clouds.

The aforementioned spectral channels are used in this study to explore the effects exerted by uncertainties in
cloud microphysical properties (e.g., particié size distribution) and cloud morphology on the apparent radiative
properties, such as spectral reflectance and heating and cooling rate profiles. As in Pan I of our previous study,
which establishes the foundations of the Fourier—Riccati method of radiative transfer in inhomogeneous media,
cloud extinction and scattering functions are characterized by simple spatial variations with measured and hy-
pothesized microphysics to facilitate our understanding of their radiative properties.

Results of this study suggest that (i) while microphysical variations in the scattering and extinction functions
of clouds affect the magnitudes of their spectral reflectances, cloud morphology significantly alters the shape of
their angular distribution; (ii) spectral reflectances viewed near nadir are least affected by cloud variability; and
(iii) cloud morphology can lead to spectral heating and cooling rate profiles that differ substantially from their
plane—parallel averaged equivalents. Since there are no horizontal thermal gradients in plane-parallel clouds, it
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may be difficult to correct for this deficiency.

1. Introduction

Cirrus clouds are characterized by their large areal
extent and long persistence. As such, these clouds
strongly modulate the radiative energy exchange in the
earth—atmosphere system and are a significant com-
ponent of the earth’s climate (cf. Liou 1986 for a de-
tailed review). In spite of the importance of cirrus
clouds, our understanding of them is made difficult by
their relative inaccessibility, Recently, our knowledge
of these clouds has been considerably expanded
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through various national and international research pro-
grams. For example, FIRE [ First ISCCP (International
Satellite Cloud Climatology Project) Regional Exper-
iment] fostered extensive work detailing the composi-
tion, dynamics, and thermodynamics that are respon-
sible for the formation, maintenance, and decay of cir-
rus clouds (cf. special issue of Monthly Weather
Review, Vol. 118, No. 11, 1990).

One important issue raised from the FIRE-86 Cirrus
Intensive Field Observations (IFO) was the substantial
disagreement between in situ measurements of cloud
properties (e.g., effective particle radius, optical thick-
ness) and those retrieved by remote sensing. Many ex-
planations have been proposed to account for the large
disparities in the effective particle radius. Two of the
most common hypotheses were that (i) cirrus clouds
contain a large number of small particles not resolvable
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by the then state-of-the-art instrumentation that was in-
capable of detecting particles in the 20—50 um range,
depending on aircraft speed (Heymsfield et al. 1990),
and (ii) the simplistic treatment of complex particle
shapes and uncertainties in the refractive index of ice
(e.g., Wielicki et al. 1990; Sassen et al. 1990). The
significance of this disagreement can be appreciated in
the context of climate simulations (e.g., Stephens et al.
1990) that pointed to a sensitivity of climate to the
microphysics of cirrus clouds. Therefore, predictions at
this time concerning cirrus cloud feedback on climate
are premature in view of our lack of understanding of
the relationships between cirrus cloud microphysics
and the gross radiative characteristics of these clouds.

Based on the findings of FIRE-86, a second phase
(FIRE-91) was initiated to address questions concern-
ing the life cycle of cirrus clouds in far greater detail.
In this connection, two particular objectives of FIRE-
91 (FIRE Phase II: Cirrus Implementation Plan 1990)
were (i) to assess the manner by which cirrus clouds
and cloud systems interact with their environment and
hence affect climate, and (ii) to assess the capabilities
of future cloud-radiation observing systems, such as the
Earth Observing System (EOS; Price et al. 1993).
These problems fall to a large extent within the domain
of radiative transport under the general categories of
energetics and remote sensing, respectively. The com-
mon element of either category that is relevant to this
study is the correct accounting of cloud morphology in
radiative processes in the atmosphere. The prospects
for advancing our knowledge of cirrus cloud morphol-
ogy will be enriched by coordinating data obtained
from advanced observation platforms in concert with
sophisticated radiative transfer models. Under EOS,
data provided by the Moderate Resolution Imaging
Spectroradiometer (MODIS; Salomonson et al. 1989;
King et al. 1992) and the Clouds and the Earth’s Ra-
diant Energy System (CERES), in combination with
data obtained from the Geoscience Laser Altimeter
System (GLAS; Spinhirne et al. 1991), can be used to
aid significantly cloud, radiation, and climate studies
(Wielicki et al. 1995).

The need to understand and model how cloud vari-
ability affects radiative transfer is rooted on two prem-
ises. The first is that satellite data are and will continue
to be extremely useful quantitatively for the remote
sensing of the atmosphere and as an aid in addressing
weather-related and climatological issues. In a more
qualitative sense, satellite data also provide subjective
cues for assessing the global meteorological situation
that cannot be obtained in any other way. The second
premise is that in situ measurements of cloud micro-
physical and radiative properties might provide for an
increase in our knowledge of clouds and the dynamical
processes responsible for their evolution. A physically
correct interpretation of the radiometric data for the
purposes mentioned above places requirements on ra-
diative transfer models. An important feature of radi-
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ative transfer models is that they should accommodate
the spatial variability of cirrus clouds (or other kinds
of clouds) inherent in the data and calculate radiation
fields that are in some sense consistent with those that
are measured. To date, most radiative transfer calcu-
lations continue to disregard the importance of cloud
structure by neglecting correlations in the optical prop-
erties of clouds (e.g., independent pixel calculations)
or have attempted to incorporate cloud inhomogeneity
simply by employing cloud fractions in concert with
plane-parallel computations. Some of the side effects
induced by such procedures on simulated cloud mor-
phologies (e.g., erroneous spatial distributions of flux
and radiance) have already been discussed in the lit-
erature (e.g., Gabriel et al. 1993; Evans 1993; Cahalan
et al. 1994). The effects exerted by inhomogeneities in
cloud optical properties on domain-averaged net fluxes
have been addressed by Gabriel and Evans (1996). The
main focus of the present study is to examine the effects
of cloud morphology and cloud microphysics on (i)
angular distribution of reflected radiance fields and (ii)
heating and cooling rate profiles.

We begin this study by showing horizontal and ver-
tical cross sections of cirrus clouds obtained from ad-
vanced remote-sensing instrumentation. A brief dis-
cussion of these instruments is also provided. The im-
ages physically represent a radiance field created by
radiative processes acting on clouds present within a
certain volume of the atmosphere. The ambiguities
present in the interpretation of the radiances will be
discussed in section 2. In section 3, the radiative trans-
fer model and its limitations are summarized, leaving
details of the extensions of the model described in Part
I to the appendix. Then various assumptions used in
simulations that address the way in which cloud micro-
physics and morphology affect the radiation field are
discussed. Section 4 provides a detailed analysis of re-
flectances and radiative heating and cooling rates for
cirrus-like cloud distributions in three spectral bands.
Finally, our findings of the effects of cloud microphys-
ics and morphology on cirrus radiative properties are
summarized in section 5.

2. Observations: The FIRE-91 Cirrus IFO

During the FIRE-91 Cirrus IFO, active and passive
radiometers were flown on the NASA ER-2 aircraft to
remotely sense cirrus clouds from an altitude of about
20 km. Twelve ER-2 missions, coordinated with three
in situ aircraft and numerous satellite overpasses, were
conducted between 12 November and 7 December
1991. Here we focus discussion on data obtained from
the MODIS Airborne Simulator (MAS) and the Cloud
Lidar System (CLS). Other instrumentation and cor-
responding results are described elsewhere.

The MAS is a cross-track scanning spectrometer,
built by Dadalus Enterprises for NASA Goddard Space
Flight Center and Ames Research Center for measuring
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reflected solar and emitted thermal radiation in 50 nar-
row bandwidth channels between 0.55 pm and 14.3
pm. FIRE-91 was the first deployment of this sensor
that consisted of 43 spectral channels at that time, only
11 of which were recorded due to restriction imposed
by the data system. Nineteen channels of the current
50-channel MAS have corresponding spectral charac-
teristics on MODIS (cf. Salomonson et al. 1989; King
et al. 1992), a satellite sensor being developed for EOS
AM-1 for launch in June 1998. The MAS has a 2.5-
mrad instantaneous field of view and scans perpendic-
ularly to the aircraft flight track with a scan angle of
+43° about nadir, thereby providing images with a spa-
tial resolution of 50 m at nadir and a 37-km swath width
from the nominal ER-2 aircraft altitude of 20 km. The
scan rate of the MAS is 6.25 Hz (375 rpm), which, at
the nominal aircraft speed of 206 m s~ !, results in a
34% oversampling of contiguous scan lines along the
flight track. Further information describing the optics,
electronics, data-acquisition system, in-flight perfor-
mance, and calibration of this instrument can be found
in King et al. (1996).

The CLS is a monostatic lidar that operates in the
nadir direction. Backscattered signals are acquired at
the Nd:YAG laser wavelengths of 0.532 and 1.064 um,
with a pulse repetition rate of 10 pulses per second.
This allows measurements to be taken at 20-m hori-
zontal intervals at the nominal ER-2 aircraft speed. The
highest attainable vertical sampling resolution is 7.5 m.
Additional details of the optics, electronics, calibration,
and data reduction scheme can be found in Spinhirne
et al. (1982, 1996). The CLS is an airborne prototype
of GLAS, a satellite sensor currently under develop-
ment for EOS Laser-Altimetry to be launched in the
early 2000s.

The FIRE-91 Cirrus IFO was conducted principally
around Coffeyville, Kansas. The NASA ER-2 was
based in Houston, Texas. We have chosen one of the
ER-2 flight lines on 5 December 1991 to illustrate the
complex structural features of cirrus clouds. Figure la
shows a MAS image acquired over the Gulf of Mexico
and nearby coast of Texas, processed as a three-channel
red-green-blue (RGB) composite using the 2.14-ym,
1.93-pm, and 0.68-pm channels, respectively. The
2.14-pm spectral band was selected because surface re-
flectance is high at this wavelength and hence land
features are clearly emphasized. At 1.93 um there is a
strong water vapor absorption band that helps to distin-
guish the lower troposphere from the radiative signa-
tures associated with the high-level clouds. Finally, the
visible channel at 0.68 pm serves to delineate the re-
flectance of the ocean from other features in the scene.
To correct for geometric distortions generated by view-
ing geometry and small changes in the ER-2 ground
speed, a resampling scheme was applied that yields 582
{out of 716) pixels across track with 64-m pixel spac-
ing both along and across track. This produces a total
domain size of about 37 km by 64 km for Fig. la.
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In Fig. 1a, cirrus clouds, highlighted in green, dom-
inate the scene. Local apparent scene brightness and
texture provide for a contextual reference that affects
perceptions about the optical properties of the cloud.
For example, stretching the color lookup tables dra-
matically changes the relative brightness of the clouds.
This change of brightness may be interpreted as due to
differences in optical thickness. Using 11 um instead
of 2.14 pm as the red channel in the RGB composite
also changes the contrast between background and
clouds significantly; the contrast of cirrus clouds over
land become more pronounced, whereas that of thin
cirrus clouds over the oceans is almost nondetectable
(figure not shown). Therefore, information pertaining
to cloud structure obtained from passive radiometers is
qualitative in as much as it affects the inferred optical
properties of the clouds; and good calibration and a
larger number of spectral channels than commontly
found on operational satellites are both required to nar-
row uncertainties in cloud optical properties and mi-
crophysical analyses.

Figure 1b illustrates a CLS vertical profile (1.064-
pm attenuated backscatter intensity) of cirrus clouds
acquired along the nadir track down the center of the
MAS image (yellow line down the center of Fig. 1a).
Since cirrus clouds are typically optically thin, the li-
dar-attenuated backscatter signals are useful in deter-
mining cloud-top heights as well as the position of mul-
tiple cloud layers if present in a vertical column of the
atmosphere. Multiple layers of cirrus' clouds were
clearly detected by CLS on this flight track, as evi-
denced by relatively thin cirrus clouds observed be-
tween about 11 and 12 km, together with thicker and
more inhomogeneous clouds between about 7 and 9
km. It should be noted that the strength of the cirrus
attenuated backscattered intensity shown in Fig. 1b will
appear to change in a manner that depends on how the
color lookup table is stretched.

Combining data obtained from a passive scanning
imager and an active lidar system provides an invalu-
able tool for detecting the presence of cirrus clouds, for
distinguishing their thermodynamic phase, and for test-
ing and guiding the development of operational cloud-
masking algorithms. While radiances provide useful
measures of the radiative interactions, information con-
tained in these radiance fields can only be used to make
qualitative inferences about the properties of the cloud
unless an appropriate radiative transfer theory is de-
vised to invert these radiance fields. Characterizing the
morphology of clouds (especially cirrus clouds) for the
purpose of performing radiative transfer computations
is a difficult problem, as is apparent from a careful ex-
amination of Fig. 1. From previous studies (e.g., Ga-
briel et al. 1993 and references therein), it is expected
that the radiative properties of clouds are sensitive to
cloud morphology. In view of the diversity and com-
plexity of naturally occurring cloud systems, we
elected to use a relatively simple cloud morphology on
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formed to algebraic functions by taking their Fourier
transform yielding a system of coupled ordinary 1D
differential equations. In the absence of horizontal vari-
ability this vields the well-known decoupled system of
1D equations that describe radiative transport in plane-
parallel media. While it is possible to solve the trans-
formed equations by iterative methods.commonly ap-
plied to the numerical solution of boundary value prob-
lems, advantages are gained if the boundary value
problem is reformulated as an initial value problem. By
applying the interaction principle, the resulting nonlin-
ear system is solved for the response operators by a
fourth order Runge—Kutta solver. The advantages re-
alized are (i) the solver steps through the medium in
either prescribed increments or variable step-sizes de-
termined automatically that calculate the results to
within a prescribed accuracy; (ii) the response opera-
tors, calculated only once, permit the rapid calculation
of the radiances anywhere within the medium for an
arbitrary number of sources with variable boundary
conditions; and (iii) solutions are stable and accurate
even under optically thick and highly inhomogeneous
conditions.

The principal limitations of the FR method are de-
termined by the size of the matrices and the number of
matrix multiplications involved in the calculation of the
radiative response operators. The size of the matrices
is determined by the number of Fourier components
required to represent the extinction and scattering func-
tions and the number of terms in the Legendre series
expansions of the anisotropic phase functions. To al-
leviate this problem an asymptotically fast matrix mul-
tiplication algorithm was used that for large matrices is
of order N**® complexity as opposed to N* characteristic
of normal matrix multiplication. Thus, while the FR
approach is computationally impractical on small
workstations, it can be efficient when properly imple-
mented on massively parallel computer systems where
matrix multiplications are performed in parallel.

b. Atmospheric model

The calculation of the radiative properties of cirrus
clouds is difficult since little is known about the spatial
distribution of their optical properties. Geometrically
complex ice crystals give rise to strongly anisotropic
phase functions, while difficulties in obtaining accurate
particle size distributions exacerbate uncertainties in
their optical properties. The apparent radiative prop-
erties of clouds are also affected by the absorbing and
emitting atmospheric gases (and to some extent the un-
derlying surface). Thus, spectrally integrated, multi-
dimensional radiation calculations directed toward un-
derstanding cloud energetics and remote sensing are
not yet fully computationally feasible.

Confronted by the desire to understand how cloud
reflectances and heafing and cooling rate profiles are
affected by variability in cloud optical properties, cou-
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pled with the large number of unknown characteristics
of this problem, it is necessary to simplify the radiative
transfer simulations in a manner that is commensurate
with the capabilities of our computational tools without
grossly oversimplifying the problem. Thus, not only
must the cloud be synthesized in a way that assists in
the interpretation of the resulting radiation fields, but
spectral bands must be selected wherein the radiative
interactions of the cloud with the atmosphere and with
the underlying surface are minimized. To make this
problem tractable, we chose a commonly used tropical
atmosphere model (McClatchey et al. 1972), within
which a cirrus-like cloud was embedded. The cloud
was located at an altitude between 10 and 14 km where
the mean pressure and temperature were approximately
250 mb and 230 K, respectively. The lower boundary
of the atmosphere was the tropical ocean, approximated
by a nonreflecting surface whose temperature was fixed
at 300 K. Finally, the solar zenith angle was selected
to be 30°. For the purposes of radiative transfer calcu-
lations, the most important considerations involve the
selection of microphysics, spectral bands, and cloud
morphology. These are discussed below.

1) MICROPHYSICS

To retain features of measured particle sizes, we se-
lected a distribution obtained from the FIRE-86 Cirrus
IFO, as illustrated in Fig. 2a (Stackhouse and Stephens
1991). The distribution appears truncated below 25 ym
because the instrument was incapable of detecting
smaller ice particles. The dotted line shown is a pos-
sible, hypothesized extension of the measured size dis-
tribution. Such an extension allows for investigating
the sensitivity of heating and cooling rates and the spec-
tral reflectance to smaller particles. The added small
particles constitute a fraction of about 20% of the total
mass. While such a fraction could have been measured
by other instruments (e.g., Arnott et al. 1994), it is
nevertheless used here as an upper bound of uncertainty
in the cloud microphysics, to be used in the sensitivity
studies. In the investigations to follow we have refer-
enced the measured size distribution as Case 1, while
Case 2 refers to the inclusion of small particles.

To approximate the required cloud optical proper-
ties, we performed Mie calculations. The approach of
equivalent surface-area spheres is adopted for the non-
spherical ice particles in Mie calculations of the single-
scattering albedo and volume extinction cross section.
Figures 2b and 2c illustrate the spectral dependence of
the single scattering albedo using the Case 1 and Case
2 size distributions. In the near-infrared region, the in-
clusion of small particles causes the single-scattering
albedo to exceed that calculated from the measured par-
ticle sizes. In the greater part of the window region, this
tendency is reversed. The effect of adding small par-
ticles increases the volume extinction cross section,
hence increasing the optical depth. This increase






