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ABSTRACT OF DISSERTATION
IMPLICATION OF ATMOSPHERE AND CLOUD STATE UNCERTAINTIES

ON THE GLOBAL RETRIEVAL OF ICE CLOUD MICROPHYSICAL PROPERTIES

Cirrus clouds play an important yet poorly determined role in the Earth's climate
system and its various feedback mechanisms. As such, a significant amount of work has
been accomplished not only in understanding the fundamental physics of the ice cloud
problem but also in using this knowledge to infer cirrus cloud microphysical properties
from satellite- based observations. A virtual plethora of retrieval schemes based upon
known spectral sensitivities of top of the atmosphere radiance to ice cloud microphysical
properties are found throughout the literature. Each of these different retrieval schemes,
however, is susceptible to its own unique set of potential errors resulting from the
inversion assumptions used in mapping between radiance and retrieval space. Since the
deviations of these assumptions from truth behave in a spectrally un- predictable manner,
it is likely that retrieval schemes using different wavelengths will give highly dissimilar
retrieval results. This dissertation work re- examines the ice cloud retrieval problem in
context of these often- neglected inversion uncertainties and examines their implications
for the global retrieval of ice cloud microphysical properties.

The optimal combination of MODIS measurements for an ice cloud
microphysical property retrieval scheme constrained by CloudSat cloud boundary

information was determined through application of a formal information content analysis.
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Channel selection for the retrieval depends not only on the sensitivity of the
measurements to changes in retrieved cloud properties but also to the combined
uncertainty in the measurements from the instrument itself and from such inversion
assumptions as ice crystal habit, particle size distribution, and atmospheric profile.
Quantification of these uncertainties was made possible only by the recent development
of optical properties at the MODIS wavelengths for a variety of realistic, non- spherical
ice crystals. The results show that that channels that maximize retrieval information are
strongly dependent upon the state of the atmosphere, meaning that there is no ideal
combination of two or three channels that will always ensure an accurate retrieval. We
therefore suggest a five- channel retrieval scheme consisting of a combination of error-
weighted visible, near- infrared, and infrared channels chosen to use the inherent
sensitivities in each of these spectral regions to ensure high retrieval information content
across expected cloud and atmospheric conditions. The performance of the five- channel
retrieval scheme was assessed in terms of both synthetic studies and real- world
CRYSTAL-FACE data. Uncertainties in retrieved ice water path and effective radius are
large and state dependent, with typical random errors near 40 to 50 percent. The large
uncertainties found using this relatively complex retrieval scheme need consideration
when examining the utility of absolute numbers or small trends found in existing cloud
products that are often based on much simpler retrieval techniques.
Steven James Cooper
Atmospheric Science Department
Colorado State University

Fort Collins, CO 80523
Fall 2004
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Chapter 1

Introduction

I suffer from the fact that I'm surrounded by people with deformed
brains, with such self- assured, ready- made theories that it’s folly to write

anything for them; there’s no way of getting through to them at all.

- Count Leo Tolstoy

Cirrus clouds play an important role in regulating climate (Liou, 1986). They di-
rectly influence the radiative budget by increasing the amount of shortwave and de-
creasing the amount of longwave radiation emitted to space. These competing radiative
effects will impact climate variability through a variety of possible feedback mecha-
nisms involving convection, sea surface temperature, water vapor, and large-scale dy-
namics. The sign or magnitude of these forcings, however, is poorly understood due to
uncertainties in both cloud distribution and microphysics (Stephens and Webster, 1981;
Stephens et al., 1990), so subsequently the role of these clouds in the climate feedback
mechanisms and global warming scenarios is still poorly determined (Lindzen, 2001;
Fu, 2002).

Measuring the global distribution of cirrus cloud microphysical properties therefore

has been a concern of many satellite missions. As such, a significant amount of work

1
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has been done in both understanding the underlying physics of the ice cloud problem
and using this knowledge in inferring cirrus cloud properties from satellite- based mea-
surements (Inoue (1985); Prabhakara et al. (1988); Nakajima and King (1990); King
et al. (1992)). In this work, we do not question the usefulness of these past efforts
or their validity for their specific applications but instead offer a re-examination of the
ice cloud retrieval problem in context of recent developments in the understanding of
ice cloud physics. This dissertation explores our ability to retrieve ice cloud properties
based on a realistic examination of the fundamental physics of the problem. In other
words, the idea was to take a step backwards to our core knowledge in attempt to assess
our confidence in retrieved cloud properties given the practical constraints of our current
observational platforms. The motivation for this work springs from a simple curiosity
of the real world. If the reader is not inherently interested in ice clouds, it is hoped that
he at least can appreciate the importance of gaining a more realistic characterization of
these clouds as input for the many speculative, climate processes studies currently found

in the literature.

1. Uncertainties in Retrieval Approach

Ice cloud retrievals depend on an accurate, a priori understanding of both ice crystal
optical properties and the state of the atmosphere. For an inversion from a given set
of radiance measurements, the assumption of these properties in mapping between re-
trieval and observation space will lead to significant error when inconsistent with the
real atmosphere.

Figure 1.1 adapted from Cooper et al. (2003) shows theoretical arches for the split-
window approach to retrieving cloud properties. The split- window technique relies on
differences in radiative properties for cloud particles at two wavelengths in the win-
dow region to estimate cloud optical depth and effective radius from satellite- observed

brightness temperatures. Cloud optical depth is determined by the 10.8 um brightness
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temperature; effective radius is determined by the difference in 10.8 yum and 12.0 ym
brightness temperatures once optical depth is known. An inherent short- coming of this
approach is that retrieved parameters are heavily dependent upon assumed cloud tem-
perature. For given 10.8 ym and 12.0 um brightness temperatures, a different effective
radius and optical depth are found for each cloud temperature assumption in Figure 1.1.
The use of visible and near- infrared channels to retrieve cloud optical properties suffers
from similar difficulties, as suggested by the Nakajima and King (1990) type retrieval
approach shown in Figure 1.2. This technique relies on the the conservative scattering
properties of the visible channel to estimate cloud optical depth and the non- conserva-
tive scattering properties of the near- infrared channel to estimate effective radius once
optical depth is known. The inherent problem of this approach is not uncertainty in
cloud temperature but uncertainty in cloud optical properties. Figure 1.2 shows that for
given 0.65 and 2.11 pm reflectance functions, the retrieved parameters depend heavily
on the a priori assumption of crystal habit through their differing radiative properties.
Although variations of the Nakajima and King and split- window retrieval approaches
are the most commonly applied, a virtual plethora of retrieval approaches based on the
many different combinations of wavelengths listed in Table 1.1 are found throughout the
literature (e.g. Liou et al. (1990); Stone et al. (1990); Wielicki et al. (1990); Minnis et al.
(1993); Ou et al. (1993); Gao and Kaufman (1995)). Each of these retrieval schemes ex-
ploits known sensitivities to estimate cloud properties from observed radiances but also
suffer from its own potential sources of error as discussed above which may fundamen-
tally limit its utility depending upon the state of the atmosphere. Since these uncer-
tainties are nearly always neglected in current retrieval schemes, each of these retrieval
techniques must assume that they have made the correct assumptions and that retrieved
cloud properties are therefore accurate, an unlikely scenario as exhibited in Figures 1.1
and Nakajima and King (1990). The studies presented in this dissertation will explic-
itly account for these uncertainties and examine their implications for the retrieval of

ice cloud microphysical properties. In addition to crystal habit and cloud temperature,
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Figure 1.1: Relationship between AT and T'g 105 for a number of cirrus clouds with
optical depths ranging from O to 4 and effective radii ranging from 9 to 29 um. Clouds
with emitting temperatures of 195 K (filled circles), 225 K (open diamonds), and 255 K
(filled squares) are modeled.

other possible retrieval uncertainties result from assumptions of cloud particle size dis-
tribution, cloud 3-D scattering effects, surface type, and atmospheric temperature and
humidity profiles. To limit the scope of this dissertation, certain assumptions such as
single- layer clouds overlying an ocean surface and the absence of 3-D scattering effects
necessarily were made.

An additional concern for the large number of retrieval schemes developed is that
these different retrievals do not necessarily return the same cloud properties, €.g. Figure
5.30 shows markedly different estimates of ice water path IWP) for each the split-

window and Nakajima and King retrieval schemes for a cirrus cloud case from the Cirrus
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Figure 1.2: Relationship between 0.66 ym and 2.11 pm reflectance functions for ice
clouds composed of both a modified gamma distribution of randomized aggregates and
an equivalent distribution of columns. Effective radius range from 6 to 50 4m and optical
depths from 2 to 50.

Regional Study of Tropical Anvils and Cirrus Layers - Florida Area Cirrus Experiment
(CRYSTAL-FACE). Large discrepancies in retrieved cloud products from these different
retrieval schemes not only raise doubts about the true value of these cloud properties but
also may make comparisons of cloud products between measurement campaigns with
different retrieval assumptions somewhat useless. This dissertation will therefore use an
underlying knowledge of the fundamental physics of the ice cloud problem to outline
a unified approach to ice cloud retrievals that are consistent with each of the above

techniques.
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MODIS channel | wavelength | MODIS channel | wavelength
1 0.62-0.67 27 6.53-6.90
2 0.84-0.88 29 8.40-8.70
5 1.23-1.35 31 10.78-11.28
6 1.63-1.65 32 11.77-12.27
7 2.10-2.15 33 13.18-13.49
19 0.91-0.96 34 13.48-13.78
20 3.66-3.84 35 13.78-14.08
23 4.02-4.08 36 14.08-14.38
26 1.36-1.39

Table 1.1: MODIS channels evaluated for ice cloud retrieval scheme.
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CRYSTAL—FACE July 23 case: Ice Water Path Retrieval
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Figure 1.3: Retrieved IWP for CRYSTAL-FACE cirrus cloud case using each the Naka-
jima and King and split- window approaches.

2. The Research Plan of Attack

These attempts to address the neglected uncertainty and consistency issues in ice cloud
retrievals will capitalize on the recent development of optical properties at the Moderate
Resolution Imaging Spectroradiometer (MODIS) wavelengths for a number of realistic
crystal habits (Yang et al. (2000); Baran et al. (2001); Yang et al. (2003)). Optical prop-
erties for each columns, plates, bullets, dendrites, and a variety of polycrystal aggregates
were utilized to determine the variability in retrieval resuits based on selection of habit.
The explicit consideration of the above uncertainties in the estimation of cloud proper-
ties will be achieved through implementation of the optimal- estimation based retrieval
framework (Rodgers (1976); Marks and Rodgers (1993)). This technique relies upon
a rigorous characterization of uncertainties in each measurements, forward model as-

sumptions, and a priori guess to estimate a most likely solution of cloud properties for a
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given set of radiance measurements. The approach has additional advantages over a sim-
ple inversion approach in that it provides a flexible framework to combine information
from multiple sensors and also a set of built- in diagnostic tools which quantify retrieval
uncertainties. The complexities of both the optimal- estimation retrieval approach and
the realistic phase functions used to represent realistic ice crystals in the forward model,
however, result in a heavy computational expense which currently prohibits the appli-
cation of such a retrieval on a global scale. The studies presented in this dissertation
therefore are primarily of a theoretical nature, where it is hoped that insights gleaned
from these studies will ultimately result in improved algorithms for better characteriz-
ing the distribution and microphysical properties of these clouds and their impacts on
climate.

Chapter 2 describes in detail the adding and doubling radiative transfer forward
model and the optimal- estimation based retrieval technique used for the studies pre-
sented in the remaining chapters. Special attention is given to the physical assumptions
used to realistically represent the ice clouds in the forward model.

Chapter 3 begins our investigation of the impacts of uncertainties on the retrieval of
ice cloud properties using the instruments aboard the NASA Afternoon A-Train constel-
lation of satellites as a practical constraint. This chapter casts the split-window cirrus
cloud retrieval technique in an optimal estimation framework to examine uncertainties
in the retrieval of cirrus cloud optical depth and effective radius as a function of uncer-
tainty in cloud emitting temperature. The incorporation of cloud boundary information
from either the CloudSat Cloud Profiling Radar or the CALIPSO lidar to constrain the
window- region measurements from MODIS is found to substantially reduce the errors
inherent to this approach. Regardless of co-incident cloud boundary information, how-
ever, retrieval errors are found to be large and heavily dependent upon forward model
uncertainties from such forward model assumptions as ice crystal habit. Although origi-
nally meant to stand alone, the results and insights gained from this work eventually led

to the the final dissertation topic and format.
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Chapter 4 exploits the methodology developed in the split- window paper to exam-
ine the potential utility of the MODIS cloud retrieval channels listed in Table 1.1. The
results of rigorous sensitivity and uncertainty analyses at each of these channels are in-
corporated into a formal information content study to select those channels that contain
the most information for a retrieval scheme designed in terms of ice water path and ef-
fective radius. It is found that the ideal combination of channels is heavily dependent
upon the state of the atmosphere, meaning that the use of traditional bi- spectral schemes
that only employ one or two of these spectral regions, such as the Nakajima and King
and split- window approaches, cannot always ensure an accurate estimate of cloud prop-
erties for all retrievals. We therefore suggest a five channel retrieval scheme that would
consist of a combination of error- weighted visible, near- infrared, and infrared channels
chosen to use the inherent sensitivities in each of these regions to ensure high informa-
tion content regardless of the state of the atmosphere. Application of this scheme to the
global retrieval of ice cloud properties would allow consistency of retrieved cloud prod-
ucts with all available measurements and would provide a uniform means to compare
cloud products from different measurement campaigns.

Chapter 5 re-examines the relatively abstract concept of relative information content
in the more practical terms of retrieval performance. The five- channel retrieval scheme
is assessed in context of numerical ’synthetic’ experiments and, perhaps more impor-
tantly, real- world measurements from the CRYSTAL-FACE experiment. The synthetic
studies suggest that the five- channel approach does indeed perform better than the tra-
ditional bi- spectral retrieval techniques for all states of the atmosphere. Regardless
of relative retrieval performance, however, the base physical uncertainties suggest sub-
stantial errors in retrieved properties, often nearly to a factor of two. Such inherently
large uncertainties for a near ideal observation system consisting of both MODIS and
CloudSat measurements suggest a strong note of caution in the literal interpretation of
exact values or small trends found in existing cloud climate products based on simpler

inversion schemes. Application of the five- channel retrieval approach to CRYSTAL-
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FACE data agrees well with expectations and implies that this technique may work at
an operational level. Potential limitations of the approach both in terms of the optimal-
estimation framework and real- world difficulties for an operational, global retrieval are
discussed.

Chapter 6 presents conclusions and recommendations for future work.

10
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Chapter 2

On the Forward and Inverse Problems

1. Introduction

The purpose of this dissertation is a re- examination of the ice cloud retrieval prob-
lem based upon a realistic assessment of the fundamental uncertainties associated with
estimating ice cloud properties from satellite- based measurements. As discussed in
the previous chapter, these uncertainties arise from the practical application of both the
forward and inverse problems in mapping between radiance and physical space. The
forward problem describes the manner in which top of the atmosphere radiances are de-
termined from an assumed set of cloud and atmospheric properties. The inverse problem
describes the reverse technique in which cloud microphysical properties are estimated
from a set of radiance measurements. The purpose of this chapter then is to describe the
forward and inverse techniques used for these ice cloud studies in hope of facilitating a
better understanding of the work presented in the following three chapters. The forward
model theory, validation, and physical assumptions used for the information content
analysis of Chapter 4 and the retrieval applications of Chapter 5 are described in Sec-
tion 2.2. It should be noted that the infrared radiative transfer model used in Chapter 3
will be ignored here as its simplicity allows a complete description in that chapter. The

optimal- estimation technique used to invert satellite- observed radiances to estimate

11
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cloud properties is described in Section 2.3. The knowledgeable reader will be well
acquainted with most of the methods presented in this chapter. It is recommended, how-
ever, that the reader at least review sub-section 2.2.c to gain an understanding not only
of the base physical assumptions used to represent ice clouds in the forward model but
also the manner in which these assumptions are altered to gain an estimate of forward

model uncertainty.

2. Forward Problem

This section describes the Cooper doubling and adding radiative transfer model (COOP-
DART) used for both the information content analysis of Chapter 4 and for the retrieval
applications of Chapter 5. Although the adding and doubling technique is well- estab-
lished in the literature, its theory is documented briefly in sub-section 2.2.a, primarily
to highlight the physical input required to model ice clouds in this technique. Those
looking for more detail than presented here should turn to Miller (2000) or Christi and
Gabriel (2003) for wonderful discussions of the development of the adding and doubling
approach used here or, alternately, refer to Appendix A for the actual COOPDART code
in its entirety. In sub-section 2.2.b, radiative transfer calculations from COOPDART are
compared to those of RADIANT Christi and Gabriel (2003) and van de Hulst (1980) to
show that the method was implemented correctly. Since the application of any radiative
transfer model is only valid when used in conjunction with realistic model inputs, the
base physical assumptions used to represent ice clouds in COOPDART for these studies

are detailed in sub-section 2.2.c.

a. Solution to the Radiative Transfer Equation

A radiative transfer model need account for the basic fundamental radiative processes
of absorption, scattering, and emission. A simple integral form of the radiative transfer

equation can be written as,

12
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where a wavelength dependence is understood and the above terms are as follows:
e [ - radiance
e 2 - altitude
e 1 - cosine of observation zenith angle
e ¢ - observation azimuthal angle
e 0..: - extinction coefficient
® U, - scattering coefficient
® 045 - absorption coefficient
e P - scattering phase function
o Fy - solar flux

e B(T') - Planck blackbody function

Each of the terms on the right-hand side of Equation 3.6 can be defined in context of
absorption, scattering, and emission. The first term represents extinction or loss of pho-
tons due to the combination of scattering and absorption from such atmospheric media

as clouds, hydro-meteors, aerosols, and gases. The second and third terms describe the
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in- scattering of the diffuse and direct solar radiance fields, respectively, and thus rep-
resent a gain of photons. The final term characterizes Planck blackbody emission along
the path of propagation and thus also details a gain. Although each of these terms are
easy to understand physically, the integral of the second term prevents a simple analytic
solution to the radiative transfer equation and therefore some numerical tricks will be
needed to solve for radiance.

The usual approach is to discretize the integral form of the radiative transfer equation
as in Equation 3.6 into a discrete number of streams which represent the continuous radi-
ance field. Through application of an appropriate quadrature scheme, such as Gaussian
or Lobatto, and proper manipulation of the scattering phase function, the solution to the
integral radiative transfer equation is exact. The phase function, P, is first represented

as a series of Legendre polynomials, as given by

N
P (cosf) = > xiPicos (0) (2.2)
1=0

where P, is the [** order Legendre polynomial, N is the number of polynomial terms
needed to adequately describe the phase function, and ; is the [ associated expansion
coefficient, as defined by

_2+1

Xi=—5— /_11 P (cosb) P, (cosB) dcos (0) (2.3)

In COOPDART, a slightly different form of the phase function based on re-normalized
associated Legendre polynomials (Dave and Armstrong (1970)) is used to ensure mathe-
matical stability and re-cast the phase function into discrete angles based on the selected

quadrature scheme,

N N
P ¢) =3 2 XY™ ()Y (i) cosm (¢ — ¢) 2.4)
m=0[l=m

where Y;™ are re-normalized associated Legendre polynomials given by,
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and where xj" are modified expansion coefficients of degree m, as defined by

XiT = (2= do,m) Xi (2.6)

The number of discrete streams, n, needed to adequately characterize the radiance
field primarily depends upon the complexity of the scattering phase function, or more
precisely, the number of polynomial terms, /V, needed to properly represent the phase
function. For the Lobatto quadrature scheme used in COOPDART to be exact, the neces-
sary number of streams is 2n > N + 3, where N is found objectively through satisfactory
convergence of the radiance field. For the relatively complex phase functions needed to
realistically model cirrus clouds in these studies, 48 streams will be employed, 24 each
in the "up’ and "down’ hemispheres.

The radiance field itself is then decomposed into terms of a Fourier expansion,

M

I(z,p,¢) = ZO Iy (2, 1) cos [m (¢ — ¢g)] 2.7)
It should be noted that Equation 2.7 applies only to horizontally homogeneous atmo-
spheres with the radiation field symmetric about ¢, meaning that the adding and dou-
bling model presented here applies only to a plane- parallel atmospheres and may lead
to substantial errors when 3-D scattering effects are important. Hopefully, such an as-
sumption should be adequate for the relatively thin, homogeneous cirrus clouds which
are the focus of these studies. Given the above assumptions and discretizations, the in-
tegral form of the radiative transfer equation is then written as a set of matrix equations,

as following Christi and Gabriel (2003),
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dz
+ (1 + Gom) Ujf“ [(M71) (mPE) ¢ (m1t) + (M) (mPF) C ()]
+ ZS:T“ Fy (M—l) (mpg) el—oest(2r—=2)/ 10
+ ows (M) ("Y) B(T) (2.8)
where,

P* - the phase function for forward (+) and backward (-) hemispheres for scatter-

ing of the diffuse radiation field

Pg - the phase function for forward (+) and backward (-) hemispheres for scatter-

ing of the direct solar beam

e M~ - matrix of the reciprocals of the quadrature angles

C- a matrix of quadrature weights

™Y a vector of unity for m=0 and vector of zero otherwise

Equation 2.8 can be expressed much more succinctly in matrix form as,

d mI—I— tm _,rm mI+ m2+
= + (2.9)

dz mJr— pm_gm mJ— —_my-

where t™, ™, and ™ are the ’local’ transmittance, reflectance, and source terms, re-
spectively. These terms describe the radiative properties for an infinitesimal layer of

optical depth, §7, and are of mathematical form,

™ = 0ot (M) + (1 + Gom) ZW (M) (mP) C] (2.10)
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myE = im Fo (M7Y) (mPF) el-oenr=altel g (M) ("Y) B (2.12)

It is only the rigorous determination of the terms in Equations 2.10 - 2.12 and their
faithful representation in the forward model that allow a realistic simulation of radi-
ances for our cirrus cloud studies. More specifically, the appropriate selection of scat-
tering phase function, extinction coefficient, and single scatter albedo are critical for the
validity of the information content and retrieval applications of the following chapters.

With the radiative transfer equation in relatively tractable form, the next step is to
use interaction principle of radiative transfer (Chandrasekhar (1960)) and the inter- re-
lated techniques of adding and doubling to transform the local functions, as described
in Equations 2.10 - 2.12, into "global’ radiative properties, from which exitant radiances
can be modeled. Doubling is the process in which the local radiative properties for an
infinitesimally small, atmospheric layer of optical depth, 47, are combined to produce
the global radiative properties for a homogeneous, finite layer of optical depth, AT, i.e.
the local t, 1, and X functions are converted to their global T, R, and S equivalents. These
global properties are then combined through the adding process to determine total T, R,
and S for an atmosphere consisting of any number of inhomogeneous layers.

These ideas are most easily understood graphically as in Figure 2.1. The interaction
principle is founded on the idea that the fate of any photon in the layer (a,b) can be
described completely in terms of the refiectance, transmittance, and source functions.
Provided that the radiance boundary conditions, I~ (a) and I*(b), are known, the exitant

radiance are completely defined. Mathematically,

I* (@) = T (b,a) I* (b) + R(a,b) I (a) + S (b, a) (2.13)
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Figure 2.1: Representation of the transmittance, reflectance, and source functions for
a single- layer atmosphere used to describe the interaction principle and inter- related
topics of doubling and adding.

and
I~ (b)) =T (a,b) I (a) + R (b,a) I* (b) + S (a,b) (2.14)
where I~ (a) is incoming solar radiation

I (o) = HF2-© QWFQ = fo (2.15)

and IT(b) is the combined radiance from reflectance and emission from the surface,
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I (b) = RyI™ + B, (T) (2.16)
where R, is the reflectance function with albedo, a,.

If Equations 2.15 - 2.16 are substituted into Equations 2.13 - 2.14, a rather complicated
expression for both up-welling TOA and down-welling surface radiance is found in
terms of the total atmosphere R, T, and S functions.

The precise mathematical forms for these R, T, and S arise from the adding process
and are best determined by examination of the interaction principle but now for a two-
layer atmosphere, as seen in Figure 2.2. The interaction principle for the two layers,

(a,b) and (b,c), taken separately can be written as

I'*(a) = T (b,a) I" (b) + R (a,b) I (a) + S (b, ) @.17)
I~ (b) = T (a,b) I (a) + R (b,a) I'* (b) + S (a, D) (2.18)
I* (b) = T (c,b) I* (¢) + R (b,c) I (b) + S (c, b) 2.19)
I (¢) = T (bye) I~ (b) + R(c, ) I* (c) + S (b, ) (2.20)

Elimination of I*(b) and I~ (b) from Equations 2.17 - 2.20 yields the following com-
position relationships for the transmittance, reflectance, and source functions for the
combined layer (a,c). It should be noted that these functions are directionally dependent

and are of form,

T (c,a) =T (b,a)[E— R(b,c)R(ba)] " T (c,b) (2.21)
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Figure 2.2: Representation of the transmittance, reflectance, and source functions for a
multiple- layer atmosphere used to describe the interaction principle and inter- related
topics of doubling and adding.

R(a,c) =T (b,a)[E— R(b,c) R(b,a)]” R (b,c)T (a,b) + R(a,b) (2.22)

S(c,a) =T (b,a)[E— R(b,c)R(b,a)] " [R(b,c)S(a,b)+ S (c,b)] + S (b,a)
(2.23)
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T (a,c) =T (b,c)[E — R(b,a) R(b,c)] ' T (a,b) (2.24)

R(c,a) =T (b,c)[E — R(b,a)R(b,c)] ' R(b,a) T (¢,b) + R(c,b) (2.25)

S(a,¢) =T (b,e)[E—R(b,a)R(b,c)] ' [R(b,a)S (c,b) + S (a,b)] + S (b,c)
(2.26)
These composition relationships allow the radiative properties of any arbitrary num-
ber of inhomogeneous, atmospheric layers to be added to produce the total atmosphere
reflectance, transmittance, and source functions needed to model exitant radiances.
The precise mathematical form of the R, T, and S functions for each homogeneous
layer arises from the process of doubling, which is just a form of adding with the mi-
nor change that each of the doubled layers is identical. Therefore, the same general

composition relationships hold,

Rut1 =Ty [E = RoRy) ™" RaT + R (2.27)

T =To[E — RuR) 7' T, (2.28)

The source terms are modified by an attenuation factor, e,,, which has value unity for a

homogeneous emitting layer but exhibits exponential decay for solar wavelengths,

Spi1 =Tn[E — RuR] ™ (enRaSy + S7) +€nSy, (2.29)
Sty =To[E — RuRy) 7 (RuSy + enSF) + 57 (2.30)
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€n,solar = ETP (_2n57_/'u®) (231)

A general form for the exitant radiances for the multiple- layer atmosphere of Fig-
ure 2.2 with internal sources above a reflecting surface is found in terms of the above

composition relationships,

I7(¢) = [E = R(c,a) Ry] "' [T (a,¢) I” (a) + R(c, a) [agfoe™/* + B, (T)] + S (a, cj2.32)

and

I* (@) = T (c,a) [a, (BRI~ (¢) + foe /™) + By (T)] + R(a,c) I” (a) + S (c,a)
(2.33)

b. Forward Model Validation

Radiative transfer calculations from COOPDART were compared to those of both the
RADIANT eigenmatrix solver of Christi and Gabriel (2003) and the flux tables of van de
Hulst (1980) to ensure that the model was implemented correctly. Figure 2.3 shows
sample radiative transfer calculations using 16 streams for each COOPDART and RA-
DIANT for a cloud case with optical depth of 1.0 with a Henyey- Greenstein phase func-
tion with asymmetry parameter, g, equal to 0.8. Both upwelling TOA and downwelling
surface radiances agree to approximately 5 decimal points for all quadrature angles.
Similarly, Figure 2.4 shows the up and down fluxes as calculated by both COOPDART
and van de Hulst (1980) as a function of single scatter albedo for a cloud of optical depth
of 1.0 with a Henyey- Greenstein phase function with asymmetry parameter, g, equal to

0. Agreement in fluxes is good to approximately 4 decimal places. These results clearly
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suggest that the core COOPDART adding and doubling routines are working correctly.
Slight modifications of this code was required to address the cirrus cloud problem and

is discussed in the following sub- section.

1.5 T T T T T T T T T T T T T i T T T

= = 20% ‘ —  I_MB Christi g

———— |_MB Cooper
——— I_PT Christi

I_PT Cooper

radiance

0.5—

. . . . . . |
0.0 0.2 0.4 0.6 0.8 1.0
cosine(quadrature angle)

Figure 2.3: Comparison of TOA and surface radiances from COOPDART and the RA-
DIANT eigenmatrix solver Christi and Gabriel (2003) for a cloud with optical depth of
1.0 and a Henyey- Greenstein phase function with asymmetry parameter, g, equal to 0.8.

¢. Forward Model Assumptions

Application of any forward radiative transfer model, however elegant or computationally
efficient, is only valid when used in conjunction with physically realistic model inputs.
This sub-section therefore examines both the physical assumptions used in COOPDART
and their impact on the mathematical form of the forward model, primarily focusing on
the ice crystal habit and atmospheric absorption properties which need critical consid-

eration for any ice cloud retrieval scheme. The presentation of these assumptions here
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Figure 2.4: Comparison of TOA and surface fluxes from COOPDART and the van de
Hulst (1980) for a cloud with optical depth of 1.0 and a Henyey- Greenstein phase
function with asymmetry parameter, g, equal to 0.

is in much greater detail than will be found in the following chapters which were writ-
ten in ’journal style’ format. It is hoped the rigorous exploration of these topics here
will not only facilitate a better understanding of these later chapters but also provide the
completeness needed to replicate this work. Since much of the work in this dissertation
involves examining the variability of forward model calculations resulting from different
base assumptions, a brief discussion on equivalent crystal distributions is also included,
i.e. how can a distribution of dendrites be equated quantitatively to a distribution of

hexagonal columns?

Ice crystal habit Ice clouds may be composed of a variety of crystal types ranging from
pristine hexagonal columns to nearly spherical aggregates, with each distinct habit hav-

ing its own set of unique optical properties. The selection of a representative crystal
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type for a forward model is therefore problematic and is, of course, the motivation for
much of this dissertation. We will exploit the recent development of optical properties
for a number of realistic crystal habits for the MODIS wavelengths listed Table 2.1 for
24 discrete particle sizes to produce a quantitative estimate of forward model uncer-
tainty resulting from assumptions of crystal habit. Our base assumption for crystal habit
in the information content and retrieval applications of Chapters 4 and 5 will be that
of a randomly oriented randomized hexagonal aggregate (Baran et al. (2001)), as the
theoretical single scattering properties for these aggregates combined with a modified
Henyey- Greenstein phase function were found to better match observed radiances than
the theoretical optical properties for more pristine crystal types (Baran et al. (2003)).
To gain a measure of forward model variability about this base assumption, the optical
properties for for each plates, bullets, dendrites, rough aggregates, smooth aggregates,
and droxtals as calculated by Yang et al. (2000) were used.

Differences in the optical properties for these different crystal types can be signifi-
cant. Figures 2.5 and 2.6 show the scattering phase functions for the Baran aggregates
and Yang columns, respectively, in which the smooth Baran phase functions lack the
complex secondary scattering features of the Yang hexagonal columns. It is these dis-
crepancies, and similar others in single scatter albedo and extinction coefficient, that
result in large differences in radiance as a function of crystal habit as discussed in Chap-
ter 1 and as visualized in the Nakajima and King (1990) retrieval scheme shown in

Figure 2.7.

Delta-M scaling The complex nature of the phase functions shown in Figures 2.5 and
2.6 raises several practical concerns for the radiative transfer calculations performed
in these cirrus clouds studies. First, the accurate representation of the large forward
scattering peaks observed in both crystal types would require such a large number of
forward model streams and thus such large computational expense as to make these

studies intractable. To get around this difficulty, a modified form of the Delta- M scal-
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Figure 2.5: Phase function at 0.65 pm for randomly oriented randomized hexagonal

aggregates (Baran et al. (2001)) with maximum crystal dimension ranging from 3.5 ym
to 3500 pum.

ing technique (Wiscombe (1977)) recently developed by Mitrescu and Stephens (2004)
was implemented. The idea is to truncate the large forward peak at some specified an-
gle, e.g. 3° would be a reasonable choice for the aggregate of Figure 2.5, and then fit
chi- expansion coefficients to the simpler, truncated phase function for use in the for-
ward model. To account for the reduction in forward scattering, both the optical depth
and single scatter albedo are re-normalized based upon the fractional energy, f, in the
truncated portion of the forward peak. Mathematically, the new optical depth, 7', and

single scatter albedo, wy, become

= (1= fwo)T (2.34)

and
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Figure 2.6: Phase function at 0.65 pm for hexagonal columns (Yang et al. (2000)) with
maximum crystal dimension ranging from 3.5 pm to 3500 pm.

. 1—f

Wy = ———Ww
0 1—wa0

(2.35)

Even with this technique, it is still not possible to fit a computationally reasonable
number of streams to the complex secondary 22° and 46 ° halos associated with the
hexagonal columns. Although these features are somewhat smoothed once the individ-
ual crystal particles are merged into distribution form as discussed below, additional
smoothing of these maxima is required. Such modifications allow COOPDART to be
run with a computationally feasible 48 streams for all crystal types while maintaining

satisfactory convergence of the radiance field.

Ice crystal size distribution The ice crystal size distributions in the forward model were

assumed to be of modified gamma form with variance parameter, v, equal to 2,
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Figure 2.7: Relationship between 0.66 ym and 2.11 pm reflectance functions for ice
clouds composed of both a modified gamma distribution of randomized aggregates and
an equivalent distribution of columns. Effective radius range from 6 to 50 m and optical
depths from 2 to 50.

1 /D1
D)=Now (o) pe /P 236

D) =Npiy\D,) D¢ (2-36)
where n(D) is the number of ice crystals of size D, Ny is the number concentration,
and D,, is the characteristic diameter (Stephens (1994)). By clever manipulation of the
number concentration for each of the 24 discrete particle sizes from Baran and Yang,
modified gamma distributions with effective radius ranging from 6 pum to 50 um were

created. Here, the relatively ambiguous effective radius, sy, 1s defined as

3Vol
Teff = ZA—p (237)

where Vol is total distribution volume and Ap is total distribution projected area. The
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optical properties for the distribution as a whole come simply from merging the optical
properties of each of the constituent particles. The following relationships were used to
calculate the optical depth, single scatter albedo, and phase functions for the modified

gamma distributions,

NRAD
T = Z NO,i Cext,i dz (238)

i=1

NRAD
i=1 N 0,i Cext,i W03

Wo,total = NRAD
i=1 NO,i Cexts

(2.39)

and

NRAD
Yimi " Nojg Cextis woi Prii

Pll,total = ZNRAD

i=1

2.40
NO,i Cext,i W0, ( )

where NRAD is the number of discrete particle sizes used for the distribution, Nj is
number concentration, c..; is the extinction cross-section, dz is cloud geometric thick-

ness, and P, is the first stokes vector.

Equivalent distributions and habits Much of the work in this dissertation involves ex-
amining the variability of forward model calculations resulting from different base as-
sumptions. For most physical fields, such as atmospheric temperature profile or particle
size distribution, our base assumption is replaced with an alternative in a very straight-
forward manner. For instance, the modified gamma distribution with variance parameter
v equal to two will is replaced by both a different modified gamma distribution with v

equal to three and a lognormal distribution,

_ 1 (InD — InD,)?
n(D)_Dln%(%)”eXp[ 2(Inc, )? } (241

where D, is the geometric mean diameter and o, is the geometric standard deviation

(Reist (1994)).
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The use of equivalent crystal habits in determining forward model variability is more
problematic. The difficulty lies in equating a distribution of one crystal habit to a distri-
bution of another crystal habit in a manner which is not arbitrary. The approach taken
for this work comes from insights gleaned from the use of equal- area and equal- volume
spheres, which traditionally have been used to represent non- spherical habits in com-
putationally expensive GCM and radiative transfer calculations. This technique does
not work well (Liou and Takano (1994)), in that the equal volume sphere has too lit-
tle surface area as compared to an irregularly shaped crystal and therefore scatters too
little whereas the equal area sphere has too much volume and thus absorbs too much.
Recent work has suggested the use an equivalent sphere that has the same volume to
area ratio as the irregular shaped crystal, such that volume and area is conserved by
allowing the number concentration of the different crystal types to vary (Francis et al.
(1994); Mitchell and Arnott (1994); Grenfell and Warren (1999); Yang et al. (2001)).
Figure 2.8 displays an artificial conversion between columns, spheres, and dendrites in
which each crystal type has a different volume and area but the same surface to area
ratio. By varying the number of crystals for each habit, it is possible to conserve both
volume and area for the equivalent distributions. This approach will be utilized in the
uncertainty analyses of Chapter 3 and 4, Each of the individual randomized hexagonal
aggregates in the modified gamma crystal size distribution will be converted to a set of
equivalent crystals, say dendrites, that has the same volume and area of the aggregates.
The optical properties for this equivalent distribution of dendrites will then be merged
as above except for an additional term, /V,, that accounts for the conversion of number

concentration between crystal types,

NRAD
T = Z Ns,i NO,i Cexti dz (242)
=1
NRAD
w i=1 Ns,i NO,'i Cext,i W05 (2.43)
0,total = NRAD .
i=1 Ns,i NO,i Cea:t,i
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and

NRAD
P _ Zi:1 Ns,i NO,i Cext,i Wo,i Pll,i
11,total — NRAD
i=1 NS,i NO,i Cext i Wo,i

(2.44)
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Figure 2.8: The technique used to determine equivalent size distributions for ice parti-
cles with different habits depends on conserving both distribution area and volume by
varying the number concentration of the different shaped particles.

Atmospheric absorption Many of the traditional means to estimate cirrus cloud prop-
erties, such as the split- window technique (Inoue (1985); Prabhakara et al. (1988)),
rely not only an a priori understanding of cloud optical properties but also on an a
priori understanding of atmospheric absorption and emission. Atmospheric absorption
in COOPDART is modeled using correlated- k distributions developed specifically for
the MODIS wavebands (Kratz (1995)) listed in Table 2.1. The correlated- k approach
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allows computationally efficient radiative transfer calculations by grouping individual
line- by- line absorption characteristics into discrete bins of constant absorption prop-
erties. The first task is to identify the radiatively important gases for each MODIS
channel, e.g. absorption in the 1.626- 1.653 pm band comes from each water vapor,
carbon dioxide and methane. Each of these gases are then broken into fractional band-
width bins with given absorption characteristics, which are directly related to optical
depth through assumption of atmospheric profile. Since these optical depths have no
precise location in spectral space, it is necessary to then perform a ’blurred’ radiative
transfer calculation using all permutations of the gaseous fractional bins. So for the 1.64
p#m band in which each of the three absorbing gases are segregated into two distinct ab-
sorption bands, it would be necessary to perform eight fractionally- weighted, radiative
transfer calculations to determine the radiance across the entire bandwidth. A perfect
step- function detector response across the MODIS bandwidths is therefore presumed.
Table 2.2 shows a comparison of top of the atmosphere brightness temperatures found
from COOPDART with correlated-k absorption and from MODTRAN with line- by-
line absorption assuming a McClatchey tropical atmosphere. Brightness temperatures
agree well, with minor differences primarily due to slightly different assumptions of the

importance of trace gases.

Other considerations In addition to the ice cloud optical and atmospheric properties
discussed above, many other fields need be assumed for the COOPDART calculations.
These fields, such as atmospheric temperature and humidity profiles, are generally straight-
forward and are adequately explained in the following chapters. It bears repeating, how-
ever, that each of these studies assumes an isotropic ocean surface for simplicity, where
an albedo of 10 % is assumed for the visible and near- infrared channels and of 1 % for
the emitting channels. The use of a surface with a greater or more variable albedo could

change the results of this work.
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MODIS channel | wavelength | MODIS channel | wavelength
1 0.62-0.67 27 6.53-6.90
2 0.84-0.88 29 8.40-8.70
5 1.23-1.35 31 10.78-11.28
6 1.63-1.65 32 11.77-12.27
7 2.10-2.15 33 13.18-13.49
19 0.91-0.96 34 13.48-13.78
20 3.66-3.84 35 13.78-14.08
23 4.02-4.08 36 14.08-14.38
26 1.36-1.39

Table 2.1: MODIS channels used in forward model.
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MODIS channel | wavelength (um) | COOPDART 7} (K) | MODTRAN 7T} (K)
27 6.7 241 239
29 8.5 292 291
31 11.0 294 294
32 12.0 293 292
33 13.3 262 260
34 13.6 276 274
35 13.9 248 250
36 14.2 230 230

Table 2.2: Comparison of COOPDART and MODTRAN.

3. Inverse Problem

This section describes the optimal- estimation retrieval framework (Rodgers (1976);
Marks and Rodgers (1993)) used to estimate cloud properties for the split- window and
MODIS schemes of Chapters 3 and 5. As seen in the introduction, simple inversion
techniques in which cloud optical properties are linked directly to radiance through for-
ward model assumptions may not always work well for ice clouds. For the infrared
split- window problem, uncertainties in cloud temperature will cause huge errors in the
absence of accurate cloud boundary information. Similarly, uncertainties in cloud opti-
cal properties resulting from the variability of crystal shape may cause significant biases
when visible radiances are directly inverted to estimate cloud microphysical properties.
The optimal- estimation framework provides a means to work around some of these dif-
ficulties. A brief review of this retrieval scheme is presented to allow a more precise

understanding of the advantages of this approach for the complex ice cloud retrieval
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problem.

Many recent studies have applied the optimal estimation technique to retrievals of
ozone, water vapor, cloud properties, rainfall, and aerosols from a combination of lidar,
radar, and passive measurements at visible, infrared, and microwave wavelengths (En-
gelen and Stephens (1997), Engelen and Stephens (1999), Miller et al. (2000), Austin
and Stephens (2001), Stephens et al. (2001b), and L’Ecuyer and Stephens (2002)) .
Many of the mathematical details of the approach can be found in these references but a
short summary is provided here for completeness. Letting X denote the vector of cloud
properties to be retrieved, the optimal estimation technique consists of minimizing a
combination of the variance between the set of observations, y, and a corresponding
set of simulated measurements, '(X), and that between X and a suitable a priori guess,
X,. Assuming Gaussian statistics, this is accomplished by minimizing the scalar cost

function,

b(k,y, %) = (y—F&) S, (y— F(%)

+ (& —x)T 87 (R —x,) (2.45)

with respect to x. I denotes the physical model relating the cloud parameters to the ob-
servations called the forward model”, S, is the a priori error covariance matrix, and S,,
is the measurement error covariance matrix consisting of a combination of observation
and the forward model uncertainties.

The values of x for which Equation. (3.1) is minimum can be found by Newtonian

iteration via

% - % =8, [KIS;! (y — (X)) + 87" (e — %)) (2.46)
where
S, = (S + KIS, 'K:) 2.47)
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is the error covariance matrix of the estimated parameters accounting for uncertainties in
the forward model, measurements, and a priori data. The Kernel or weighting function
matrix, K, is the Jacobian of the forward model with respect to the retrieval vector, with

elements given by
_0F,

K. = -2
ik 8$k

(2.48)

The iteration proceeds until such time as the covariance-weighted mean difference be-
tween successive estimates is much less than the number of independent variables in the

retrieval vector, i.e.

(ii“ _ x) g1 (fa’“ ~ x) << N, (2.49)

Y

The optimal estimation framework also includes several useful diagnostics that need

consideration to determine the quality of the retrieval. The a priori matrix,
A =8.K]S,'K; (2.50)

measures the relative dependence of the retrieved parameters on the measurements and
on the a priori assumptions. For an ideal retrieval, A will be the identity matrix indi-
cating that the retrieved parameters were completely determined by the measurements.
The chi- square diagnostic,
A\12 N2
o _Ww—F@[  (2.—1)

X="%5  T=.

(2.51)

presented here in scalar form, is another useful diagnostic that shows how well retrieved
parameters match our observations. This chi- square value roughly will be of order
of magnitude of the number of degrees of freedom in the retrieval problem for a well-
behaved retrieval.

The relatively complex retrieval approach outlined above has significant advantages
over a simple inversion approach for the ice cloud problem given its inherent uncer-

tainties. In fact, without this retrieval approach, the studies presented here and final
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recommendations for re-casting the ice cloud retrieval would simply not be possible.

The flexible framework of the estimation approach provides a simple means to in-
corporate information from a variety of sensors into a given retrieval. This capacity will
be used to combine information from both passive and active sensors into the ice cloud
retrieval schemes of Chapters 3 and 5.

Another useful aspect of this approach is its explicit consideration of uncertainties,
both in retrieval input and output. Proper characterization of the forward model and
measurement covariance matrix allows a retrieval scheme to place emphasis on those
measurements which contain the most information dependent upon the state of the at-
mosphere, an idea that will be revisited in the development of a unified five- channel
ice cloud retrieval approach outlined in Chapters 4 and 5. The results of this inversion
technique, however, are only valid when used in conjunction with physically realistic as-
sumptions for the error covariance matrices, S, and S,. Hence, a rigorous characteriza-
tion of the forward model error covariance matrix is performed to ensure retrieved cloud
properties which are based upon a realistic assessment of the physics of the ice cloud
problem. Determination of S, is less problematic as it simply comes from the expected
climatological range of ice cloud properties. Use of these realistic uncertainties for S,,
and S, in this inversion technique will result in an honest assessment of uncertainties
associated with our retrieved cloud properties, as defined in Sx. Such a characterization
will be useful not only in determining how precisely we can actual measure these fields
given the constraint of our current observational platforms but also in providing a useful
diagnostic for determining the relative merits of different retrieval approaches. Finally,
the built- in error diagnostics such as the A matrix provide a quantitative means to eval-
uate the quality of each retrieval, an obvious improvement over the simple inversion

techniques which simply return an answer.

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

The Impact of Explicit Cloud
Boundary Information on Ice Cloud
Microphysical Property Retrievals

from Infrared Radiances

1. Preface

The following chapter consists of a reproduction of the journal article, The Impact of
Explicit Cloud Boundary Information on Ice Cloud Microphysical Property Retrievals
from Infrared Radiances’ by Steven J. Cooper, Tristan S. L’Ecuyer, and Graeme L.
Stephens published in the Journal of Geophysical Research in 2003, 2002JD002611.
It is left in near published format for consistency. This brief preface, therefore, is used
simply to place the contents of this work in the overall logical structure of the disserta-
tion.

The chapter begins our investigation of the impacts of uncertainties on the retrieval
of ice cloud properties using the instruments aboard the NASA Afternoon A-Train con-

stellation of satellites as a practical constraint. This chapter casts the split-window cirrus
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cloud retrieval technique in an optimal estimation framework to examine uncertainties
in the retrieval of cirrus cloud optical depth and effective radius as a function of uncer-
tainty in cloud emitting temperature. The incorporation of cloud boundary information
from either the CloudSat Cloud Profiling Radar or the CALIPSO lidar to constrain the
window- region measurements from MODIS is found to substantially reduce the errors
inherent to this approach. Regardless of co-incident cloud boundary information, how-
ever, retrieval errors are found to be large and heavily dependent upon not only on the
characteristics of the observation platforms but also on the forward model uncertainties
from such forward model assumptions as ice crystal habit. The methodologies and in-
sights gleaned from this examination of the split- window problem were then applied
to the much more challenging problem of selecting the ideal combination of measure-
ments from the visible, near- infrared, and infrared spectral regions for an ice cloud

microphysical property retrieval scheme as discussed in Chapter 4.
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ABSTRACT

Cirrus clouds have a profound impact on the radiation balance of the Earth-atmosphere
system. Accurate representation of their radiative properties is critical to understanding
climate and predicting climate change. This paper casts the split-window cirrus cloud
retrieval technique in an optimal estimation framework facilitating direct inclusion of
explicit cloud boundary information from complementary sensors as well as providing
a suite of diagnostic tools for evaluating the dominant sources of uncertainty in all re-
trieved quantities. Errors in retrieved microphysical properties are used to determine the
resulting errors in the calculation of global scale radiative budgets.

Uncertainties in optical depth and effective radius are found to diminish from ~45
and ~80 %, respectively, in the absence of explicit cloud boundary information to ~15
and ~60 % when accurate radar- or lidar-based estimates are included. It is demon-
strated that the improvements to cirrus cloud optical properties afforded by accurate
cloud boundary information may lead to as much as a factor of three increase in the
accuracy to which their impact on the Earth’s radiative balance can be modeled. Co-
located infrared radiances from the MODIS instrument aboard the Earth Observing Sys-
tem (EOS) Aqua satellite and cloud radar observations from the CloudSat satellite will
soon allow the retrieval presented here to be integrated into an operational retrieval of

the vertical distribution of cloud properties on a global scale.
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2. Introduction

The Earth’s weather and climate is driven by the exchange of energy between the sun,
atmosphere, surface, and space. Cirrus clouds play a critical role in regulating this
global energy balance through a combination of reflecting incoming solar radiation and
absorbing and re-emitting terrestrial radiation (Liou (1986)). The relative magnitudes of
these competing effects and their spatial and temporal variability is a crucial component
modulating global atmospheric circulations, but the net effect of cirrus clouds on the
global scale and associated climate feedbacks are, at present, still poorly understood.
Inadequate knowledge of the vertical distribution of cirrus cloud microphysical proper-
ties on a global scale limits our ability to determine either the sign or the magnitude of
their net radiative impact (Stephens and Webster (1981); Stephens et al. (1990)). As a
result, significant uncertainties remain as to the net response and resulting feedback of
cirrus clouds to global warming due to increasing CO, concentrations in the atmosphere
(Sassen (2002)) and the role of cirrus clouds in the ocean-water vapor-convection feed-
back system (Pierrehumbert (1995); Lindzen et al. (2001); Fu et al. (2002)). Further-
more, the role of cirrus in dehydrating the lower stratosphere and the resulting effects
on stratospheric chemistry are as yet undetermined. General circulation models (GCMs)
may provide an invaluable tool for furthering our understanding of these and other pro-
cesses in the cloud-radiation-climate system. Such models are involve highly param-
eterized approximations to real-world physical processes and require accurate global
observations of cirrus cloud microphysical properties to constrain and validate their re-
sults.

Measuring the global distribution of cirrus cloud microphysical and optical proper-
ties has been a goal of numerous satellite missions such as the Television and Infrared
Observations Satellite (TIROS) series, the Geostationary Operational Environmental
Satellite (GOES) satellites, and the International Satellite Cloud Climatology Project

(ISCCP) and continues to be a focal point for future endeavors including CloudSat and
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Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) projects
recently funded under the National Aeronautics and Space Administration (NASA)
Earth System Science Pathfinder Project (ESSP). To make use of the resulting data, a
suite of algorithms' to infer a wide range of cirrus cloud properties has been developed
to operate in concert with each of these satellites and, through major advancements in
both instrumentation and remote sensing techniques, continuous progress has been made
toward realizing the goal of globally mapping cirrus clouds. Both the NASA Cloud and
Earth Radiant Energy (CERES) and the Moderate Resolution Imaging Spectrometer
(MODIS) programs have developed and/or exploited these multi-spectral techniques to
produce global distributions of cirrus properties and to investigate their effects on the
Earth’s climate (King et al. (1992); Wielicki et al. (1996)). In the spirit of these efforts,
this paper presents an advanced version complete with error analysis of the algorithm
commonly referred to as the split-window technique. It is not our intention to replace
the work of these advanced programs but to demonstrate how the use of explicit cloud
boundary information and the proper error characterization of retrieved cloud proper-
ties are important in determining uncertainties in related climate studies. Although we
choose to focus on the split-window method, the physics underlying the other tech-
niques could easily be incorporated into our algorithm and, in fact, we will show how
this technique can be combined with ongoing research at Colorado State University to
provide a retrieval of the vertical distribution of cirrus cloud properties with complete
error diagnostics for the satellites of the NASA ESSP mission.

The split-window technique relies on differences in radiative properties for cloud
particles at two wavelengths in the atmospheric window region of the infrared spectrum
to estimate cloud optical depth and effective radius from satellite-observed brightness
temperatures (Inoue (1985); Prabhakara et al. (1988)). An inherent short-coming of the
original implementations of the approach is that the retrieved parameters are heavily

dependent upon an assumed cloud thermodynamic temperature. Traditionally, a lack

I'The interested reader is referred to Table 1 of Miller et al. (2000) which summarizes a broad cross-
section of such algorithms.
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of explicit cloud boundary information has resulted in significant biases in retrieved
cloud properties (Miller et al. (2000)). Through the use of an optimal estimation based
inversion (Rodgers (1976, 1990); Marks and Rodgers (1993)), the algorithm introduced
in the present work is capable of incorporating explicit cloud boundary information from
complementary sensors such as space-borne lidar or cloud radar providing to constrain
cloud thermodynamic temperature in the algorithm.

The optimal estimation approach to inversion and its application to the split-window
technique will be introduced in the next section. A new two-layer radiative transfer
model for relating cirrus cloud optical depth and effective radius to infrared radiances
in an efficient and accurate manner is developed and evaluated in Section 3.4. In Sec-
tion 3.5.a, the algorithm is evaluated through a series of synthetic retrievals designed to
demonstrate the salient features of the approach as well as to characterize uncertainties
in retrieved optical depth and effective radius as a function of the accuracy of cloud
boundary information employed. In Section 3.5.b the algorithm is applied to infrared
radiances from the Visible and Infrared Scanner (VIRS) aboard the Tropical Rainfall
Measurement Mission (TRMM) satellite in conjunction with cloud boundaries from
the Atmospheric Radiation Measurement (ARM) program’s Tropical Western Pacific
(TWP) Nauru Island site to evaluate its performance with cloud boundary information
of varying accuracy. The implications of these results for climate study are addressed in
Section 3.5.c and relevant results and possible extensions of the technique are discussed

in Section 3.6.

3. The Optimal Estimation Approach

Ultimately, estimates provided by cloud optical property retrievals are needed to im-
prove our understanding of the mechanisms by which clouds interact with solar and
terrestrial radiation to help shape the Earth’s climate. Such applications require exten-

sive spatial and temporal coverage, special care to remove any sources of systematic
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errors in the retrieval method and rigorous estimates of the uncertainties in all products.
Regrettably, this final requirement represents a significant shortcoming in many modern
retrieval algorithms.

The approach adopted here is based on the physical principles that underlie the
method introduced by (Prabhakara et al. (1988)). At the root of the method is the fact
that ice particles on the order of 30 pm or smaller more efficiently absorb radiation at
a wavelength of 12 ym than at 10.8 pum. As a result, cirrus clouds composed of small
ice particles appear “colder” at 12 um than at 10.8 pm. When examined at a variety of
cirrus optical depths and effective radii, the relationship between ATs = T 108 — 15,12
and T'p 103 resembles an arch. The right foot of the arch corresponds to the clear-sky
emitting temperature of the Earth while the left foot represents an optically thick cloud
where T'p 103 and T 12 each approach the cloud thermodynamic temperature. Interme-
diate values provide information regarding the optical properties of the cloud. Theoret-
ically derived relationships between ATg and T'p 10,5 for a number of different cirrus
clouds are illustrated in Figure 3.12.

Accurate specification of cloud temperature, as well as emitting temperature of the
clear-sky, is clearly critical for a good retrieval. For a given AT and T ;0.8 measure-
ment, the split-window technique yields a different effective radius and optical depth for
each cloud temperature. It should be noted from Figure 3.1 that the working range of
the retrieval is limited to 10.8 pum optical depths up to about 2.0 and effective radii from
about 5 to 25 ym, depending on the precise cloud thermodynamic temperature. Uncer-
tainties in the clear-sky emitting temperature also make estimates of optical depths less
than about 0.2 dubious.

The fact that the method is rooted in the interaction of cloud particles with infrared
radiation, however, means that it can be applied without modification during the day-
time and at night and is thus well suited for application to satellite platforms required

for near-global observations. In the present study, as opposed to look-up tables that are

2These arches and all subsequent analyses are based on a TRMM satellite viewing angle of 45 degrees.
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Figure 3.1: Relationship between ATg and T 105 for a number of cirrus clouds with
10.8 um optical depths ranging from 0 to 4 and effective radii ranging from 9 to 29 um.
Clouds with emitting temperatures of 195 K (filled circles), 225 K (open diamonds), and
255 K (filled squares) are modeled.

susceptible to biases introduced by the required assumption of cloud thermodynamic
temperature and often lack rigorous uncertainty estimates, we adopt an optimal estima-
tion implementation of the retrieval method (Rodgers (1976, 1990); Marks and Rodgers
(1993)). The technique provides a framework for making use of the accuracy in the mea-
surements and physical model to determine the strength of their influence on the retrieval
and for propagating these errors through the estimation process to estimate uncertain-
ties in all retrieved parameters. Furthermore, biases introduced by the assumption of a
cloud thermodynamic temperature are mitigated by the introduction of cloud tempera-
ture as a variable parameter in the retrieval. While these benefits may not be exclusive to
the optimal estimation approach, it provides the benefit of an elegant framework that is

straightforward to implement and is well-suited to combining information from multiple
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sensors provided the added computational cost is not prohibitive.

Recent studies by Engelen and Stephens (1997), Engelen and Stephens (1999),
Miller et al. (2000), Austin and Stephens (2001), Stephens et al. (2001b), and L’Ecuyer
and Stephens (2002) have applied the optimal estimation technique to retrievals of
ozone, water vapor, cloud properties, rainfall, and aerosols from a combination of li-
dar, radar, and passive measurements at visible, infrared, and microwave wavelengths.
Many of the mathematical details of the approach can be found in these references but a
short summary is provided here for completeness. Letting X denote the vector of cloud
properties to be retrieved, the optimal estimation technique consists of minimizing a
combination of the variance between the set of observations, y, and a corresponding
set of simulated measurements, F'(X), and that between X and a suitable a priori guess,
X,. Assuming Gaussian statistics®, this is accomplished by minimizing the scalar cost

function,

(%,y,%) = (y—F&)'S,'(y—Fx))

+ (kK—xa)" 87! (% —x,) @3.1)

with respect to x. F' denotes the physical model relating the cloud parameters to the ob-
servations called the “forward model”, S, is the a priori error covariance matrix, and S,,
is the measurement error covariance matrix consisting of a combination of observation
and the forward model uncertainties.

The values of X for which Eqn. (3.1) is minimum can be found by Newtonian itera-
tion via

x5 =8, [KTS;! (y - F(x)) + 87" (xa — %) (3.2)

3In principle any non-Gaussian statistics could be invoked (this would change the details of the solu-
tion as described in the text). Rodgers (2000), however, notes that according to the Principle of Maximum
Entropy, the Gaussian distribution is the most appropriate if only a mean and variance is known. Alter-
native distributions, unless known and rigorously justifiable, add spurious information to the retrieval and
biases estimation of the most probable solution.
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where

S, = (87" + KIS, 'K,) 3.3)

is the error covariance matrix of the estimated parameters accounting for uncertainties in
the forward model, measurements, and a priori data. The Kernel or weighting function
matrix, K, is the Jacobian of the forward model with respect to the retrieval vector, with

elements given by
_ OF;

K., =—
ik aa:k

B4

The iteration proceeds until such time as the covariance-weighted mean difference be-
tween successive estimates is much less than the number of independent variables in the
retrieval vector, i.e.

(fci“ - x) gt (f&“ - x) << N, (3.5)

Yy

Among the advantages of this approach is the fact that it allows the algorithm devel-
oper complete flexibility regarding the choice of retrieval parameters and observations.
In principle any set of measurements can be used to retrieve any set of parameters pro-
vided one can define a forward model to suitably represent the relationship between
them and assign uncertainties to this model and the observations themselves. Making
use of this flexibility, we adopt a retrieval consisting of not only effective radius, 7., and
optical depth, 7, but which also includes cloud thermodynamic temperature, T, as an
adjustable retrieval parameter. At the same time we add an estimate of cloud thermody-
namic temperature to the measurement vector, in part to avoid defining a grossly under
constrained problem but also to provide a framework for including direct estimates of
T. from complementary sensors. At first, it may seem strange to include 7. as both an
observation and a retrieval parameter but it merely affords us the luxury of using T as
a soft constraint on the retrieval. Ultimately the strength of this constraint is determined
by the accuracy to which cloud temperature can be determined, or,. By including T
in both the observation and retrieval vectors, its role smoothly varies from a purely re-

trieved result when o7, is large to a pure observation that constrains the retrieval when
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or. is small. At intermediate accuracies, T, constrains the retrieval to search for solu-
tions along arches corresponding to the observed cloud thermodynamic temperature but
can be modified within its error bounds in cases where the combination of T 105, T,
and ATp are unphysical (eg. if ATp is large but Tg 105 ~ T, the T, estimate must
be too high). It will be shown that this approach leads to a significantly greater overall
consistency between retrieval products and observations particularly in cases where at

most a rough estimate of T, is available.

4. The Forward Model

Application of Eqn. (3) requires a physical model for mapping x = (7, ., T¢.) into the
observation space defined by y = (T 10, ATB,1.) and a rigorous assessment of its

uncertainty.

a. Radiative Transfer Model

A two-layer radiative transfer model has been developed to simulate the 10.8 and 12.0
pm radiances as observed by a satellite as a function of cloud optical depth, effective ra-
dius, and cloud temperature. The model consists of an isothermal cirrus cloud overlying
an emitting clear-sky layer and assumes that scattering is negligible at infrared wave-
lengths*. Under these assumptions, the observed radiance at the top of the atmosphere
is the sum of clear-sky emission transmitted through the cirrus cloud plus emission by
the cloud itself,

Iops = cse_T/u + B(Tc) [1 - e—‘r/,u] 3.6)

“This assumption requires some justification. Ice particles of radii 10-50 pm which may be found
in cirrus clouds scatter approximately as much IR radiation as they absorb. When an ensemble of these
particles are modeled in a typical cirrus cloud, however, Stephens (1980) showed that they lead to a total
IR reflectance of only about 5 % or 10 Wm™!. While this may be significant in some applications, errors
introduced by the simple radiative transfer model will be far greater in the present study.
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where 7 is cloud optical depth, 4 is the cosine of the solar zenith angle, and B(T,) is the
Planck blackbody function for cloud temperature T..

The size and shape of the constituent cloud particles enters the model through their
influence on optical depth. For a monodispersed distribution of spherical particles of

radius 7, the optical depth at a wavelength, A, is
Ty = WNoTQQabS,,\AZ (37)

where Ny is the number of particles per unit volume, ()45 is the absorption efficiency,
and Az is the geometric thickness of the cloud. The ratio of the optical depths at 10.8
and 12.0 pum is simply the ratio of the absorption efficiencies at the two wavelengths,
which are estimated using an anomalous diffraction theory approximation developed by

Flatau (1992) for spherical particles,

1 e—4xn e—4xn -1

abs N2 | =
Qo 2t dxk + (dxk)?

(3.8)

k is the imaginary part of the refractive index and x = 277/ is the size parameter. The
accuracy of the ADT approximation relative to explicit Mie calculations for spherical

particles is assessed in Flatau (1992) and leads to errors of less than 5

7120 fWQabs,m.o(?“)?“?n(?‘)dT

T10.8 B fWQabs,1o.s(7“)7“2n(7“)dT

(3.9)

For the retrieval, a modified gamma distribution of spherical particles with variance
equal to 2.0 is used (Dowling and Radke (1990)). Hereafter this distribution will be
referred to as the model distribution for simplicity. The impact of these assumptions will
be examined in detail in the following section to estimate an appropriate forward model
error covariance matrix for use in the retrieval. It should be noted that, while Eqns.
(3.8) and (3.9) hold only for spherical particles, the ratio of the optical depths for non-

spherical particles can be estimated through more advanced methods, such as the finite-
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difference time-domain method (FDTD) (Yang et al. (2001)) facilitating modifications

to particle shape if necessary.

b. Model Calibration

Eqns. (3.6)-(3.9) constitute a simple, complete model governing the transmission of
radiation through a cirrus cloud from which 10.8 and 12.0 xm brightness temperatures
can be evaluated for any combination of cloud particle size distribution, optical depth,
and cloud temperature. When compared to a more sophisticated radiative transfer model
developed by Deeter and Evans (1998) (hereafter referred to as the DE model), differ-
ences emerge. Analysis of model differences for a variety of cases spanning the range
of optical depths and effective radii over which the retrieval is to be applied suggest that
they are functions of cloud temperature, optical depth, and effective radius. Since for
certain cloud property combinations T’ 10,3 differences between models can be nearly 5
K, a correction was developed to improve agreement between the present and DE mod-
els to remove systematic biases from our results. Details regarding the correction can
be found in Appendix A. With the correction, the simple two-layer model can be em-
ployed as opposed to the DE model with minimal loss of accuracy affording an increase
in computation speed of approximately a factor of a hundred. This increase in speed
is particularly important in the optimal estimation framework. Typically, five iterations
are required to reach convergence at any pixel, with each iteration invoking seven exe-
cutions of the forward model. Thus, the forward model is called an average of thirty-five
times per pixel. The corrected model yields an accurate and computationally efficient
solution that is, therefore, essential for processing the large amounts of satellite data

required for global applications of the retrieval.
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c. Error Covariance Matrices

Proper estimation of error covariance matrices is critical to the success of any optimal
estimation retrieval. In the absence of additional information, the a priori guess is lim-
ited to a rough estimate of the climatological mean effective radius, optical depth, and
emitting temperature of typical cirrus clouds. To account for the lack of quantitative
information in the a priori guess, its covariance matrix is assigned to represent the full
range of the cirrus properties for which the retrieval is applicable and is therefore rea-
sonably well specified. Calibration errors in VIRS satellite measurements of brightness
temperatures will be assumed to range from 1K for a cirrus cloud emitting at 220K to
1.5K for cloud emitting at 275K (Lyu et al. (2000)).

Determining forward model errors is the most challenging task and is the primary
focus of this section. Since the cloud temperature error in the model is variable by
design, we only need determine the error in I s, T3 108 and ATp associated with the
forward model. The effects of I.; on retrieved parameters are significantly smaller than
those effects of cloud temperature, so I, is simply treated as a constant derived from
the DE model employing a McClatchey Tropical Atmosphere (McClatchey et al. (1972).
For an operational retrieval, however, a rigorous pixel by pixel estimation of clear-sky
emitting temperature with error estimates should be made for accuracy.

Based on the discussion above, the forward model determines the theoretical T’z 10,8
and ATp observed by a satellite for a given effective radius, optical depth, and cloud
temperature. The model, however, is based on a set of assumptions that, if changed,
can yield substantially different results. The most prominent of these assumptions is
the choice of the "'model distribution’- a modified gamma cloud particle distribution of
ice spheres with variance equal to two. If the cloud particle size distribution or particle
habit are changed, then the absorption characteristics at both 10.8 and 12.0 um change,
leading to a new Tz 10.s and ATs. To estimate the expected error in model results asso-
ciated with choice of distribution and habit, a variety of cloud particle size distributions

each with the same effective radius for both ice spheres and hexagonal columns have
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been substituted into the model and the resulting T'5 10.s and ATz compared over a wide
range of optical depths and effective radii.

Five different modified gamma and four different lognormal cloud particle size dis-
tributions for both ice spheres and hexagonal columns were used. The modified gamma
distribution is of the form

o 1 DAY

where n( D) is the number of ice crystals of size D, N, is the number concentration, D,
is the characteristic diameter, and v is the distribution variance (Stephens (1994)). The

lognormal distribution is of the form

n(D) 1 (InD —1nD,) }

= 11
Dlnag(27r)0-5eXp{ 2(ino,)? .11)

where D, is the geometric mean diameter and o, is the geometric standard deviation

(Reist, 1993). Figure 3.2 shows each of the distributions generated using Eqns. (4.1)

and (4.2) for an effective radius of 20 um, where effective radius is defined as
[on(r)ridr

Te = W (312)

where a and b are chosen such that the integrals converge.

For spherical particles, the ADT approximation in Eqn. (3.8) was used to determine
the ratio of optical depths at 10.8 and 12.0 um for the distribution. Differences in this
ratio of optical depths between the test distributions and the model distribution deter-
mines the error in the ATz value while the difference in the total optical depth between
the two distributions determines the error in T’ ;5. For hexagonal crystals, explicit cal-
culations of the absorption efficiencies at 10.8 and 12.0 xm as a function of crystal size
from (Yang et al. (2001)) are used. Due to current limitations in the understanding of

absorption characteristics of other crystal habits at infrared wavelengths, estimation of

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.20 T T T T T T T LI N S S B S s LIS N S S B B

———- MG v =15

MG v =2.0

N g,=1.9

Normalized Count
o
o
T
|

0.05F

0.00 L2,

Radius (um)

Figure 3.2: Size distributions used in estimating forward model error covariance ma-
trices. Modified gamma distributions are designated MG, lognormal distributions LN,
and the bi-modal distribution, which is simply the addition of 2 lognormal distributions,
BM. The effective radius of each distribution is 20 pm.

model error incurred as a result of particle shape is limited to these hexagonal crystals.
To facilitate comparisons between spherical and hexagonal crystals, all particles are rep-
resented as equivalent spherical distribution in which both the area and volume of the
distribution is conserved (Francis et al. (1994); Mitchell and Arnott (1994); Grenfell and
Warren (1999); Yang et al. (2001)).

Theoretical relationships between AT and Tz 105 (hereafter referred to as ‘arch
curves’) generated for the cloud particle distributions of Figure 3.2 for both ice spheres
and hexagonal crystals at a cloud temperature of 220 K are shown in Figure 3.3. The
top set of curves show the variability associated with different spherical distributions
while the bottom set corresponds to hexagon column distributions. Clearly, the variance
between the two crystal habits exceeds the variance between size distributions with the
same habit, consistent with the results of (Stephens et al. (1990)). Thus, we conclude
that the variance between crystal habits dominates the measurement and forward model

covariance matrix. Unfortunately, this variance is difficult to assess exactly given the
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Figure 3.3: ATs-Tp 105 relationships for a set of 220 K ice clouds. The upper set of
curves correspond to each of the distributions in Figure 3.2 assuming spherical parti-
cles while the lower set corresponds to an equivalent set of distributions of hexagonal
columns. The set of closed circles on the right correspond to a model distribution optical
depth of 0.5 at 10.8 ym, while those on the left to an optical depth of 1.0 at 10.8 ym .

lack of absorption data for other crystal habits (eg. plates, rosettes, aggregates, etc.) and
the generally complex mix of ice crystals observed in real clouds. Given that polycrys-
tals scatter and absorb more like spheres, it is reasonable to assume that the difference
between hexagonal columns and spherical crystals represents a pessimistic estimate of
habit error. Thus, we might assume that an order of magnitude estimate of forward
model uncertainties based on Figure 3.3 are representative of the maximum one would
encounter using all possible habits. This assumption is supported by (Parol et al. (1991))
who calculated the ratio of optical depths at 10.8 and 12.0 xm for infinite cylinders and
obtained similar results.

For the case illustrated in Figure 3.3, the difference in 75 10,8 between the model
distribution and hexagonal crystals is about 3 K when averaged over the working range
of the optical depth retrieval at 10.8 um. The average difference in ATy between the

model distribution and hexagonal crystals is about 2 K over the same range. The errors
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depend weakly on both effective radius and cloud thermodynamic temperature since the
magnitudes of both ATs and T ;.3 depend on the choice of . and T,.. Smaller effective
radii tend to yield a larger difference in ATs but a smaller difference in Tz 1.3 between
habits. Furthermore, the colder the cloud, the greater the absolute error in ATg. As a
result, the case shown, corresponding to a cold cloud at 220 K with an effective radius
of 20 pm, is representative of conditions under which the errors are larger than average.
Based on this argument and the estimates of VIRS calibration error, standard deviations
of 1.5 and 2.5 K for AT and T 105, respectively, are used for the diagonal elements
of the measurement covariance matrix in the retrieval. In an operational retrieval, these
values should be determined as a function of cloud thermodynamic temperature and
effective radius for a more rigorous result. For completeness,several different choices
of AT and Tp 10,3 error are used in the synthetic retrievals that follow to illustrate how
the retrieval is affected by the forward model accuracy.

As ATy and Tp 10,3 are clearly correlated, it is also important to include some esti-
mate of the off-diagonal elements of the measurement error covariance matrix. Taking
the average difference between the model distribution and each of the test distributions
described above for each of the variables, the covariance between ATz and T’z 108 Was
found to be -3.5 when normalized by the appropriate standard deviations. Again, dif-
ferences in habit dominate the magnitude and sign of the covariance. The correlation is
negative since a decrease in AT relative to the model distribution is generally accom-
panied by a corresponding increase in T 10.3. Physically, this is a manifestation of the
fact that hexagonal crystals have smaller absorption cross-sections at both 10.8 and 12
pm than equivalent volume to area spheres, reducing the ice cloud signal in both T’p 198
and ATpg. Thus more radiation from below the cloud emerges at TOA leading to an
increase in 7 10,8 and Tz 12 and a decrease in the difference between them.

It should be noted that there exist a number of additional sources of uncertainty that
have not been addressed here, such as errors due to the cloud three-dimensional structure

and sub-pixel variability. Evaluation of the impact of these error sources requires a more
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rigorous treatment and are topics of ongoing research.

5. Algorithm Evaluation

The performance of the algorithm has been tested using a combination of synthetic
retrievals and real-world retrievals making use of cloud boundary measurements from
the Atmospheric Radiation Measurement (ARM) program’s Tropical Western Pacific
(TWP) site at Nauru Island. While synthetic retrievals may be somewhat biased by the
fact that similar assumptions are often made in both forward and inverse calculations,
they provide an invaluable tool for testing the behavior of the algorithm under controlled
conditions. These studies must, however, be complemented with applications involving

real observations. Selected results from both types of studies will be discussed below.

a. Synthetic Retrievals

A set of effective radii, optical depths, and cloud thermodynamic temperatures repre-
sentative of typical cirrus clouds were applied in the two-layer model to produce syn-
thetic ‘observations’ with which to test the algorithm. Random errors were simulated by
adding Gaussian noise directly proportional to the standard deviation used in the mea-
surement error covariance matrix to each of the synthesized T’p 108, ATp, and cloud
temperature measurements. This perturbed measurement vector was then run through
the optimal estimation retrieval to assess the quality of the retrieved optical depth and
effective radius. Each measurement vector was randomly perturbed five thousand times
to produce a statistically significant distribution of errors about the measurements.
Figures 3.4 and 3.5 show the percentage error in retrieved optical depth and effec-
tive radius, respectively, for a cloud with a 10.8 pm optical depth of 0.8, an effective
radius of 14 um, and an emitting temperature of 225 K. Retrieval error is defined as
the standard deviation of the retrievals divided by the expected mean expressed as a

percent, o; = 1/(Sx)i / Tyruen * 100, and is plotted as a function of error in the cloud
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Figure 3.4: Error statistics for synthetic retrievals of 10.8 pm optical depth for different
covariance matrix assumptions. The dotted line corresponds to a a7, of 0.5 K and a
OTg 105 Of 0.5 K; the solid line to 1.5 K and 2.5K; and the dashed line to 3.0 K and 5.0
K. The vertical lines represent the estimated error in cloud thermodynamic temperature
determined using a variety of techniques. Results are for an optical depth of 0.8, an
effective radius of 14 pm, and cloud thermodynamic temperature of 225 K.

temperature measurement for three sets of Tz 193 and AT error assumptions. These
figures illustrate retrieval performance for a given measurement with inherent random
error. Gaussian statistics dictate that 68 percent of the randomly perturbed retrievals fall
within one standard deviation from the retrieved mean. Clearly the lower the error in
T, estimate, the higher the probability of retrieving a value close to the truth. For fixed
error in T¢, better estimates of Tz 10,3 and ATy also yield better retrieval results. Note
that the shapes of the curves, however, are different for the optical depth and effective
radius cases. The optical depth retrievals show much greater sensitivity to 7, measure-
ment error than effective radius. Furthermore, effective radii exhibit substantially larger
relative errors than optical depths.

Also plotted on the figures are vertical lines corresponding to estimated accuracies
in different techniques for determining 7. Active systems such as, lidar and radar, for

example, can be used to determine cloud boundaries that can, in turn, be related to cloud
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temperature through the assumption of an atmospheric temperature profile. Uncertain-
ties in these cases arise from a combination of the vertical resolution of the instrument
and deviations from the vertical temperature profile. Uncertainties in lidar- and radar-
based estimates of T, are estimated to be 2 K and 5 K based on an expected accuracy
of 2 K in atmospheric temperature profiles from numerical weather prediction models
(Eyre et al. (1993)) and assuming vertical resolutions of 30 and 500 m characteristic of
the CALIPSO lidar and the CloudSat cloud profiling radar (CPR)°.

Passive techniques such as C'Os slicing can also be used to estimate cloud-top pres-
sure which can then be related to cloud temperature, again through assumption of a
temperature profile. Based on the work of Menzel et al. (1992) and Baum and Wielicki
(1994), a CO, slicing-derived cloud top pressure of 300 mb has a maximum random
error of 50 mb. This translates to an error in cloud thermodynamic temperature of 8K.

One alternative to explicitly measuring cloud boundary information is to resort to
a reasonable climatological mean value. In the present study a climatology of cloud
thermodynamic temperature is made by matching infrared radiances and precipitation
information from the TRMM satellite. As discussed in the next section, uncertainties in
the resulting ‘TRMM climatologies’ are estimated to be about 18K.

Figures 3.4 and 3.5 show only statistics for those retrievals that converged to phys-
ically realistic values of effective radius, optical depth, and cloud thermodynamic tem-
perature for all three pairs of ocar, and 0T 10.5. Table 3.1 lists the number of convergent
cases out of the 5000 perturbations for each combination of measurement error. Since
cases with large error are more likely to be non-convergent, Figures 3.4 and 3.5 under-
estimate retrieval errors at high o, since the worst retrievals are all thrown out and not
used in the statistics. To get a complete picture, the results from the number of non-
convergent pixels must be considered together with the results in Figures 3.4 and 3.5 as
it is just as undesirable to have a non-convergent retrieval as one with large uncertainty.

It should also be noted that the standard deviations are not symmetric about truth, as the

5See CloudSat and CALIPSO web-pages for documentation of vertical resolutions,
www.cloudsat.atmos.colostate.edu and www.-calipso.larc.nasa.gov/instrument.html
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Figure 3.5: As in Figure 3.4 but for retrievals of effective radius.

retrieved mean does not always converge to the expected mean. Large error covariance
matrices, for example, result in a bias in the retrieval since it becomes more influenced
by the assumed a priori guess.

Table 3.1 also lists the mean effective radius, optical depth, and diagonal elements of
the averaging kernel for all convergent retrievals. The averaging kernel can be loosely
interpreted as the relative contribution of the measurements to the a priori guess in the
retrieval (Rodgers (1990)). Values near unity are desirable as they indicate a heavy
weighting of the measurements while values near zero characterize a retrieval which de-
rives primarily from the a priori guess in which we have no confidence. Clearly, errors in
retrieved optical depth and effective radius increase as o7, oy ;04> a0d oaTy increase.
These qualitative trends are to be expected and reflect the mapping of measurement er-
ror into the cloud property parameter space. An advantage of the optimal estimation
approach, however, is that retrieval error can be quantified. From Table 3.1, retrieved
optical depth is more accurate than retrieved effective radius for a given measurement
error covariance. For example, assuming errors of 1.5 K in T 103, 2.5 Kin ATg, and 2

Kin T, retrieved optical depths are accurate to approximately 10 %, whereas uncertain-
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(0ATg> 0T 105) | O1. | Number | 7 | 7. (um) | A, | A,

2.0 4944 | 0.80 | 14.24 | 1.00 | 0.99
5.0 4953 1 0.81| 14.16 | 1.00 | 0.99
(0.5,0.5) 10.0 | 4931 |0.83| 1391 | 1.00 | 0.94
18.0 | 4877 |0.85| 13.50 | 0.99 | 0.92

250 | 4833 |0.87| 13.25 |0.99 | 0.88

2.0 4948 | 0.80| 15.54 | 1.00 | 0.94
5.0 4912 | 0.81 | 1545 | 1.00| 0.93
(1.5,2.5) 100 | 4877 |0.83| 15.16 | 1.00 | 0.93
180 | 4854 |0.86 | 14.66 | 0.99 | 0.86

25.0| 4803 |0.87| 1436 | 0.99 | 0.82

2.0 4875 |0.81| 16.51 | 1.00 | 0.75
5.0 4867 |0.82 | 1642 | 1.00|0.75
(3.0,5.0) 10.0 | 4860 |0.84| 16.10 | 0.99 | 0.73
18.0| 4788 |0.87 | 15.56 |0.99 | 0.70

250 | 4731 092 1524 |0.98 | 0.67

Table 3.1: Optical depth and effective radius from selected synthetic retrievals. In all
cases synthetic measurements assuming an optical depth of 0.8, an effective radius of 14
pm, and a cloud emitting temperature of 225 K were used. A priori initial guesses of 7 =
1.5, 7, = 20pum, and T, = 235K were used in all cases. All standard deviations, denoted
o, are in Kelvin. Number indicates the number of convergent retrievals out of the 5000
random perturbations of the measurement vector for the given error combinations.
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Casel | Case2 | Case 3 | Case 4 | Case 5 | Case 6 | Case 7 | Case 8

T 0.8 1.8 0.8 1.8 0.8 1.8 0.8 1.8
Te (pem) 14 14 14 14 22 22 22 22

T. (K) 225 225 245 245 225 225 245 245

Table 3.2: Description of each of the eight synthetic retrieval cases.

ties in retrieved effective radius are, on average, 35 %. This result is explained by more
careful examination of the physics underlying the retrieval. Optical depth is determined
primarily by the T's 19 measurement, whereas effective radius is heavily dependent on
ATg. An error of a few Kelvin in a Tz 19,3 measurement of 250 K amounts to an un-
certainty of ~1 % while a similar error in a AT measurement of 6 K corresponds to
~50 % uncertainty. The result is substantially less inherent error in the optical depth
estimate. These considerations also explain the fact that, while retrieved optical depths
are very sensitive to the accuracy of the cloud thermodynamic temperature measure-
ment regardless of the error in T’z 198 and ATp, retrieved effective radii are not. Since
uncertainties in optical depth due to errors in Tz 19,5 and AT are small, its accuracy is
dictated by the error in T,. As a result, optical depth estimates improve significantly for
all curves as or, is reduced. Retrieved effective radii, however, are much more strongly
dependent upon the error in Tz 105 and ATg. If these errors are too large, the retrieval
improves little regardless of the accuracy in cloud thermodynamic temperature.

It should be noted that, while the numerical values quoted in Table 3.1 apply only to
the specific combination of optical depth, effective radius, and cloud temperature con-
sidered, results for other sets of cloud properties are qualitatively similar. To illustrate
this, synthetic retrievals were also performed for the eight combinations of optical depth,
effective radius, and cloud temperature summarized in Table 3.2.

In each case oar, and ory, ., Were assumed to be 1.5 K and 2.5 K, respectively,
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or. (K) | Case 1 2 3 4 5 6 7 8 | Avg.

2.0 04 06 | 04 10|06 | 15| 11|33 | 1.1

Bias 5.0 1.2 09 08 | 21|19 37|26 ]| 16| 19

Error 10.0 3.7 17 114 | 66 | 60 | 61 | 60 | 1.2 | 4.1

18.0 7.3 24 | 10 | 101|126 | 81 | 7.7 | 29 | 6.5

2.0 9.3 142 {133 | 251 93 | 151 | 13.5| 270 15.8
Random 5.0 12.0 | 21.6 | 18.8 | 343|122 |25.0{19.7 | 37.7 | 22.6
Error 10.0 204 | 29.7 |32.5|40.6 | 21.9|355|369|45.1 | 32.8

18.0 354 |352|450|43.839.2|42.0|53.6|49.2| 429

Table 3.3: Bias and random error in retrieved optical depth from each of the synthetic
retrieval cases summarized in Table 3.2. Bias error indicates the percentage difference
between the mean retrieved optical depth and the true optical depth. Random error is
defined as the standard deviation divided by the mean of the retrieved optical depth for
all convergent pixels, expressed as a percent.

consistent with the accuracy of the corrected two-layer model and under the assumption
of spherical particles which obey a modified gamma distribution. Results for optical
depth and effective radius are summarized in Tables 3.3 and 3.4, respectively.

General trends in each of these synthetic cases agree with those described above,
but the precise magnitude of retrieval errors is case dependent. Again, a physical un-
derstanding of the retrieval suggests that some combinations of measurements will have
larger errors than others. Consider again the theoretical arches presented in Figure 3.1.
Errors are large in cases where small changes in AT or Tz 10,3 result in large changes
in retrieved properties. For example, at a cloud thermodynamic temperature of 255 K,
very small differences in AT separate effective radii of [5 ym and 25 pm. In that case,

small errors in the measurement vector will lead to very large errors in the retrieved ef-
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or, (K) | Case 1 2 3 4 5 6 7 8 Avg.

2.0 8.6 199 125|182 2.0 | 33 | 2.9 | 13.7 | 10.1

Bias 5.0 7.9 22511261271 ] 08 | 50 | 36 | 9.8 | 11.1
Error 10.0 5.6 265|134 (388 25 | 70 | 48 | 4.7 | 129
18.0 2.0 290|178 (478 79 1 93 | 45 | 1.8 | 15.0

2.0 349 |72.1 526|951 |40.6 568|486 |66.3 | 584

Random 5.0 36.5 | 833|550 | 103 {41.3|63.0|49.8 |70.7 | 62.8
Error 10.0 41.8 199.0|62.6 | 112 {439 | 71.5|53.9| 757 70.0
18.0 53.0 | 112 1 72.8 | 120 { 49.9 | 78.0 | 59.8 | 79.8 | 78.1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3.4: As in Table 3.3 but for retrieved effective radius.
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fective radius. Similarly, errors are small when the measurement vector is located such
that random error in the measurements does not change the retrieved parameters. In
other words, retrieval uncertainties reflect the sensitivity of the retrieved parameters to
the observations being used to retrieve them. As with most retrievals, the best results

are obtained when the forward model is very sensitive to the retrieval parameters.

b. Nauru Retrievals

Although synthetic retrievals provide useful information on algorithm performance,
their validity rests entirely on the assumptions used in the numerical experiments. Phys-
ical measurements provide a much more rigorous and realistic means to examine algo-
rithm performance. In this sub-section, infrared radiances from the VIRS instrument
aboard TRMM are combined with cloud boundary information from the ARM Nauru
field site to determine both advantages and disadvantages of the algorithm when applied
in real-world situations.

The technique has been applied to all TRMM overpasses of Nauru Island (0.5 °S
and 166.9 °E) from July through December, 1999 yielding 23 thin cirrus cases. Figure
3.6 shows the Tz 10.5, AT, and precipitation fields for one such case which took place
on the morning of July 11, 1999. Nauru is located in the center of each field just north
of the central cold Tz 1095 band. The Tp 105 and ATp values of 269 K and 5.5 K,
respectively, suggest the presence of cirrus clouds likely forming from the detrainment
of ice from the convective cells, visible in the corresponding precipitation field. Figure
3.7 shows the retrieved optical depth, effective radius, and cloud temperature for this
case using a climatological estimate of cloud thermodynamic temperature determined
by matching VIRS 10.8 pm brightness temperatures to the TRMM precipitation product
2A12 (Kummerow and Giglio (1994)). Assuming that cirrus clouds were formed from
outflow near the top of tropical convective cells, a mean and standard deviation of 7T
as a function of latitude are calculated by averaging Tz 108 values in regions where

precipitation rate was greater than 5 mm h~!and T’ 10.s was sufficiently low to indicate
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Figure 3.6: T5 10.3 (in K), ATp (in K), and precipitation fields (in mm h~!) fora TRMM
overpass of Nauru island on July 11, 1999. Nauru is located in the center of each field
at 0.5°S and 166.9 °E.

the presence of convection. The resulting cirrus cloud thermodynamic temperature for
Nauru in the month of July is 218 £18 K. Figure 3.7 shows regions of thin cirrus clouds
surround areas of convection, often exhibiting a smooth gradient with large values near
convection tapering off to near zero further away. Retrieved effective radii are small,
agreeing with the notion of large crystals settling out during detrainment (Prabhakara
et al. (1988)). Another interesting feature in these results is the fact that although the
error in the climatological estimate of T, is quite large and despite the uniform initial
guess employed over the entire orbit swath, the cloud temperature field exhibits fine-
scale structure. This is due to the use of 7, as a dynamic variable in the algorithm
which allows the cloud thermodynamic temperature estimate to adjust through the heavy

influence of the T 10,5 measurements in the Kernel matrix, K.
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Figure 3.7: Retrieved optical depth, effective radius (in gm), and cloud thermodynamic
temperature (in K) using TRMM climatology estimate of cloud temperature for the
TRMM orbit in Figure 3.6. Gray pixels represent areas of optically thick, precipitat-
ing cloud.

While the potential for global observations afforded by satellites is clear, the lack
of explicit cloud boundary information in the TRMM observations alone restricts the
remainder of this study to the 23 cirrus clouds found directly over Nauru Island while
we await the launch of future satellite missions. For each case cloud boundary infor-
mation was determined by use of the ARM derived cloud-boundary product based on a
combination of millimeter wavelength cloud radar, ceilometer, and lidar data 6. Figure
3.8 shows the vertical distribution of thin cirrus clouds over Nauru for the day of the
TRMM orbit case shown in Figures 3.6 and 3.7. Cloud temperature was determined
by relating these cloud boundaries to temperature profiles determined from ARM sonde

data. Microphysical parameters over Nauru using explicit cloud boundary information

®Nauru data is obtained from the ARM program website, www.arm.gov
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are compared to a retrieval using the less accurate climatological estimate of 7 in Figure
3.9.

The most obvious feature in the results is the presence of two distinct clusters of
points. While application of the split-window approach in the absence of explicit cloud
boundary information indicates the presences of cirrus clouds in all cases, more careful
examination of the ARM data suggests that the satellite actually observed a combina-
tion of cirrus and low-level water clouds in a number of scenes (denoted by diamonds)
and pure liquid clouds (open boxes). The presence of the low level clouds effectively
changes the right foot of the arch to T’z 195 and AT values characteristic of the un-
derlying clouds rather than the clear-sky atmosphere causing spurious results. In an
operational retrieval, use of lidar to define cloud boundaries would provide a means to

immediately discard such ambiguous cases.
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Figure 3.8: The normalized corrected relative backscatter from micropulse lidar located
at the ARM site on Nauru. The two gray lines indicate the times of TRMM overpasses,
the morning overpass corresponds to the observations and retrieval results shown in
Figures 3.6 and 3.7.

Retrieved optical depth and effective radius from the two retrievals exhibit reason-
able agreement for the thin cirrus cases (open circles). Relative differences are larger

for effective radius (~ 30 %) than for optical depth (~ 10 %), in agreement with dif-
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ferences in the sensitivity of the measurements to each. For the pure water cloud cases
(open boxes), differences in retrieved properties are large because the estimates of 7T
are significantly different. In one case, effective radius changes from 22 to 11 ym and
the optical depth from 0.35 to 0.83 in the presence of explicit 7} information. So, even
if the algorithm were applicable in the case of a thin, low level cloud, uncertainties in 7,

will result in significant retrieval biases in the absence of cloud boundary information.
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Figure 3.9: Scatter plots of retrieved optical depth, effective radius (in ym), cloud tem-
perature (in K), and error in optical depth using estimates of cloud temperature from
TRMM climatology vs. that from the ARM cloud boundary product. Open circles rep-
resent thin cirrus clouds. Open boxes represent water clouds. Open diamonds and filled
diamonds represent cirrus clouds and water clouds, respectively, for cases where the
satellite field of view was filled by both types of cloud at the same time. A one-to-one
line has been plotted on each graph for reference.

The plot in the upper right of Figure 3.9 compares optical depth retrieval error from
both retrievals. Retrieval error as defined in Eqn. (3) is a function of both measurement
error and the sensitivity of the model to retrieved parameters. For the ice cloud cases,
error in retrieved optical depth is significantly smaller when explicit cloud boundary in-
formation is used relative to the TRMM climatology case. In the cases with water cloud

contamination, however, error appears larger in the presence of explicit cloud boundary
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information. This is an artifact of the increased model sensitivity in the presence of
large optical depth and small effective radii. As seen from Figure 3.1, small changes in
effective radius and optical depth have little effect on T’z 105 and ATp near the bottom
of the arches but have a large effect near the top. Thus the apparent increase in error
when ARM cloud boundary product is used result from the fact that optical depths are
larger and effective radii smaller than in the TRMM climatology case.

Finally, agreement between the retrieved cloud temperatures is poor in general. With
the exception of the single optically thick cirrus cloud, 7¢.’s are limited to near the clima-
tological mean of 218K in the TRMM climatology retrievals, whereas the ARM cloud
boundary cases remain close to the measured 7,.. Again, it is the striking difference

between the two initial estimates of 7 that cause the differences in the other plots.

c. Implications for Studying Cloud-Radiation-Climate Interactions

Estimates of the microphysical and optical properties of cirrus clouds, make it possible
to study their impact on climate through their interactions with solar and terrestrial radi-
ation. Cirrus clouds both warm the atmosphere by trapping longwave radiation emitted
by the Earth’s surface and cool it by reflecting incoming solar radiation. Their net ef-
fect on the environment is determined by the relative magnitudes of these two processes
which depend, in turn, on the absorption and emission properties of the constituent
cloud particles. The goal of all space-based cirrus cloud microphysical retrievals is to
constrain these quantities through direct estimation of the size and concentration of these
particles.

To estimate the impact of explicit cloud boundary information in studying the role of
cirrus in the radiation budget, a number of the Nauru retrievals have been used in broad-
band radiative transfer calculations. Ice water path (IWP) derived from retrieved 10.8
um optical depths, retrieved effective radii, and cloud height estimated from retrieved
cloud thermodynamic temperature were used as input to the BUGSrad broadband ra-

diative transfer model to calculate upwelling and downwelling longwave and shortwave
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fluxes at the top of the atmosphere (TOA) and surface (SFC). The BUGSrad model,
which is currently implemented in the Colorado State University (CSU) general circu-
lation model (GCM), employs the §-two-stream approximation to the radiative transfer
Eqn. (Stephens and Webster (1979); Ritter and Geleyn (1992); Stephens et al. (2001a))
over six shortwave and twelve longwave spectral bands. The model, explicitly accounts
for the effects of scattering, absorption and emission from liquid and ice clouds using
the parameterization of cloud optical properties introduced in Stephens et al. (1990),
and includes gaseous absorption through the correlated k-distribution method of Fu and
Liou (1992). In the present application, atmospheric temperature and humidity profiles
are assumed to follow the McClatchey tropical atmosphere and the all calculations are
made at local noon for simplicity.

Results are summarized for three cases in Table 3.5 chosen to be representative of a
number of different scenes to which space-based measurements are likely to be applied.

The first case, observed on July 11, 1999, corresponds to a high, thin cirrus cloud,
ideally suited for retrievals making use of split-window radiances. The second case, oc-
curring later that day, consists of another high cirrus cloud but one that is approximately
four times thicker than the first near the upper limit of optical thickness for which mean-
ingful results can be obtained using this technique. The final case is a much lower cloud
with an emitting temperature near 260 K. By virtue of its altitude, this cloud is likely
composed of liquid droplets but this information is difficult to determine using window
radiances alone increasing the probability of misinterpreting it as a thin cloud in the
absence of explicit cloud boundary information.

In each of the first two cases cloud thermodynamic temperatures derived from the
ARM cloud boundary product both modify the magnitude and increase the accuracy of
all fluxes. Uncertainties are decreased by a factor of two in the thin cirrus case and
three to four in the presence of the thicker cloud. Furthermore, in the absence of cloud
boundary information, retrieved 7.’s are generally close to the initial guess of 218 K

failing to reflect large differences in vertical boundaries of the three cases. As a result,
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Date Lidar T10.8 | Te (ILLm) Tc (K) FLTW,TOA F;VV,TOA FIJ;VV’SFC

July 11,1999 | No {0.52| 20.0 223 | 186 +20 | 262 +6 | 418.7+0.2

July 11,1999 | Yes | 045 | 234 207 185+ 8 | 259 +3 | 418.1 £0.1

July 11,1999 | No | 2.3 14.1 214 | 112 +34 | 347 £99 | 420.5 £ 0.5

July 11,1999 | Yes | 2.0 19.1 210 | 119411 {32020 | 418.7+£0.2

Oct. 16,1999 | No | 035| 21.8 223 | 200+ 16 | 255+5 | 4182 +0.1

Oct. 16,1999 | Yes | 0.74 | 12.1 260 | 207 £ 10 | 277 £13 | 422.6 £ 0.7

Table 3.5: Broadband radiative fluxes (in Wm™?2) from BUGSrad for selected Nauru
ice cloud retrievals. Horizontal lines delineate the three cases investigated. Two sets
of fluxes are computed for each case, corresponding to retrievals without (upper set)
and with (lower set) explicit cloud boundary information, respectively. Uncertainties,
denoted by + X, are estimated by perturbing retrieved cloud properties by their errors
as established in the estimation process.
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the vertical placement of the cloud heating in the atmosphere is poorly constrained in
these retrievals which can have serious consequences in modeling global circulations
(eg. Hartmann et al. (1984) and Lau and Peng (1987)).

In the third case, fluxes appear to be better constrained in the absence of cloud
boundary information. This is deceiving since the cloud is likely actually a liquid cloud
scene to which the retrieval shouldn’t be applied. In this case, to match the 10.8 and
12 pm radiances observed by TRMM the algorithm creates an equivalent thin ice cloud
consisting of 22 pm particles and emitting at 223 K. Explicit cloud boundary infor-
mation results in a much thicker cloud consisting of 11 yum particles but emitting at a
more appropriate 263 K. Since the radiative fluxes are most sensitive to small changes
in effective radius when particles are small to begin with, their uncertainties are largest
when cloud boundaries are constrained. Operationally, however, the presence of cloud
boundary information allows the algorithm to flag this scene as a possible liquid cloud
while its absence could lead to the very serious error of a complete misclassification.

It is important to note that, in all three cases, cloud boundary information has little
influence on downwelling longwave radiation at the Earth’s surface. This reflects the
fact that downwelling radiation at the surface is due to emission from water vapor in the
moist tropical atmosphere. Conversely, increased reflection of incoming solar radiation
to space directly reduces downwelling shortwave radiation incident at the surface thus
the errors in the two shortwave fluxes are strongly correlated.

Considering the fact that approximately a third of the planet is covered by cirrus
at any given time (Liou (1986)), one can imagine the impact of such errors when inte-
grated on large scales. The potential increase in accuracy afforded by the combination
of explicit cloud boundary information and infrared observations is very promising in
light of these considerations. For example, assuming cirrus cloud retrieval errors lead
to average uncertainties in longwave fluxes at TOA of ~30 Wm™2, the absence of cloud
boundaries leads to errors in global estimates of outgoing longwave radiation (OLR) as

large as 10 Wm™—2. In practice the random component of this uncertainty will be substan-
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tially reduced in the averaging process but we have no way of separating systematic and
random errors at this time. Explicit estimates of cloud boundaries reduce average TOA
longwave flux uncertainties to ~10 Wm~2 and corresponding global OLR errors to ~3
Wm™2, For comparison purposes, the magnitude of the global-mean radiative effects of
aerosols (both direct and indirect) are expected to be on the order of 1-2 Wm~2 while
the longwave radiative signature of atmospheric CO; is ~1.5 Wm™2 (IPCC (1995)).
Clearly, improved estimates of ice cloud microphysical and optical properties afforded
by including explicit cloud boundary information are critical to the problem of estab-
lishing observational evidence for climate variability resulting from anthropogenically

induced changes in either of these two important atmospheric constituents.

6. Conclusions

An optimal estimation algorithm that combines explicit cloud boundary information
with the split-window approach to estimate the microphysical properties of thin cirrus
clouds has been introduced. The inclusion of explicit cloud boundary information is
found to significantly reduce the biases inherent in traditional implementations of the of
the approach. Furthermore, the optimal estimation framework provides error diagnostics
for all retrieved parameters often lacking in other retrievals and facilitates addition of
information from complementary sensors into the retrieval. Ackerman et al. (1990) for
example, show that 8.5 um radiances can be used in conjunction with those at window
wavelengths to distinguish between water and ice clouds. Such information can easily
be added to the algorithm providing a thermodynamic phase cloud mask, increasing its
speed and accuracy when applied on global scales. In principle, a retrieval of cirrus
properties could be performed from any data set that includes a direct estimate of cloud
thermodynamic temperature, T, using the forward model developed here.

Synthetic retrievals indicate that the more accurate the estimate of T, the higher

the probability of obtaining an accurate retrieval given a measurement with random er-
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ror. Retrieval errors provided by the optimal estimation approach suggest that optical
depth is determined significantly more accurately than effective radius, an artifact of
the sensitivity of the forward model physics to each of these parameters. For an error
in cloud temperature of 2 K, characteristic of lidar-based estimates of cloud thermody-
namic temperature, the average error in retrieved optical depth and effective radius are
~15 and ~60 percent, respectively, significantly better than retrievals performed with
less accurate cloud temperature information. Application of the algorithm to coincident
measurements of infrared radiances from TRMM and cloud boundary measurements
from the ARM Nauru site confirms these results. Differences between retrievals using
accurate cloud boundary information and those performed with a less accurate clima-
tological estimate of 7, were on the order of 10 and 30 percent for optical depth and
effective radius, respectively, while retrieval uncertainties were generally much larger in
the absence of cloud boundary information. Furthermore, cloud boundary information
proves invaluable in eliminating the potential for ambiguities in cases where the satellite
field of view observed either multiple cloud layers or water clouds.

If one third of the planet is assumed to be covered by cirrus clouds at any given time,
the absence of cloud boundaries in the present work leads to errors in global estimates of
outgoing longwave radiation (OLR) as large as 10 Wm™2. Accurate estimates of cloud
boundaries are found to reduce global OLR errors to ~3 Wm™2. When compared to
IPCC estimates of the global-mean radiative effects of aerosols (1-2 Wm~2) and CO,
(~1.5 Wm™2) it is clear that improved estimates of ice cloud microphysical and optical
properties afforded by including explicit cloud boundary information are critical to the
problem of establishing observational evidence to constrain the climatic impact of either
of these highly variable atmospheric constituents.

Co-located active and passive measurements will soon be available on a global
scale with coincident measurements from the Earth Observing System (EOS) Aqua,
CALIPSO, and CloudSat satellites which are scheduled to fly in formation in early 2004.

Infrared radiances from the MODIS instrument aboard Aqua can be combined with li-
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dar data from CALIPSO, or, equivalently, cloud radar data from the 94 GHz CPR, to
retrieve thin cirrus clouds globally. The work presented here, for example, could be
used in conjunction with a retrieval scheme developed by Stephens et al. [2002] for
an estimate of the vertical distribution of cloud microphysical properties, as depicted in
Figure 3.10. An optical depth generated by the combination of active and passive mea-
surements as described in this paper provides a constraint in the Stephens et al. [2002]
algorithm. The vertical distribution of both particle size and ice water content is then
generated from the vertical profile of radar reflectivities observed by CloudSat initially
used to supply cloud boundary information in the optical depth retrieval. Furthermore,
provided suitable forward models are developed, information from the visible or near-
infrared channels on MODIS can be incorporated to further augment the flexibility of
the retrieval and increase its accuracy. The resulting climatology fits well within the
objectives of all three missions offering the potential to significantly improve character-
ization of cirrus cloud extent and microphysical properties necessary to understand the

physical processes underlying climate variability and change.
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Figure 3.10: Schematic representation of a methodology for retrieving vertical distribu-
tions of cirrus cloud microphysical properties from a combination of active and passive
observations. The elements of the approach that are explicitly addressed in this paper
are highlighted with the dashed box.
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Chapter 4

Channel Selection for Ice Cloud

Microphysical Property Retrievals over

the Global Oceans

1. Introduction

In the previous chapter, an advanced version of the split- window technique was used
as an illustrative example to quantify the relative importance of uncertainties in cloud
and atmospheric state variables on the retrieval of ice cloud microphysical properties.
Chapter 4 exploits the optimal- estimation retrieval framework and the forward model
error covariance methodologies developed in the split- window paper but applies them
at a much more general level. Instead of examining retrieval performance for a vari-
ety of pre- conceived retrieval techniques, such as the split- window approach, a formal
information content analysis is used to select objectively the ideal combination of mea-
surements for an ice cloud property retrieval scheme given information from each the
visible, near- infrared, and infrared spectral regions.

The information content methodology as implemented by L’Ecuyer et al. (2004) is

used to objectively select the optimal combination of measurements for an estimation-
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based ice cloud retrieval scheme given a realistic assessment of the current knowledge
of the ice cloud problem. The method developed uses information theoretical concepts
elucidated by Shannon and Weaver (1949) and on the application of their technique to
atmospheric science by Rodgers (2000). Channel selection is made objective by quanti-
fying the amount of information contained in the spectral measurements and calculating
their effective signal to noise ratio in relation the desired set of retrieval parameters.
This is accomplished practically through analysis of the retrieval covariance matrix,
which holds the key for understanding and quantifying differences between a different
retrieval procedures and observational data. Although this analysis is for a theoretical
retrieval combining simulated measurements from the Moderate Resolution Imaging
Spectroradiometer (MODIS) with the CloudSat Cloud Profiling Radar (CPR) above an
ocean surface, the general methodology could be applied to any available instrument
package. The sensitivities and uncertainties used in determination of this effective sig-
nal to noise ratio for the MODIS channels listed in Table 4.1 will be examined across
the climatological range of ice cloud properties to determine which channels are most
useful dependent upon the state of the atmosphere.

The calculations are made possible only by the recent development of optical prop-
erties for a variety of non- spherical ice crystals at the MODIS wavelengths (Baran et al.
(2001); Yang et al. (2000, 2003)), allowing a reasonable estimate of the uncertainties in
satellite- viewed radiances resulting from our assumptions of cloud microphysical prop-
erties. The results will show that the optimal combination of channels for an ice cloud
retrieval is highly case dependent, meaning that there is no ideal combination of two or
three channels that will always ensure an accurate retrieval. We therefore propose a five-
channel, estimation- based retrieval scheme that uses a combination of visible, near- in-
frared, and infrared channels weighted by appropriate estimates of their errors to place
emphasis on those channels which contain the most information given our best estimate
of the state of the atmosphere. Algorithmic details and validation will be the subject

of a future paper. It is hoped an estimate of cloud properties with associated uncertain-
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ties based on an honest assessment of ice cloud physics from this retrieval scheme will
be useful both in determining the extent to which these clouds can be measured and in
assessing their role in climate variability.

Section 4.2 describes the forward model used to estimate satellite-observed radi-
ances for given cloud and atmospheric properties. Section 4.3 discusses the sensitivity
of these top of the atmospheric (TOA) radiances to small perturbations in cloud and
atmospheric properties to determine which wavelengths potentially contain the most
information given the atmospheric state. Since an estimate of both sensitivity and un-
certainty is required to compute an effective signal to noise ratio as defined in Part I,
Section 4.4 focuses on an estimate of forward model error due to uncertainties in ice
crystal shape, drop size distribution,and atmospheric profile. Section 4.5 presents a for-
mal information content analysis used to select those channels which contain the most
information given a variety of expected climatological conditions while Section 4.6 ex-

plores the practical implications of these results for an operational retrieval.

2. The Forward Model

A 48-stream adding and doubling radiative transfer model was used to calculate top of
the atmosphere radiances assuming a plane parallel atmosphere. The solution of the
radiative transfer equation for this technique is well-documented in the literature and
will be omitted here for brevity. Application of this numerical model to the real- world
cirrus cloud problem is only insightful when rigorous, realistic physical assumptions
are used as input for the model. An accurate representation of atmospheric profile,
surface reflection, and cloud microphysical properties is crucial to understanding what
information actually can be retrieved for a given instrument package. The base phys-
ical assumptions used in the forward model for the sensitivity studies of Section 4.3
will be described briefly. Atmospheric absorption in our model was approximated by

correlated- k distributions specifically developed for the MODIS wave bands by Kratz
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MODIS channel | wavelength | MODIS channel | wavelength
1 0.62-0.67 27 6.53-6.90
2 0.84-0.88 29 8.40-8.70
5 1.23-1.35 31 10.78-11.28
6 1.63-1.64 32 11.77-12.27
7 2.10-2.15 33 13.18-13.49
19 0.91-0.96 34 13.48-13.78
20 3.66-3.84 35 13.78-14.08
23 4.02-4.08 36 14.08-14.38
26 1.36-1.39

Table 4.1: MODIS channels evaluated for information content analysis.
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(1995), where the vertical distribution of gases and temperature were defined by the Mc-
Clatchey Tropical Atmosphere (McClatchey et al. (1972)). The surface was assumed to
be an isotropically reflecting ocean surface with visible albedo of 0.1 and infrared albedo
of 0.01. Cirrus clouds were assumed to be 1 km thick and at the same temperature as
the layer of the atmosphere in which they were embedded. The clouds were composed
of randomly oriented randomized hexagonal ice aggregates developed by Baran et al.

(2001), arranged in a modified gamma size distribution of the form,

o 1L o/ DNTY

with variance parameter, v, equal to 2, n(D) is the number of ice crystals of size D, IV,
is the number concentration, and D, is the characteristic diameter (Stephens (1994)).
The basis for choosing these crystals is that Baran et al. (2003) showed that the single
scatter properties for these polycrystals combined with a modified Henyey- Greenstein
phase function better explained observed radiances than the optical properties for more
pristine crystal habits. Since these aggregates had strongly forward-peaked phase func-
tions, a modified form of the Delta- M scaling technique (Wiscombe (1977)) recently
developed by Mitrescu and Stephens (2004) was used to accurately calculate radiance
while maintaining computational efficiency. Both the observation angle and the solar

zenith angle were at nadir.

3. Sensitivity Studies

The retrieval of cloud properties from satellite- based measurements depends on the abil-
ity to relate observed radiances back to a unique sct of desired cloud propertics. Those
measurements that show the greatest change or sensitivity to small changes in cloud mi-
crophysical properties are potentially the most useful for a cloud retrieval. Traditional
retrieval schemes are based on a priori knowledge of these sensitivities, €.g. the split-

window technique ultimately depends upon the sensitivity of radiance measurements re-
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sulting from a difference in the refractive index for ice cloud particles at wavelengths in
the window region. The magnitude of these sensitivities, however, is heavily dependent
upon both wavelength and the state of the atmosphere. The split- window technique,
see Figure 3.1, only has sensitivity for optically thin clouds with relatively small effec-
tive radius. An ideal retrieval scheme should be based on the proper selection of those
channels with the greatest sensitivity for the current state of the atmosphere. Thus, a
series of sensitivity studies were run for each of the MODIS wavelengths listed in Table
4.1 to determine how satellite observed radiances change for small perturbations of the
desired retrieval parameters. Although these results will be specifically for the use of the
Baran ice aggregate, it should be noted that other crystal habits exhibited very similar
sensitivities or trends in radiance albeit different magnitudes, e.g. see Figure 2.7.
Sensitivity studies were run for cloud particle effective radius, ice water path, cloud
temperature, and surface albedo. Each of these parameters were perturbed while holding
the other parameters fixed to determine the magnitude of the radiance change at the
top of the atmosphere for a given change in the varied parameter. It should be noted
that for the perturbations of effective radius, the ice crystal size distribution number
concentration was necessarily varied to fix ice water path IWP), meaning that cloud
optical depth increases with both decreasing effective radius and increasing IWP for
these studies. Synthetic radiances were calculated for small perturbations about cloud
effective radii between 6 um to 50 um, IWP between 1 g/m? and 250 g/m?, cloud heights
between 8 and 15 km, and the base surface albedos of 0.1 for the visible and near-
infrared and 0.01 for the infrared channels. IWP and effective radius combinations
were chosen to ensure that cloud optical depths, Figure 4.1, varied across the expected
range for cirrus clouds at each MODIS wavelength. Since it is impractical to present
results from all of these sensitivity studies, a few sample cases will be examined to
demonstrate that our forward model and its assumptions are capturing the basic physics
of the ice cloud problem. Although the sample cases are chosen for their well- known

physical properties, as visualized in Figures 3.1 and 2.7, it is important to remember
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that all channels in Table 4.1 will be evaluated in an un-biased manner in the information
content analysis of Section 4.5 to objectively select the most useful channel for the given

state of the atmosphere.
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Figure 4.1: 0.64 ym and 11.0 um optical depths for given effective radius- IWP ice
clouds evaluated in sensitivity studies.

Figures 4.2a, 4.2b, and 4.2c show example results from the sensitivity studies for
the 0.65 pum, 2.13 um, and 11.0 um channels, respectively, as a function of effective
radius and ice water path for a cloud at 9 km. The values in the three panels represent
from left to right the normalized change in radiance, %%, given a change in effective

radius, ice water path, and cloud temperature, respectively, holding the other retrievable

parameters fixed. Surface albedo effects are generally small and unimportant for the
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highly absorbing ocean background and will be neglected for the remainder of the pa-
per. For an operational retrieval over land, of course, albedo will become very important
and need consideration. Figure 4.2a suggests that the 0.66 ym channel is sensitive to
both effective radius and IWP but not to cloud temperature. These results agree with our
physical intuition into the problem. The conservative scattering 0.66 ym channel is use-
ful in retrieving cloud optical depth, as satellite- observed radiances at this wavelength
are primarily a function of cloud optical depth. For our sensitivity studies, this property
leads to the observed sensitivity for perturbations of both IWP and effective radius as
both act to determine optical depth. Sensitivities to IWP and effective radius are similar
but opposite is sign as decreasing effective radius increases optical depth, with generally
good sensitivity except for the optically thick and thin clouds. The thickest clouds have
low sensitivity as the reflectance function slowly converges as optical depth becomes
large, see Figure 2.7. The thin clouds have poor sensitivity due to a complex interaction
of the directly backscattered radiation and the forward scattered radiation reflected off
the ocean. As expected, the 0.65 um channel shows little sensitivity to cloud height
perturbations as gaseous absorption is negligible small in this channel.

The sensitivity studies for the 2.13 pm channel in Figure 4.2b are very similar to
those of the 0.66 um channel in that they exhibit sensitivity to both IWP and effective
radius but not cloud temperature. The non- conservative scattering 2.13 pm channel
is useful in retrieving cloud particle effective radius, as backscattered radiation now
becomes dependent upon particle size. Sensitivity to perturbed effective radius is again
generally good, except for the low IWP cases where Figure 2.7 suggests we would
expect the smallest sensitivity. Sensitivity to both IWP and cloud temperature is similar
in trend to that of the 0.65 um channel for similar reasons.

Figure 4.2c suggests that the infrared 11.0 pm channel displays sensitivity to effec-
tive radius, IWP, and cloud temperature. This sensitivity, however, is limited to IWP-
effective radius combinations that result in intermediate optical depths from one to about

five, agreeing very well with the working range of the split- window retrieval technique
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Figure 4.2: Sensitivities to effective radius, IWP (No), and cloud temperature for the
0.65, 2.13, and 11.00 xm MODIS channels are shown in Figures a, b, and c, respectively,
for the given effective radius- IWP combinations for a cloud height of 9 km. Sensitivities
indicate normalized change in top of the atmosphere radiance given a change in the
specified variable while holding the other two fixed.

as seen in Figure 3.1. If the cloud becomes too thick, emission is that of a Planck
blackbody emitting at cloud temperature so that further perturbations cannot change the
radiance. If the cloud is too thin, surface emission dominates and the contribution from
the cloud is negligible. Sensitivity to cloud height increases with increasing optical
depth, becoming important for thick clouds when the emission from the cloud and not

the surface begins to dominate the radiance measurement.

4. Uncertainty Analysis

Information content of a set of measurements depends not only on the sensitivity of

measurements to retrieved cloud parameters, but also on the error associated with each
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of these measurements both from the instrument itself and from the a priori assumptions
as discussed in the introduction. Instrument error primarily results from calibration
issues and is on the order of a few percent (Guenther et al. (1996)). Error from forward
model assumptions required to simulate radiances, however, is generally much larger.
The remainder of this section will focus on the quantification of these errors for the
MODIS channels listed in Table 4.1. Uncertainties in radiances associated with our
choices of ice crystal habit, cloud particle size distribution, and atmospheric temperature
and relative humidity profiles were determined by calculating TOA radiances for the
base case assumptions described in Section 4.3 and then comparing these results with
radiances found using alternate assumptions. Further uncertainties associated with 3-
D radiative transfer effects and multi- layer clouds, although certainly important, are
beyond the scope of this paper and will be neglected.

The assumption of crystal habit and associated optical properties will heavily influ-
ence cirrus cloud retrieval results. Cooper et al. (2003) showed that uncertainties in ice
crystal habit were important in determining overall retrieval accuracy for a modified ver-
sion of the infrared split- window technique. Errors from habit assumptions should be
expected to be even greater for the visible and near- infrared channels where large single-
scatter albedos could result in significant multiple- scattering. Radiative transfer calcu-
lations were run for a variety of crystal habits developed by Yang et al. (2000, 2003) and
compared to those using the Baran et al. (2001) randomly oriented randomized hexago-
nal ice aggregates. Calculations were made at the visible and near- infrared wavelengths
for columns, plates, bullets, rough aggregates, and smooth aggregates and at the infrared
wavelengths for droxtels and aggregates. To facilitate comparisons between the differ-
ent types of ice habits, the Baran aggregates were converted to an equivalent set of Yang
crystals by conserving both IWP and volume to area ratio for the crystal types (Fran-
cis et al. (1994); Mitchell and Arnott (1994); Grenfell and Warren (1999); Yang et al.
(2001)). A ball-park estimate of the error in radiance associated with habit choice is then

obtained from the normalized average absolute difference between the Baran aggregates
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and all Yang crystals. Error estimates were run at each of the effective radius, ice water
path, and cloud temperature combinations run in the sensitivity studies. Errors in the
visible channels can be as large as a factor of 2 as but are more typically around 20 to
30 percent, errors for the infrared channels are generally less than about 5 percent. One
interesting finding from this error analysis is that the fractional errors in the 3.78 and
4.05 pum radiances are significantly greater during the day than the night due to the large
uncertainties associated with the scattering of the direct solar beam.

Model errors associated with particle size distribution were assessed by substituting
the modified gamma distribution with variance parameter equal to two used in sensitivity
studies with both a different modified gamma distribution with variance parameter equal

to 3 and a lognormal distribution. The lognormal distribution is of the form

n(D)

(InD — lan)Q} 42)

~ Dlno, (27)05 exp 2(lno,)?
g g

where D, is the geometric mean diameter and o, is the geometric standard deviation
(Reist (1994)). Unlike those associated with crystal habit, uncertainties in radiance
due to particle size distribution assumptions were generally under a few percent for all
wavelengths, agreeing well with previous work (Stephens et al. (1990); Cooper et al.
(2003)).

Uncertainties in determination of atmospheric temperature and moisture profiles
were found to be important for the infrared channels but not for the visible and near-
infrared channels. Temperature error was assumed to be 2 K based on expected uncer-
tainties in temperature profiles derived from numerical weather predation models (Eyre
et al. (1993)) which would be used to constrain an operational retrieval. Resulting er-
rors in infrared radiance measurements varied from about 3 to 8 percent due to the
non- linear nature of the Planck function. Relative humidity was perturbed 30 percent
for atmospheric levels above 500 mb and 15 percent for those levels at or below 500

mb. These assumptions resulted in errors less than 3 percent for all channels. Visible
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channels are not affected by temperature errors as atmospheric absorption only weakly
depends on temperature. Similarly, sensitivity to moisture assumptions was small for the
visible channels as the high cirrus clouds were generally above the peak of the weighting
functions for these channels.

Figure 4.3 illustrates the total error due to a combination of all of these uncertainties
listed above for the 0.66, 2.13, and 11.0 um channels for a cloud at 9 km and for the
IWP- effective radius combinations used in the sensitivity studies. Each of the above
sources are considered un- correlated, so total error is simply the sum of the squares
of the individual sources. Figure 4.3 shows that error is clearly dependent upon the
state of the atmosphere, with generally large errors in the visible channel dominated by
habit effects and comparatively small errors in the infrared resulting from a mixture of

uncertainties in habit, temperature, and moisture assumptions.

S. Information Content Analysis

An information content analysis based on the techniques of Shannon and Weaver (1949)
and Rodgers (2000) as described in Part I of this paper was performed using the results of
the sensitivity and uncertainty studies to determine the optimal channels for a theoretical
cirrus cloud retrieval using the MODIS instrument. A brief summary of salient features
of the information content methodology is included here for completeness. In these
analyses, information, H, is considered the difference in entropy, .S, between two states,

PlandPg,

H=25(P)—5(P) (4.3)

If a Gaussian distribution is assumed for both states, Rodgers shows that information

can be re- written in terms of the distribution covariances, S; and Sa,

H = Slog:[$:8,7 (44)
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Figure 4.3: Combined fractional uncertainties in MODIS radiances due to assumptions
of ice crystal habit, crystal size distribution, atmosphere profile, and instrument noise as
a function of IWP and effective radius for an ice cloud at 9km.

The initial state covariance is simply the a priori error covariance matrix, S,, and is
estimated from the expected climatological range of ice cloud properties. The final state
covariance may be considered the error covariance matrix for retrieved cloud properties,

Sy, defined mathematically as,

S. = (S;'+ KTSzle)—1 (4.5)

where K is the Jacobian determined from the sensitivity studies of Section 4.3 and Sy is
the forward model and measurement covariance matrix determined from the uncertainty
analyses of Section 4.4. Use of these assumptions in Equation 4.4 yields a form for H

which is defined entirely in terms of the work described in the proceeding sections,
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1 To—1 iz -1
H = logs|Sa (K'S; 'K +8.1) (4.6)

Separate analyses were run for each of the IWP, effective radius, and cloud height
combinations described in the sensitivity studies for both daytime and nighttime re-
trievals and for retrievals with and without complementary information from the Cloud-
Sat CPR. In addition, an information content analysis was performed assuming equal
error at all channels and atmospheric states to determine the influence of our heavily-
case dependent error characterization upon final channel selection. We do not have ad-
equate space to discuss the results from all these runs, so instead we will first focus on
specific examples to show that the mathematical results agree with our physical intuition
of the problem. To prevent an over simplification of the ice cloud retrieval problem, how-
ever, we must then turn to a graphic representation of the multitude of cases to properly
convey the complexity of the problem and its practical implications for an operational
retrieval.

Figure 4.4 shows a sample information spectrum for an optically thick cirrus cloud
at 9km with effective radius of 16 um and IWP of 100 g/m2, a combination producing
a 0.64 um optical depth near 11.0. The initial entropy is defined by the total number of
possible states associated with our a priori characterization of the atmosphere, S,. For
our cases constrained by CloudSat and MODIS information, initial entropy would result
from all possible states assuming standard deviations for a priori assumptions of 25.0
pm for effective radius, 200 g/m? for IWP, and 1.5 K for cloud temperature and a uncer-
tainty in surface albedo of 10 %. Once a measurement is added, however, the entropy or,
alternately, the number of possible atmospheric states is reduced to only those consistent
with that measurement. The basic idea of these figures is to identify the channel with
the most independent information relative to the a priori state, remove that channel, and
then re- run the analysis to find the channel with the most independent information for
the new state constrained with the first measurement, and so on. In Figure 4.4, the top

solid curve shows that the 0.64 um channel contained the most information relative to
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the a priori. Since the MODIS measurements may be strongly correlated, the selection
of one channel will limit the independent information in a similar channel, e.g. in this
case the selection of the 0.64 um channel results in a significant decrease in potential
information in the 0.86 um channel. The middle, dotted curve suggests that the 2.13
pm channel contained the most information for the remaining channels for the a priori
state constrained by the 0.64 ym channel. No additional channels were considered use-
ful as their addition did not reduce the entropy given inherent noise in the system. As
expected, this information content analysis suggests that a retrieval scheme based on the
NK approach would be highly effective for this thick cloud case.
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Figure 4.4: Information spectrum analysis for an ice cloud with effective radius of 16
pm, IWP of 100 g/m?, and cloud height at 9 km.

The selection of channels for this optically thick cloud case agrees well with expec-
tations based on our physical understanding of the problem. The 0.64 um and 2.13 ym
channels have sensitivity to IWP and effective radius, respectively, as seen in Figure 2.7.

In turn, this expectation can be verified using the mathematical framework of the infor-
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mation content analysis. Figure 4.5 presents the singular value analysis for this base
case of Figure 4.4. The number of singular values that exceed the noise level of 1.0 indi-
cate the number of retrievable parameters that can be inferred from the entire seventeen
channel data set, in this case it is three. The singular vectors indicate the linear combi-
nation of retrievable parameters for each singular value, so for the top left panel IWP
(number concentration, Np) has the largest absolute value and therefore corresponds to
the primary information in the system. Effective radius and cloud temperature infor-
mation correspond to the second and third singular values, respectively. Of course, if
we only used the 0.64 um and 2.13 pm channels that were selected for this case, we
could only retrieve IWP and effective radius. The use of some combination of the re-
maining channels would improve our cloud temperature retrieval, but since the singular
value is small the increase in retrieval accuracy may not justify the necessary increase

in computational effort.
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Figure 4.5: Singular value analysis for the ice cloud of Figure 4.4.
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We then changed each of the parameters individually in the base cirrus cloud case to
show that different cloud states require different combinations of channels to maximize
information content. Figure 4.6 shows the information spectra for a thin cirrus cloud
with the same effective radius and cloud height as in Figure 4.4 but now with an IWP of
10 g/m?, producing a 0.64 um optical depth of 1.1. The optimal combination of channels
for this thin cirrus case are the 4.05 and 11.9 ym measurements in that order, suggesting
that two emission based channels in a split- window type approach provide the most
information for this thin cloud case. These selected channels are not un-expected, as
the split- window technique has sensitivity for optically thin clouds but not for the thick
cloud of the base case, see Figure 3.1. Although the visible channels chosen for the base
case also have sensitivity to thin cirrus, the relatively large errors for these channels due
to a priori assumptions of crystal habit ultimately limit their utility.

Figure 4.7 shows the information spectrum for a cirrus cloud with the same effective
radius and IWP as in Figure 4.4 but now for a cirrus cloud at a height of 14 km. In
this case, the 8.55, 11.0, and 2.13 um channels are sequentially selected. The increased
thermal contrast between the surface and the high cloud results in more information for
the MODIS measurements, allowing the two infrared and one near- infrared channel to
be selected. Although not entirely accurate quantitatively since we are using different
channels, the easiest way to qualitatively understand why the high cloud case should
have more information than the low cloud case is to examine the split- window arches
of Figure 3.1. Although the arches for the cold cloud are much larger than those for
the warm cloud, they both represent the same number of possible cloud states. A set
of measurements with a well- defined uncertainty range define a set of possible optical
depth and effective radius combinations in brightness temperature space. Since these
solutions are more spread out for a colder cloud, the same set of measurements neces-
sarily result in fewer possible solutions for the cold cloud case than the warm cloud case.
Since the a priori space is the same for both clouds, the measurements should contain

more information for the cold cloud case by definition, as suggested by the increased
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number of useful measurements in Figure 4.7.

Figure 4.8 shows the information spectrum for the optically thick cirrus at a cloud
height of 9 km but now with an effective radius of 40 ym, resulting in a 0.64 pm optical
depth of 4.7. In this case, only the 11.9 um channel was considered useful which the
singular value analysis directly relates to IWP. This result is a direct consequence of the

fact that neither visible nor infrared approaches have sensitivity at large effective radius.
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Figure 4.6: Information spectrum analysis for an ice cloud with effective radius of 16
pm, IWP of 10 g/m?, and cloud height at 9 km.

Each of the four cases described above require a different combination of channels
to maximize information content. Although each of these combinations could generally
be explained in terms of our understanding of the underlying physics of the problem, it
should be noted that these cases were selected for their relative ease in interpretation.
Many other cases representing intermediate conditions for which the physical relation-
ships between radiances and retrieval parameters are transitioning between regimes are

more ambiguous, making it difficult to infer the optimal combination of channels before
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Figure 4.7: Information spectrum analysis for an ice cloud with effective radius of 16
pm, IWP of 100 g/m?, and cloud height of 14 km.

performing the information content analysis. Figure 4.9 shows the first, second, third,
and fourth channel selected for each of the IWP- effective radius combinations for the 9
km cirrus cloud case constrained with CloudSat cloud boundary information. Individual
channels have been grouped according to their sensitivity characteristics for clarity of
presentation. Dark blue represents the conservative scattering channels; light blue the
non- conservative scattering channels; green the water vapor channels; yellow the SWIR
(solar and emitting 3.78 and 4.05 pm) channels; orange the infrared channels; and red
the CO, slicing channels. For some cases, such as most large IWP clouds, the optimal
channels are simply a combination of scattering and non- conservative shortwave scat-
tering as discussed above. Similarly, moderately thin clouds with small effective radius
require the expected combination of an infrared channel with another infrared, SWIR,
or CO, slicing channel to maximize information content. The exact transition between

these regimes, however, is not intuitively obvious nor is it independent of other variable
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Figure 4.8: Information spectrum analysis for an ice cloud with effective radius of 40
pm, IWP of 100 g/m?, and cloud height at 9 km.

such as cloud height or surface type. Often in other cases, such as large effective ra-
dius, only one conservative scattering, SWIR, or infrared channel provides independent
information for the retrieval, and while the mathematical explanation for the specific
wavelength chosen can always be traced backed through the methodology, it is not al-
ways intuitively obvious from a physical perspective why one type of channel is more
useful than the others. This idea that the ideal combination of channels needed to maxi-
mize information content changes as a function of state of the atmosphere in a complex
manner has important implications for the development of a ice cloud retrieval scheme
and will be discussed in Section 4.6.

The analyses of Figures 4.4 to 4.8 were based both on our best estimate of mea-
surement and forward model uncertainty as outlined in Section 4.4 and on a retrieval
scheme constrained with both CloudSat cloud boundary and MODIS albedo informa-

tion. Information content under less ideal retrieval conditions, namely retrievals without
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Figure 4.9: The selection of the first, second, third, and fourth channel for each of
the IWP- effective radius combinations for the 9 km cirrus cloud case constrained with
CloudSat cloud boundary information. The channels are not shown as individual chan-
nels but reported in groups with similar characteristics for clarity of presentation. Dark
blue represents the conservative scattering channels; light blue the non- conservative
scattering channels; green the water vapor channels; yellow the SWIR (solar and emit-
ting 3.78 and 4.05 pm) channels; orange the infrared channels; and red the COs slicing
channels.The absence of color indicates the addition of measurements did not add any
information relative to the noise of the analysis.

co-incident CloudSat radar profiles and at nighttime, is now examined. As Cooper et al.
(2003) showed that retrieval results were heavily dependent upon proper error character-
ization, we also consider the impact of improper representation of forward model errors
on optimal channel selection.

We first relaxed the standard deviation of our cloud temperature uncertainties from
1.5 K to 15 K and the albedo uncertainty from 10 percent to 30 percent, essentially mim-
icking an observational system dependent upon climatology as a constraint. Figure 4.10
shows that the ideal combination of measurements necessary to maximize information

content for these assumptions are the 11.0 and 11.9 pm infrared channels in addition to
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the 0.66 and 2.13 psm channels chosen for the CloudSat base case of Figure 4.4. These
additional channels are now needed to supply cloud temperature information that was
previously constrained by CloudSat cloud boundary information. This example also
brings up the fact that the MODIS measurements contain more information when used
without CloudSat than when used with it. Figure 4.11 shows that for many IWP and
effective radius combinations, often three or even four channels are needed to optimize
information content without CloudSat as compared to the usual two or maybe three
measurements needed for the with CloudSat case. While this result may be counter-
intuitive, it is important to remember that the case with CloudSat has smaller retrieval
error as it effectively constrains the final solution to a smaller set of possible states than
case the without CloudSat, as seen in Figures 4.12b and 4.12c. The increased infor-
mation as displayed in Figure 4.12a simply results from the fact that the a priori state
is much smaller for the case with CloudSat radar profiles and therefore results in less
possible information for the MODIS measurements by definition.

Figure 4.13 explores the information content for a night-time retrieval for the base
cloud case of Figure 4.4. Since we have no visible information, the 4.05 and 11.0
pm channels are selected yielding a split- window type approach. The 4.05 ym SWIR
channel becomes much more useful during the nighttime, simply because of the loss of
the large uncertainties associated with the scattering of the direct solar beam in daytime.
Both the nighttime and without CloudSat cases emphasize the notion that the optimal
channels needed to maximize information content not only dependent on the state of the
atmosphere but also the uncertainties characteristic of the observing system.

This last point is further emphasized by performing an information content analysis
assuming that errors in radiance from assumptions of cloud microphysics and atmo-
spheric profile were a constant 10 percent for all channels and all atmospheric states.
This assumption essentially mimics the approaches taken by those cloud retrieval schemes
that do not explicitly account for radiance error. As Figure 4.3 shows, a flat error of 10

percent essentially reduces the error in most shortwave channels and increases the error
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Figure 4.10: Information spectrum analysis for the ice cloud of Figure 4.4 but now for
the scenario in which complementary CloudSat radar profiles are not available.

in the longwave channels. Figure 4.14 shows that for the thin cloud case of Figure 4.6,
the optimal combination of measurements change from the 4.05 and 11.9 um channels
found with realistic errors to the 1.37 and 3.74 pum with flat errors. The retrieval ap-
proach essentially shifts from a split- window to a NK type approach, highlighting the
need for realistic treatment of errors to maximize retrieval information as a function of
state of the atmosphere. This flat error case also stresses the importance of the objective
approach for channel selection. Our general physical understanding as supported by the
singular vector analysis of Figure 4.15 suggests that the selected channels provide IWP
and effective radius information. Indeed, the 3.74 pm should have sensitivity to effec-
tive radius (Stone et al. (1990)) and the 1.37 um to IWP (Gao and Kaufman (1995)), but
it is not clear why these channels are more useful than similar behaved channels. It is
only the formal information content approach that allows the un- biased selection of the

ideal channels.
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Figure 4.11: The selection of the first, second, third, and fourth channel for each of the
IWP- effective radius combinations for the 9 km cirrus cloud case that is dependent upon
a climatological constraint for cloud boundary information. The channels are not shown
as individual channels but reported in groups with similar characteristics for clarity of
presentation. The absence of color indicates the addition of measurements did not add
any information relative to the noise of the analysis.

6. Implications for Global Retrieval Approach

Different combinations of channels were selected for each of the different cloud cases
examined above, meaning no combination of two or three channels can ensure an accu-
rate retrieval under all conditions given uncertainties in cloud microphysical properties.
Since using different channels for an operational retrieval for each pixel is impractical
and can lead to discontinuities in global products at the interfaces between different
techniques, we instead suggest a retrieval scheme composed of the same five channels
regardless of scene. Based upon the nearly 800 cloud cases in this analysis, the retrieval
scheme should consist of a combination of error- weighted visible, near- infrared, and

infrared channels chosen to use the inherent sensitivities in each of these regions to
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Figure 4.12: Figure a shows the difference in information from all MODIS channels
used without and with complementary CloudSat cloud boundary information. Figures b
and ¢ show the difference in retrieval uncertainty for effective radius and IWP, respec-
tively, again for without and with CloudSat information.

ensure high information content across expected cloud and atmospheric conditions.

To facilitate an understanding of the potential for this error- weighted, multiple-
channel retrieval approach, the information content analysis is applied to a theoretical
five- channel retrieval scheme, consisting of the 0.66, 2.13, 4.05, 11.0, and 13.3 um
channels as seen in Figure 4.16. The bottom right plot of Figure 4.16 shows the total
information from all MODIS channels as a function of effective radius and IWP for a
cirrus cloud at 9 km with the a priori assumptions described above for our base case.
The other panels of Figure 4.16 represent the fractional information resulting from the
addition of each channel into a theoretical retrieval. The upper left plot for 11.0 pym
represents the fractional information contained in that channel alone, the 0.646 ym plot

represents the fractional information by using that channel with the 11.0 gm channel,
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Figure 4.13: Information spectrum analysis for the ice cloud case of Figure 4.4 but now
for a night-time retrieval.

and so on until we have the fractional information for the five channels as designated
by the 13.34 um plot. Figure 4.16 shows that the theoretical five- channel retrieval
scheme captures a significant fraction of total information for most IWP- effective radius
combinations for a cirrus cloud at 9km. Although the scheme is least effective for the
large IWP cases, it still captures nearly 80 % of the total information. The addition
of more channels to the retrieval scheme would be superfluous as the little remaining
information is spread out more or less equally among the remaining MODIS channels.
The advantages of a unified five- channel approach best can be appreciated by com-
paring information content analysis from this approach with traditional multi- spectral
retrieval schemes such as the split- window and NK methods. Panel 2 of Figure 4.17
shows the information content analysis for the traditional split- window approach, using
just the 11.0 and 12.0 um channels. As expected, the use of these two channels provides

a significant amount of information for optically thin clouds, as designated by the sig-
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Figure 4.14: Information spectrum analysis for an ice cloud with effective radius of
16 um, IWP of 10 g/m?, and cloud height at 9 km as in Figure 4.6 but now assuming
constant error of 10 percent for all channels and states of the atmosphere.

nificant amount of oranges and reds on the second panel. The information content for
very thin and for thick clouds, however, is poor. It is only the addition of the visible and
near- infrared channels to this retrieval scheme, e.g. the third and fourth panels of Figure
4.17, that allow us to optimize retrieval information content for most combinations of
effective radius and IWP. Similarly, Panel 2 of Figure 4.18 shows the information con-
tent analysis for a NK type approach using the 2.13 and 0.646 pm channels. Although
these two channels capture significant amounts of information for some combinations
of effective radius and IWP, they perform poorly for others. It is only the addition of the
infrared and SWIR channels, e.g. the third and fourth panels of Figure 4.18, that allow
for a retrieval with high information content for all expected states of the atmosphere.
The practical implications of these differences in information for operational retrieval

schemes in terms of both retrieval bias and random error will be the focus of a future
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Figure 4.15: Singular value analysis for the ice cloud of Figure 4.14.

work.

7. Conclusions

In this work, a formal information content analysis presented in Part I has been used to
objectively select the optimal combination of MODIS measurements for an ice cloud mi-
crophysical property retrieval scheme when constrained by CloudSat CPR cloud bound-
ary information. Channel selection is determined through a realistic characterization of
not only the sensitivity of TOA radiances to desired retrieval parameters but also to the
uncertainties resulting from both the measurements themselves and from the forward
model assumptions used in translating between observation and retrieval space. The
channels selected for the retrieval are strongly dependent upon both cloud and atmo-

spheric properties and the uncertainties characteristic to the observation system. Due to
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Figure 4.16: Fractional information content analysis for our proposed five channel re-
trieval scheme as a function of IWP and effective radius for an ice cloud at 9 km. The
bottom right panel shows total information for all 17 MODIS channels. Each of panels
labeled 1 to 5 indicate the fractional information from each channel added sequentially.

the complexities of these sensitivities to atmospheric state and the need for a consistent
retrieval scheme for an operational retrieval, we suggest a five channel retrieval approach
consisting of a combination of error- weighted visible, near- infrared, and infrared chan-
nels. Such an approach can be adopted independent of scene since it makes use of the
inherent sensitivities in each of these spectral regions to ensure high information con-
tent regardless of cloud and atmospheric properties. Tentatively, the 0.64, 2.11, 4.05,
11.0, and 13.3 um channels are suggested, but it should be noted that any of these chan-
nels could be replaced by another channel with similar characteristics with little loss
in retrieval information. The optimal- estimation based retrieval framework (Rodgers
(1976); Marks and Rodgers (1993)), which can incorporate information from multiple
sensors and provide a built in set of diagnostics to quantify retrieval and measurement

uncertainties, will provide the ideal means to implement this flexible, error-weighted
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Figure 4.17: Fractional information content analysis for the spit- window retrieval
scheme as a function of IWP and effective radius for an ice cloud at 9 km. The number
2 panel shows the fractional information from the split- window approach, the number
5 panel the fractional information from our proposed five- channel retrieval scheme.

retrieval approach. Application of such a unified retrieval approach would have the
additional benefit of providing consistency in retrieved cloud products across different
satellite and field measurement campaigns.

The analyses presented here apply only to single- layer clouds overlying an isotrop-
ically, reflecting ocean surface with a simple observation geometry of an overhead sun
with nadir observation angle. Although much additional work in quantifying measure-
ment and forward model error covariances for a variety of different land surfaces and
retrieval geometries is needed for the development of an operational retrieval, the com-
plete methodology for this work as outlined here and in Part I is already in place. In
fact, the formal information content methodology presented in both part I and this paper
should be considered at a more general level than just the retrieval of cloud microphysi-

cal properties. To realize the full potential of the rigorous information content analyses
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Figure 4.18: Fractional information content analysis for the NK retrieval scheme as a
function of IWP and effective radius for an ice cloud at 9 km. The number 2 panel shows
the fractional information from the NK approach, the number 5 panel the fractional
information from our proposed five- channel retrieval scheme.

outlined here, they should be applied in the developmental stages of future satellite mis-
sions to systematically develop instruments from the ground up. In principle a detailed
analysis of a wide variety of potential wavelengths could be performed to determine the
subset that provide the most information for the desired application based on the accu-
racies to which they can be modeled and their sensitivities to the retrieval parameters.
Then this information could be used to design an optimal channel configuration upon
which an instrument could be constructed.

Although examining the reduction of entropy for various retrieval schemes and un-
certainty estimates has proved illuminating, the validation of these results is necessary
and will be the subject of the next chapter. The implications of the relative differences
in total information for various retrieval schemes will be quantified in terms of retrieval

bias and random error. Furthermore, the use of real- world data will investigate the
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practical utility of our proposed five- channel retrieval scheme and help determine the
validity of many of our assumptions. It is hoped this estimate of cloud properties with
associated uncertainties based on a realistic assessment of ice cloud physics from this
retrieval scheme will be useful in determining what we are capable of knowing about

ice clouds and their role in climate processes.
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Chapter 5

Assessment of a Five- Channel
Estimation- Based Ice Cloud Property
Retrieval Scheme over the Global

Ocean

1. Introduction

In the previous chapter, a rigorous information content analysis (Shannon and Weaver
(1949); Rodgers (2000); L’Ecuyer et al. (2004)) was performed to determine the ideal
combination of MODIS channels for an ice cloud microphysical property retrieval scheme
constrained with CloudSat cloud boundary information. The channels selected were
those that reduced the entropy of the solution space the most, or in terms of the optimal
estimation- based retrieval scheme, were those that had the highest ratio between the a
priori error covariance matrix, S,, and the retrieval error covariance matrix, Sx. The
optimal combination of MODIS channels was found to be heavily dependent upon the
state of the atmosphere. As such, a five- channel retrieval scheme consisting of a com-

bination of error- weighted visible, near- infrared, and infrared channels was suggested
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to take advantage of the inherent sensitivities found in each of these spectral regions
to ensure high information content regardless of the state of the atmosphere. The 0.64
pm, 2.1 pm, 4.05 pm, 11.0 gm, and 13.3 um channels were tentatively selected for the
retrieval scheme, but it should be noted that each of these channels could be replaced by
a channel with similar characteristics without significant loss of retrieval information.

Although theoretical calculations involving the reduction of entropy of various a
priori and retrieval states are extremely illuminating, the five- channel retrieval scheme
needs assessment in context of numerical ’synthetic’ experiments and, more importantly,
real- world measurements. In other words, the implications of relative information con-
tent will be examined in the more practical terms of retrieval performance. The results
of these experiments are discussed in context of determining the feasibility of this five-
channel approach at an operational level.

Synthetic retrievals are numerical experiments used to quantify retrieval perfor-
mance. The basic idea of these experiments is to perform a retrieval on a system with
well- defined properties, with the difference between the known and retrieved properties
simply considered the retrieval bias. The use of the optimal- estimation framework in
these synthetic retrievals also allows for an explicit calculation the random error for the
retrieval through its set of built- in error diagnostics as explored in Chapter 2.

In the simple infrared cloud property retrieval scheme of Chapter 3, a cloud of known
effective radius, optical depth, and cloud temperature was used to generate correspond-
ing top of the atmosphere radiances through the two- layer infrared radiative transfer
model. These ’synthetic’ radiances were then inverted using the optimal- estimation
based retrieval scheme to give our most likely estimate of cloud properties with associ-
ated errors based on our error covariance assumptions. If the relationship between the
top of the atmosphere radiance and the cloud properties is very well defined and does not
suffer from non- uniqueness issues, the problem is trivial as the synthetic and retrieved
properties would be the same. For our split- window problem of Chapter 3, uncertainties

in both cloud temperature and satellite radiances as quantified in the measurement and
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forward model error covariance resulted in both appreciable retrieval bias and random
erTor.

In this chapter, we first will explore the implications of our uncertainty estimates
from the previous chapter on the performance of five channel retrieval scheme using
these synthetic experiments. In other words, we will quantify how well we can deter-
mine ice cloud properties from satellite- based measurements given a realistic assess-
ment of the ice problem. Retrieval performance for the five- channel scheme then will
be compared to those of the more traditional split- window (Inoue (1985); Prabhakara
et al. (1988)) and Nakajima and King (1990) approaches to determine the practical im-
plications of the information content results of the previous chapter. Since information
content was strongly case- dependent, we will finally alter some of our base assump-
tions such as forward model uncertainties and cloud radiative properties to determine
their impact on retrieval performance.

Although these synthetic experiments provide an invaluable tool for testing the be-
havior of the algorithm under controlled conditions, unfortunately they may be some-
what biased by the fact that similar assumptions are often made in both forward and
inverse calculations. These studies must, therefore, be complemented with applications
involving real observations. A combination of MODIS Airborne Simulator (MAS) and
cloud radar and lidar measurements taken during the The Cirrus Regional Study of Trop-
ical Anvils and Cirrus Layers - Florida Area Cirrus Experiment (CRYSTAL-FACE) will
be used to examine the performance of the five- channel retrieval scheme in real world
conditions. Again, the five- channel scheme will be compared to more traditional ap-
proaches, where again it is hoped differences in retrieval results may allow practical

insight into applying this retrieval scheme at an operational level.
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2. Optimal- Estimation Retrieval

Before examining the results of either the synthetic or real- world studies, it if first nec-
essary to briefly review the optimal- estimation based retrieval scheme for the MODIS
channels. The retrieval scheme is that discussed and chapter 2 and then applied in Chap-
ter 3 to the split- window problem. The interested reader may refer to those sections for
the mathematical algorithm details. In the split- window retrieval of Chapter 3, the re-
trieval parameters as defined in the state vector, x, were optical depth, effective radius,
and cloud temperature. For the combined MODIS- CloudSat cloud retrieval, however,
we will instead retrieve cloud ice water path (IWP), effective radius, and cloud tem-
perature. The retrieval of the physical IWP should be of interest to those in-situ cloud
validation and modeling efforts that are more likely to deal in physical than optical
space. By retrieving the physical IWP, of course, it is trivial to calculate cloud optical
depth for any desired wavelength through knowledge of ice particle size distribution and
extinction coefficients.

The observation vector for this retrieval will include the radiances for each of the
channels used in the retrieval plus an estimate of cloud temperature found by matching
CloudSat cloud boundary information with the ECMWF re-analysis temperature profile.
As seen in split- window problem of Chapter 3, both retrieval bias and random error are
heavily influenced by a proper characterization of the covariance matrices S, and S,.
Determination of S, as a function of state of the atmosphere was accomplished through
the forward model uncertainty analysis of the previous chapter. Such a characterization
will allow the retrieval scheme to change its error assumptions as it steps through it
iterations through to its final solution. S, and the related x, come from climatology of
cloud properties and are important not only for their influence on the final solution but
also because X, is used for the initial guess for each retrieval. It will be shown that a
proper selection of x, is critical in achieving an accurate retrieval given the relatively

large range of expected conditions and large forward model errors associated with the
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ice cloud problem.

3. Synthetic Studies

A series of synthetic experiments were performed to quantify bias and random errors
for the five- channel retrieval scheme given the results of the uncertainty analysis of
the proceeding chapter. Retrieval bias and random error here are defined in terms of
the optimal- estimation based retrieval scheme, which returns a probability distribution
function with our most likely estimate of cloud properties with associated uncertainties.
The difference between the most likely estimate and truth for the fixed assumptions of
these synthetic studies is termed the retrieval bias. The retrieval variance divided by
truth is the random error, mathematically,
1/2
o; = M x 100 (5.1)

Ttruth
where S ;; are the diagonal elements of the retrieval error covariance matrix.

Retrieval performance for the five- channel retrieval scheme was examined as a func-
tion of IWP and effective radius using the aggregates of Baran et al. (2001) for both the
forward and inverse calculations. These retrieval results were then compared to the bi-
spectral split- window and Nakajima and King approaches and even to a 16 channel
retrieval scheme to try to quantify the results of our information content analysis of the
proceeding chapter in terms of cloud retrievables. Base assumptions such as magnitude
of forward model uncertainties and cloud optical properties were in turn altered in the
five- channel approach to determine their influence upon retrieval results. The results
of these experiments are discussed in context of determining the feasibility of this five-
channel approach at an operational level. For those readers interested in bypassing the
details and avoiding the discussion of 26 highly inter-related figures, a brief summary
of the major conclusions from these synthetic studies is found in section 5.3.1.

An obvious difficulty for these studies is the relative importance of the a priori guess
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in the optimal- estimation framework in determining retrieval bias for those cases when
forward model error covariance is large or when sensitivity to retrieved parameters is
low. These synthetic experiments were therefore divided into ’thin’ and ’thick’ cloud
cases to allow a different set of a priori assumptions for each, based on the idea that re-
flectivities from the CloudSat Cloud Profiling Radar (CPR) used in conjunction with the
MODIS measurements would allow for a rudimentary classification of cloud thickness,
see Table 5.1. IWP ranged from 15 to 75 g/m? with an initial guess of 50 g/m? for the
thin cloud cases and from 105 to 165 g/m? with an initial guess of 150 g/m? for the thick
cases. Although it may be possible to devise a methodology for a more accurate a priori
guess through either an empirical radar reflectivity- IWP relationship or a Nakajima and
King (1990) retrieval scheme, use of a constant a priori guess has the additional benefit
in that it allows an examination of the importance of the initial guess on retrieval per-
formance. The synthetic retrievals were run at each of the 25 combinations of IWP and
effective radius of Table 5.1 for each of the thin and thick clouds. For these base cases,
the cirrus clouds were placed at 12 km over an ocean surface assuming a McClatchey
Tropical atmosphere with solar zenith and observation angle at nadir. Cloud temperature
uncertainty was 1.5 K, consistent with matching CloudSat cloud boundary information

to an ECMWEF re-analysis temperature profile (Eyre et al. (1993)).

a. Five- Channel Retrieval Base Results

Figure 5.1 shows the normalized retrieval bias for each IWP, effective radius, and cloud
temperature for the thick-cloud synthetic experiments of Table 5.1 for our five- channel
retrieval scheme based on our best assumptions of forward model uncertainties from the
previous chapter and the a priori uncertainties listed in Table 5.1. Retrieval bias is less
than 15 percent for nearly all states of the atmosphere for each IWP, effective radius, and
cloud temperature. Cloud temperature bias is extremely small simply because CloudSat
cloud boundary information has been used to constrain the problem; cloud temperature

will be neglected for the remaining cases simply because in this retrieval framework
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Thin Cloud Cases

Thick Cloud Cases

R, truth (um)
R, (um) initial guess
R, o (pm)
IWP truth (g/m?)
IWP initial guess (g/m?)

IWP o (g/m?)

12, 18, 24,30, 36
20
25

15, 30, 45, 60, 75
50

100

12, 18, 24, 30, 36
20
25
105, 120, 135, 150, 165
150

200

Table 5.1: List of effective radius and IWP combinations used for the synthetic studies
with associated a priori guess and uncertainties.

it is more a well- defined input than an independent retrieval parameter. (For those
readers interested in a more thorough understanding of the impacts of cloud temperature
uncertainties on retrieval performance, please see Chapter 3 for an in- depth exploration
of the subject.)

Although these retrieval biases are quite small, it does not necessarily imply that the
retrieval performance is acceptable. Retrieval bias is somewhat complicated because
the a priori guess will partially determine the final solution when forward model error
is significant, with the obvious example being that for infinitely large forward model
error, the retrieved properties will simply be the a priori guess. Although retrieval bias
is therefore dependent on the mechanics of the estimation- based retrieval, it is still a
useful diagnostic in a synthetic framework in comparing different retrieval techniques
when the same initial guesses and error assumptions are employed.

To gain a better appreciation of overall retrieval performance, however, we must ex-
amine retrieval random error as defined in our retrieval error covariance matrix. Figure
5.2 shows the normalized random error for retrieved IWP and effective radius for the

five- channel retrieval scheme thick cloud base case. Retrieval random error for both
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IWP and effective radius are generally much larger then the relatively small biases with
normalized errors ranging from 30 to 60 percent. Again, these values represent one stan-
dard deviation of a probability distribution function about our most probable estimate,
indicating potentially large retrieval biases if retrieved and assumed cloud properties do
not match. These relatively large retrieval random errors and potential biases for the
advanced five- channel scheme suggest a note of caution in putting too much faith in

current cloud retrieval products based on much simpler retrieval techniques.

Normalized retrieval bias for IWP

o~ 185
£ 150
2135

g 120
2 05
12 18 24 30 38
effoctive radlus (um)
—— ]
T T T T
-0.4 -0.2 0.0 0.2 0.4
Normalized retrieval bias effective radius
o~ 165
€ 150
2135
e 120
= 105
12 18 24 30 38
effective radius (um)
L ]
T T T T
0.4 -0.2 0.0 0.2 0.4
Normalized retrieval bias cloud temperature
o~ 165
e 150
2135
e 120
2 105
12 18 24 30 a8
effective radius (um)
——— ]
T T

T T
-0.4 -0.2 0.0 0.2 0.4

chi square

Figure 5.1: Retrieval bias for IWP, effective radius, and cloud temperature are shown
in the top three panels, respectively, for the five- channel retrieval scheme for the thick
cloud synthetic cases of Table 5.1. Small chi- square diagnostic values as shown in

the bottom panel indicate an adequate degree of fit between observations and retrieved
cloud properties.

Other than the magnitude of the uncertainties, several other trends of importance
are observed in Figures 5.1 and 5.2. Retrieval bias between IWP and effective radius is

clearly correlated for these synthetic studies, meaning an error in one retrieved parame-
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Figure 5.2: Normalized retrieval uncertainty for IWP and effective radius are shown in
the top two panels, respectively, for the five- channel retrieval scheme for the thick cirrus
cloud cases of Table 5.1

ter induce a corresponding error in the other. This trend is easy to understand in terms
of both our estimation- based retrieval scheme and the set-up of our forward model.
In our retrieval scheme, we essentially are trying to minimize the difference between
our observations and the forward model simulated radiances as mapped from retrieval
space. The forward model uses optical depth, which is a function of IWP and effective
radius, as direct input to calculate radiance. When the a priori assumptions become
important to the final solution and the retrieval begins to deviate from truth, the model
can allow compensating errors that stiil allow simulated radiances to somewhat match
observations. Figure 5.3 shows both the retrieved and true 0.66 pm optical depths for
the thick cloud base case of Figure 5.1. Even though the retrieval returned the wrong
IWP and effective radius as in Figure 5.1, most notably for the largest effective radius
cases, these biases compensated to produce the correct optical depth. For example, in
the 36 um effective radius cases, retrieved IWP was too small (decreased optical depth)
but was compensated by a retrieved effective radius that was also too small (increased
optical depth). For an extreme case with very large compensating errors that still yield a
reasonable optical depth, it is good to think in terms of the information content analysis
of the previous chapter. Such cases should indicate that only one piece of information,

in this case optical depth, can actually be retrieved from the measurements.
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These results also have important implication for traditional look- up table schemes
that retrieve cloud optical depth and effective radius, such as the Nakajima and King
approach shown in Figure 5.4. This scheme relies on the idea that reflectance at the 0.66
pm channel is independent of particle size, meaning that the backscattered radiation is
only dependent upon optical depth. Theoretically, once optical depth is determined, ef-
fective radius is uniquely determined through the 3.80 pm radiance. The problem with
this approach, however, as illustrated by the above discussion of compensating errors
is that measured 3.80 um radiance is a function of both effective radius and IWP. The
curves generated in Figure 5.4 necessarily assume some droplet size distribution and
number concentration (IWP) for each effective radius that combine to yield the correct
optical depth as indicated by the 0.66 measurement. As long as the relationship between
IWP and effective radius is consistent for all effective radius, the unique monotonic in-
crease in 3.80 um radiance with decreasing effective radius is observed. The difficulty
here is that the IWP- effective radius- optical depth relationship is not unique. If the as-
sumptions in IWP used to generate the look-up tables fail to match real cloud properties
for a given retrieval, then retrieved effective radius may be rather dubious. In essence,
these schemes have assumed a built- in relationship between IWP and effective radius
that cannot be verified through the retrieval of just optical depth and effective radius.
It is only through the additional degree of freedom resulting from the inclusion of both
IWP and effective radius in the retrieval vector that allows a more meaningful retrieval
of effective radius.

The effects of these correlated errors in IWP and effective radius also has impli-
cations for determination of overall uncertainty in our indirectly retrieved cloud optical
depths. Since optical depth is a function of both IWP and effective radius, it is necessary
to consider our S, calculations to determine total uncertainty. In general, the uncertainty
in

Y= f (331,.’132,333, ey :En) (52)
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Figure 5.3: Indirectly retrieved optical depth, true optical depth, and the fractional dif-
ference (truth - retrieved) are shown in the top three panels, respectively, for the five
channel retrieval scheme for the thick cloud synthetic cases of Table 5.1.

is given by (NIST, 94)
n af 2 n—1 n af 8f 1/2
—_— . 2 - V.
wes S () oS 2 () (5) ] o0

We find the partial derivative terms through the following expression relating optical

depth to IWP and effective radius,

3 IWP
=2
2p Tess

(5.4)

and the uncertainties, 0x;, 0z, and dz;;, from our retrieval covariance matrix, S.. Figure
5.5 shows that the fractional uncertainty in retrieved optical depth is usually under 20
percent for most of the thick cloud cases. random errors of up to 50 percent are found for
the smallest effective radius- large IWP combinations but it is not entirely certain such
extreme combinations could actually exist in nature. The correlation in errors between

IWP and effective radius in our forward model calculations, as introduced through the
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Figure 5.4: Reflectance functions for 0.66 pm and 3.80 um for ice clouds with effective
radius between 6 um and 50 ym and optical depths between 1 and 50.

K matrix, reduce the optical depth random errors to fractional values generally less than

either IWP or effective radius.

Fractional Error in Optical Depth

24
effoctlve radius (um)
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Figure 5.5: Fractional uncertainty in optical depth for the five channel retrieval scheme
for the thick cloud synthetic cases of Table 5.1

Figures 5.1 and 5.2 also illustrate the importance of the a priori assumptions on our
retrieval scheme. This idea is most easily seen in examining retrieval bias as a function
of distance from the a priori guess of 150 g/m? and 20 um. A clear minimum in IWP
bias is seen at the a priori guess of 150 g/m? as indicated by the greenish line. Since
errors are correlated, a good a priori guess in one variable will ultimately improve the
retrieval of the other variable, e.g. the bias in effective radius shows a clear minimum
at the IWP guess of 150 g/m?. Similarly, bias for both effective radius and IWP is
generally worst for those cases furthest from the initial guess of 20 pum and best for

those cases closest. Instead of bogging down into a detailed mathematical description
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of the A matrix in relation to retrieval uncertainties here, it will simply be re-stated that
these trends indicate the importance of making the best a priori guess possible for this
retrieval solution. Use of either an empirically driven radar reflectivity- IWP relationship
or a bi- spectral passive approach are obvious possibilities for making a reasonable first
guess for the five- channel retrieval scheme. Assessment of the operational utility of
such an approach will be the focus of future research.

Figures 5.6 - 5.8 show synthetic retrieval results for our five- channel retrieval scheme
for the thin cloud properties and a priori assumptions as listed in Table 5.1. Many of
the major trends and observations from the thick cloud cases described above are also
seen in these thin cloud cases, albeit with slightly different numbers. It is important to
present these results, however, to later facilitate comparisons between different retrieval
approaches and assumptions as a function of state of the atmosphere. Figure 5.6 shows
retrieval bias for the five- channel retrieval approach for the thick cloud cases is again
small with discrepancies up to around 15 percent for both IWP and effective radius.
Compensating errors in either effective radius or IWP are made such that the correct
optical depth is found, see Figure 5.7. The importance of the a priori guess is again
important as trends in bias are seen relative to both the guesses of effective radius of 20
pm and IWP of 150 g/m?. Retrieval random errors for the thin cloud cases as in Figure
5.8 are slightly smaller than for the thick cloud cases, with errors generally under 30

percent but up to a maximum of about 50 percent.

b. Effects of Retrieval Channel Selection

In this sub-section, we will examine the influence of channel selection for retrieval bias
and random error. We performed synthetic tests using the traditional bi- spectral split-
window and Nakajima and King approaches for the test cloud cases from Table 5.1 to
determine relative retrieval performance as compared to our five- channel scheme. Table
5.2 lists the MODIS bands used for each scheme. Figure 5.9 and 5.10 show retrieval bias

for IWP and effective radius, respectively, for the five- channel, Nakajima and King, and
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Figure 5.6: Retrieval bias for IWP, effective radius, and cloud temperature are shown
in the top three panels, respectively, for the five- channel retrieval scheme for the thin
cloud synthetic cases of Table 5.1. Small chi- square diagnostic values as shown in
the bottom panel indicate an adequate degree of fit between observations and retrieved
cloud properties.

split- window retrievals for the thick clouds. Retrieval bias for the five- channel scheme
is always better for both IWP and effective radius than for either the Nakajima and King
or split- window schemes but is generally much closer in magnitude to the Nakajima
and King than the split- window approach. Similarly, Figure 5.11 and 5.12 show that
retrieval random error is best for the five- channel retrieval scheme but again retrieval
errors are much closer to the Nakajima and King than the split- window approach.
These result are expected as the five- channel retrieval scheme is supposed to use in-
formation from those channels with the greatest utility dependent upon state of the atmo-
sphere. For these thick cloud cases, we would expect little sensitivity for the emission-

based split- window channels, meaning information for these retrievals must come from

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Retrieved Optical Depth

12 18 24 30 36
effective radius (1m)

T 1
0 2 4 6 8 10

True Optical Depth

12 18 24 30 38
sifective radius (um)

_—— : : : |

0 2 4 6 8 10

Relative Difference

WP (gm™)
~
o

24 30 36
effectiva radius {um)

we (gm™)

Figure 5.7: Indirectly retrieved optical depth, true optical depth, and the fractional dif-
ference (truth - retrieved) are shown in the top three panels, respectively, for the five
channel retrieval scheme for the thin cloud synthetic cases of Table 5.1. Normalized
uncertainty in optical depth is presented in the bottom panel.

the shortwave scattering Nakajima and King bands. Indeed, retrieval bias and random
error agree quite well for the five- channel and Nakajima and King schemes. The slightly
better five- channel retrievals result from the inclusion of the shortwave- infrared 4.05
pm channel which helps better constrain the solution. Figure 5.13 shows that the biases
seen in Figures 5.9 and 5.10 act in such a way to yield the correct optical depth for both
the five- channel and Nakajima and King approaches. As expected for these thick cloud
cases, the split- window technique essentially fails, resulting in substantial uncertainties.
Although the retrieval biases seem to still produce the correct optical depth, it really only
works for many of the thick cloud cases because the solution converges to the relatively
high optical depth associated with our a priori guess of 20 pm and 150 g/m?. Figure

5.14 shows very small values for the A-matrix for both IWP and effective radius for the
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Figure 5.8: Normalized retrieval uncertainty for IWP and effective radius are shown in
the top two panels, respectively, for the five- channel retrieval scheme for the thick cirrus
cloud cases of Table 5.1. Absolute retrieval uncertainty again for IWP and effective
radius are shown in the bottom two panels.

split- window scheme indicating heavy retrieval reliance on the a priori assumptions.
Figures 5.15 - 5.18 show that retrieval bias and random error for the thin cloud
cases are significantly better for the five- channel retrieval approach than for either the
Nakajima and King or split- window approaches. Retrieval bias of up to 50 percent
and retrieval random errors of up to 100 percent are found for both the two- channel
retrieval techniques. Although large, these numbers agree well with the previous work
from Chapter 3 where errors of 35 to 95 percent in effective radius were found using the
split- window approach constrained with CloudSat cloud boundary information. Our in-
formation content analysis of the proceeding chapter suggested that the emission- based
split- window approach should be more useful than Nakajima and King due to the large
uncertainties associated with single- scattering effects for these relatively low optical
depth clouds. We therefore would expect retrieval performance for the split- window

technique to be very much like the retrieval performance for the five- channel technique
for optically thick clouds.

Split- window bias and random errors, however, are actually much closer in mag-
nitude to the Nakajima and King approach than the five- channel. This unexpected

deviation has several possible causes. First, the inclusion of the 4.05 pm channel in the
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Schemes MODIS Channels | Wavelength (um)

Five- Channel 01 0.64
07 2.13

23 4.05

31 11.0

33 13.3

Nakajima and King 01 0.64
07 2.13

Split- Window 31 11.0
32 12.0

Table 5.2: List of MODIS channels and wavelengths used for each of the multi- channel
retrieval schemes.

five- channel approach will benefit the retrieval and may result in better performance
than just the infrared channels alone. Second, it is possible that the retrieval schemes
with just two channels are inherently more susceptible to the compensating errors in
retrieved IWP and effective radius than the five- channel scheme, simply because they
have more play in retrieved parameters in matching a smaller number of observations.
Figure 5.19 shows the difference in retrieved versus true optical depth for these synthetic
studies for each of the retrieval schemes. These retrieval results re-cast in optical depth
form now match expectations, as the split- window approach matches the correct optical
depth for all cases while the Nakajima and King technique occasionally fails.

The synthetic studies from this section indicate the five- channel retrieval approach
consistently performed better in terms of bias and random error for both the thick and
thin cloud cases than either of the two- channel approaches. The error- weighted, five-
channel scheme consistently outperforms the other techniques as it automatically places
retrieval emphasis on those channels with the greatest information content as a function
of the state of the atmosphere. In addition, the inclusion of the 4.05 um channel pro-

vides additional information into the retrieval format that is lacking in either of the two-
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Figure 5.9: Normalized retrieval bias for IWP for each the five channel (top), Nakajima
and King (middle), and split- window (bottom) approaches for the thick cloud synthetic
cases of Table 5.1.

channel schemes. The obvious question becomes, if five- channels works significantly
better than two channels, why not just use ten channels or, even better, all the channels
to improve retrieval performance? Figures 5.20 and 5.21 show retrieval bias and ran-
dom error, respectively for the five- channel and 16 channel retrieval schemes. The 16
channel scheme performed slightly better than our proposed five- channel scheme with
biases close to zero and random error generally under 25 percent.

A 16 channel retrieval scheme, however, is impractical causing a huge increase in
computational cost for a relatively small gain in retrieval performance. A further com-
plication to such a large number of channels for an operational retrieval is the difficulties
in achieving convergence for the optimal- estimation based algorithm. These synthetic
studies were ideally controlled numerical experiments with well defined optical prop-
erties linked in a precise manner across channels. In the real- world, cloud optical
properties may behave in a spectrally un-predicted manner that makes minimization

of our cost function unlikely. Perhaps, even more importantly, each channel has its
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Figure 5.10: Normalized retrieval bias for effective radius for each the five channel (top),
Nakajima and King (middle), and split- window (bottom) approaches for the thick cloud
synthetic cases of Table 5.1.

own sources of uncertainty, e.g. ice crystal habit or temperature profile assumptions,
that will not be correlated between channels. Random deviations about our expecta-
tions as a function of wavelength could cause convergence difficulties even if we have
luckily guessed cloud radiative properties accurately. We therefore have picked a rel-
atively tractable five- channel approach. The practical implications resulting from our
assumptions of cloud radiative properties, and real- world operational considerations for
this five- channel scheme will be examined in both the remaining synthetic studies and

CRYSTAL-FACE MAS retrievals.

c. Effects of Error Assumptions

The synthetic retrievals described above depended on our best estimate of the state de-
pendent measurement and forward model error as described in Chapter 4. As we did
in the information content analysis of the proceeding chapter, we will assume a com-

bined forward model and measurement error of 10 percent for all MODIS channels and
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Figure 5.11: Normalized retrieval uncertainty for IWP for each the five channel (top),
Nakajima and King (middle), and split- window (bottom) approaches for the thick cloud
synthetic cases of Table 5.1.

states of the atmosphere. Figures 5.22 and 5.23 show retrieval bias and random error,
respectively, for both IWP and effective radius for thin clouds for both state dependent
error and for flat 10 percent errors. The flat 10 percent error case reduces the uncer-
tainties in the scattering channels and allows the retrieval scheme to take advantage of
the large sensitivities found at these wavelengths. As a result, both bias and random
error dramatically decrease, except for the very thin optical depth clouds in the bottom
right corner whose forward model uncertainties actually increased by switching to a flat
10 percent error. Retrieval random errors are generally under 20 percent for both IWP
and effective radius except again for the very thin clouds. Although not shown, optical
depths are matched perfectly for all these cloud cases. These figures essentially quantify
the importance of our uncertainty analysis of the proceeding chapter.

If forward model and measurement uncertainties could be reduced to 10 percent, we
could ensure much more accurate retrievals for almost all states of the atmosphere. The

obvious difficulty is to determine a way to reduce these uncertainties. Advancements
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Figure 5.12: Normalized retrieval uncertainty for effective radius for each the five chan-
nel (top), Nakajima and King (middle), and split- window (bottom) approaches for the
thick cloud synthetic cases of Table 5.1.

in the determination of real- world cloud properties through a combination of in-situ
measurements and theoretical modeling along the lines of Yang et al. (2000); Baran
et al. (2001) would reduce the range of expected radiative properties thus decreasing the
magnitude of forward and measurement error covariances. It may also be possible to
use multiple observations from several viewing angles to gain some a priori knowledge
of the crystal type for a given radiance measurement thereby allowing a means to justify

reducing the magnitude of the covariance assumptions.

d. Effects of Single Scatter Properties

The synthetic retrievals described above depended on the use of Baran’s randomly ori-
ented randomized hexagonal ice aggregates for both the forward and inverse calcula-
tions. In this sub-section, we will alter these assumptions to examine their implications
for retrieval performance. For the cases above where Baran’s cloud properties were used

in both forward and inverse calculations, biases were the result of the relative magni-
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Figure 5.13: Normalized difference between retrieved and true optical depth for each the
five channel (top), Nakajima and King (middle), and split- window (bottom) approaches
for the thick cloud synthetic cases of Table 5.1.

tudes of the sensitivity- weighted forward model and a priori uncertainties. Retrieval
biases go to zero as forward model uncertainties go to zero. If, however, we were to use
different sets of radiative properties in the forward and inverse calculations, we could get
some idea of retrieval bias resulting from bad assumptions of cloud radiative properties
in our forward model. These experiments will essentially model the real- world retrieval
scenario from a given set of satellite observations where cloud radiative properties can-
not be known a priori and do not match our forward model assumptions. Technically,
these biases already have been characterized by our retrieval scheme as quantified in our
retrieval error covariances based on our best estimates of forward model and a priori
uncertainties. The biases resulting from using different assumptions of cloud radia-
tive properties in the forward and inverse problems should really fall somewhere in the
range of random error estimates for the original cases where the same radiative proper-
ties were used forward and back. It is important, however, to examine the results from

these synthetic tests not only to show that these biases indeed agree with our random
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Figure 5.14: Diagonal elements of the A-matrix for IWP and effective radius for the
split-window retrieval scheme for the thick cloud synthetic cases of Table 5.1.

error estimates but also to re- emphasize the idea that these biases are the only piece of
information available from retrieval schemes that do not explicitly account for retrieval
uncertainties.

Figure 5.24 shows synthetic retrieval bias for the five- channel retrieval scheme for
thick clouds using columns to generate the synthetic radiances and then inverting using
Baran’s aggregates. Biases for both IWP and effective radius are now very large with
values often near 50 percent but still fall within the uncertainty estimates found for the
original base case. Examination of the sample case with true IWP of 120 g/m? and ef-
fective radius of 24 um will show that while biases are large they are not statistically
different. For the retrieval scheme using Baran’s aggregates to generate synthetic radi-
ances, retrieved IWP was 118 g/m2 with one standard deviation of 51 g/m2 and retrieved
effective radius was 23.7 pum with one standard deviation of 10.4 ym. When columns
are used to generate synthetic radiances, retrieved IWP and effective radius become 69
g/m? and 12.0 pum, respectively, which although quite different still fall within about one
standard deviation from our best guess. It should be noted that the optical properties of
the pristine columns are very different than those of the randomly oriented randomized
hexagonal aggregates, meaning that large differences in retrieval results for these two

habits would be expected. This idea shows the fundamental importance of making a
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Figure 5.15: Normalized retrieval bias for IWP for each the five channel (top), Nakajima
and King (middle), and split- window (bottom) approaches for the thin cloud synthetic
cases of Table 5.1.

representative guess of cloud optical properties in the forward model; the choice of out-
lying cloud properties as the base assumptions of the model will result in heavy biases
and possibly retrieval convergence issues. Figure 5.25 shows that for these cases, the
biases cannot compensate to create the correct optical depth, simply because the IWP -
effective radius combination for columns has a different optical depth than that for the
aggregates. Relative differences in retrieved and true optical depth can be as high as 60
percent for those cloud cases with small effective radius, agreeing somewhat with the
random errors for optical depth presented in Figure 5.5 for the thick cloud base cases.
Additional calculations were run for other crystal types with the same basic conclu-
sions. Figure 5.26 shows biases and chi- square values found from inverting radiances
generated with Baran’s aggregates with a Henyey- Greenstein phase function. Although
the biases are large, the very large chi- square values indicate that the retrieval scheme
simply could not match observed and simulated radiances, again stressing the the proper

selection of representative cloud properties for the retrievals.
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Figure 5.16: Normalized retrieval bias for effective radius for each the five channel (top),
Nakajima and King (middle), and split- window (bottom) approaches for the thin cloud
synthetic cases of Table 5.1

e. Other Considerations

Additional synthetic tests were run to evaluate retrieval performance for different cloud
heights, atmosphere types, solar zenith angles, and even daytime- nighttime conditions.
Since these results were very similar to the base assumptions described above and there-
fore add little to the discussion, the specific details of these cases will be neglected to

spare the readers to any more figures.

[ Summary of Synthetic Results

A series of synthetic experiments were performed to quantify bias and random errors
for the five- channel retrieval scheme given the results of the forward model uncertainty
analysis of the proceeding chapter. Retrieval performance for our five- channel retrieval
scheme was examined as a function of IWP and effective radius using the aggregates

of Baran et al. (2001) for both the forward and inverse calculations. These retrieval
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Figure 5.17: Normalized retrieval uncertainty for IWP for each the five channel (top),
Nakajima and King (middle), and split- window (bottom) approaches for the thin cloud
synthetic cases of Table 5.1.

results were then compared to the bi- spectral split- window and Nakajima and King
approaches and even to a 16 channel retrieval scheme to try to quantify the results of our
information content analysis of the proceeding chapter in terms of cloud retrievables.
Base assumptions such as magnitude of forward model uncertainties and cloud optical
properties were in turn altered in the five- channel approach to determine their influence

upon retrieval results. The major points from these experiments:

e Uncertainties in retrieved ice cloud properties for the five- channel retrieval scheme
based upon the rigorous uncertainty analyses of the proceeding chapter are large
and state dependent, with typical random errors near 40 to 50 percent for both
IWP and effective radius. The large uncertainties found for this relatively com-
plex retrieval scheme need consideration when examining the utility of absolute
numbers or trends found in existing cloud products which are often based on much

simpler techniques that overlook all significant error sources.

e The five- channel retrieval scheme had smaller retrieval bias and random error than
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Figure 5.18: Normalized retrieval uncertainty for effective radius for each the five chan-
nel (top), Nakajima and King (middle), and split- window (bottom) approaches for the
thin cloud synthetic cases of Table 5.1.

the optimal- estimation versions of the split- window and Nakajima and King ap-
proaches for all states of the atmosphere. Although the use of additional channels,
as in the 16 channel scheme outlined above, does improve retrieval performance
slightly, the additional computational expense associated with using more chan-
nels probably does not offset the small gains. A possible drawback to using a five-
channel scheme (and to a much greater extent in using a 16 channel scheme) is
retrieval convergence issues related to matching multiple real- world observation
to simulated radiances based on forward model assumptions, an idea that will be

re- visited in Section 5.4 describing the CRYSTAL-FACE MAS retrievals.

e Uncertainties in retrieved IWP and effective radius are highly correlated. Since
both act to determine cloud optical depth, a bias in one field induces a correspond-
ing bias in the other in such a manner as to allow the optimal- estimation based
retrieval scheme to match observed radiances. As such, random errors in indi-

rectly retrieved optical depth are generally low, with values generally under 30 %.
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Figure 5.19: Normalized difference between retrieved and true optical depth for each the
five channel (top), Nakajima and King (middle), and split- window (bottom) approaches
for the thin cloud synthetic cases of Table 5.1.

These compensating retrieval biases, however, suggest that traditional look-up ta-
ble schemes which retrieve optical depth and effective radius (as opposed to IWP
and effective radius) require a fixed effective radius- IWP constraint that leaves the
veracity of the retrieved effective radius somewhat in doubt. The additional de-
gree of freedom provided by the retrieval of both IWP and effective radius results

in a better formulated problem with a wider range of possible retrieval solutions.

e Since both forward model uncertainties and the climatological range of ice cloud
properties are large, the proper selection of a priori assumptions is critical for
reducing retrieval bias. The relative advantages of an initial guess based upon
either an empirical radar reflectivity- IWP relationship or a bi- spectral passive

retrieval scheme need determination for the design of an operational retrieval.
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Figure 5.20: Normalized retrieval bias for IWP and effective radius for the five channel
scheme are shown in the top two panels. These same two fields for the 16 channel
scheme are shown in the bottom two panels.

e The use of a flat 10 percent forward model error covariance for all MODIS chan-
nels and states of the atmosphere reduces random errors in IWP and effective
radius to values generally under 20 percent for most states of the atmosphere.
Since our best estimates of forward model uncertainties based on the base physics
of the ice problem suggest values near 100 percent for some channels and states of
the atmosphere, such small retrieval random errors are not currently possible. Im-
provements in the understanding of real- world cloud radiative properties, in- situ
measurement techniques, and satellite- observations of the angular dependence of

the radiance field could reduce the magnitude of these uncertainties.

e Selection of representative cloud radiative properties for a retrieval scheme is im-

portant as the use of non- representative properties in either the forward model or
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Figure 5.21: Normalized retrieval uncertainty for IWP and effective radius for the five
channel scheme are shown in the top two panels. These same two fields for the 16
channel scheme are shown in the bottom two panels.

the development of a look- up table will result in heavy retrieval biases. These
biases cannot be considered random errors and will not average out even for an

operational retrieval on the global scale.

4. CRYSTAL-FACE Retrievals

The five- channel retrieval approach suggested from the information content analysis of
the proceeding chapter was examined in context of the synthetic retrieval studies de-
scribed in Section 5.3. Retrieval performance in terms of both bias and random error
was quantified and found nearly always better for the five- channel approach than for

either the optimal -estimation versions of the Nakajima and King and split- window ap-
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Figure 5.22: Normalized retrieval bias for IWP and effective radius for the five channel
scheme using our best estimate of forward model uncertainties are shown in the top
two panels. These same two fields for the five channel scheme using a flat 10 percent
forward model error for all channels and states for the atmosphere scheme are shown in
the bottom two panels.

proaches. Although these analyses show that the five- channel retrieval approach has
significant advantages over the other schemes in both information and performance, it is
important to remember that the information content analysis and the synthetic retrievals
depend upon the same cloud microphysical properties and thus the same radiance sen-
sitivities and uncertainty estimates. It is therefore necessary to use real- world data to
further evaluate the retrieval. As mentioned above, the use of a five- channel retrieval
scheme may suffer difficulties that the two- channel retrieval schemes may not experi-
ences simply in trying to match more real- world observations. In this section, the five
channel retrieval scheme will be applied to MODIS Airborne Simulator (MAS) data

from the CRYSTAL-FACE experiment and then compared to the bi- spectral retrieval

139

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Normalized retreival error for IWP

~75
t 60 RN
Z 45
e 30
& 15 premm—
12 1A 24 30 a8

offective radius (um)

— : : : |

0.0 0.2 0.4 0.6 0.8 10

normalized sx for Reff

75 R - .
© 60 ) T RS T e

Z 45
% 30
15 YT
12 L.}

24 30 8
stfective radius (um})

0.0 <3 0.4 0.6 0.8 1.0

Normalized retreival error for IWP

30 ae

12 1B

24
effective radius (um)

.0 2

0.4 0.6 0.8 1.0

0.

Normalized retireval error for effective radius

Figure 5.23: Normalized retrieval uncertainties for IWP and effective radius for the five
channel scheme using our best estimate of forward model uncertainties are shown in
the top two panels. These same two fields for the five channel scheme using a flat 10
percent forward model error for all channels and states of the atmosphere are shown in
the bottom two panels.

schemes to determine if these real- world results meet expectations from both the infor-

mation content and synthetic retrieval approaches.

a. Cirrus Cloud Case Results

The Cirrus Regional Study of Tropical Anvils and Cirrus Layers - Florida Area Cirrus
Experiment (CRYSTAL-FACE) which took place in summer 2002 provides the ideal
real- world data set to test the five- channel retrieval scheme. A large number of co-
incident airplane, ground- based, and satellite- based observations were taken during

CRYSTAL-FACE to meet the ultimate project goal of gaining a better characterization
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Figure 5.24: Retrieval bias for IWP, effective radius, and cloud temperature are shown
in the top three panels, respectively, for the five- channel retrieval scheme assuming
columns to generate synthetic radiances. Large chi- square diagnostic values as shown
in the bottom panel for the the smallest effective radius indicate a poor fit of observa-
tions with retrieved parameters. The gray chi- square values indicate failure in retrieval
convergence.

of the role of tropical cirrus clouds in climate processes. For the five- channel retrieval
scheme designed for use with MODIS and CloudSat satellite- observations, the relevant
measurements to assess the retrieval scheme from CRYSTAL- FACE measurements are
the MODIS Airborne Simulator (MAS) measurements used in conjunction with the ei-
ther the Cloud Radar System (CRS) or the Cloud Physics Lidar (CPL), all which were
flown aboard the ER-2 research aircraft. Even though a tremendous number of mea-
surements were taken during the campaign, the actual number of test cases available
for assessment of our retrieval scheme is limited to a relatively few cases which did not

grossly violate our error covariance assumptions of single- layer clouds, ocean surface,
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Figure 5.25: Indirectly retrieved optical depth, true optical depth, and the fractional
difference (truth - retrieved) are shown in the top three panels, respectively, for the five
channel retrieval scheme using columns to generate synthetic radiances and Baran’s
aggregates to invert them.

and near overhead sun. Figure 5.27 shows the ER-2 flight leg from July 23, 2002 for
just such an ideal validation case. At approximately 18:30 Z, the ER-2 over flew a pro-
gressively thickening cirrus cloud shield off the east coast of Florida as indicated by
the combined CRS- CPL overlap shown in Figure 5.28. The increasing 0.66 ym and
decreasing 10.8 um MAS radiances of Figure 5.29 clearly indicate the presence of an
optically variant cloud with a clear jump in visible reflectance corresponding to the low-
ering of cloud base as indicated by the CRS. This assessment scenario is nearly perfect
for testing the relative merits of the five- channel retrieval scheme as compared to the
two- channel schemes simply because the range of the observed cloud properties should
span the theoretical strengths and weaknesses of each of the bi- spectral approaches.

Figures 5.30 and 5.31 show retrieved IWP and effective radius, respectively, for each
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Figure 5.26: Retrieval bias for IWP, effective radius, and cloud temperature are shown
in the top three panels, respectively, for the five- channel retrieval scheme assuming
Baran’s aggregates to generate synthetic radiances and Henyey- Greenstein phase func-
tion to invert them. Large chi- square diagnostic values as shown in the bottom panel
indicate that the retrieval scheme failed for many of the cloud cases. The gray chi-
square values indicate failure in retrieval convergence.

the five- channel, Nakajima and King, and split- window retrievals from the combined
MAS and CRS measurements for the cirrus cloud case shown in Figure 5.28. The same
a priori guess of 20 um for effective radius and 100 g/m? for IWP was used for each
of these retrievals for continuity. Retrieval results are clearly different for each of these
approaches, with large differences between the bi- spectral retrievals for all cloud states.
The five- channel retrieval, however, tends to agree with the split- window approach for
thin clouds and with the Nakajima and King approach for thick clouds. These results
agree with expectations from both the information content analysis and the synthetic

retrievals. For thin clouds, the five- channel retrieval is similar to the split- window
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Figure 5.27: ER-2 aircraft flight pattern for CRYSTAL-FACE July 23, 2002. The cir-
rus test case described in this section occurred near 18:30 Z as the ER-2 was over the
Atlantic Ocean off Cape Canaveral.

simply because large forward model uncertainties in the shortwave channels due to habit
effects forces the retrieval to emphasize the information in the emission- based channels.
The Nakajima and King technique is susceptible to large retrieval uncertainties for thin
clouds when real- world cloud assumptions differ from forward model assumptions and
therefore its solution is not entirely trusted. Once the clouds become thick, however, the
lack of sensitivity in the emission- based channels forces the five- channel solution to
rely on the information from the Nakajima and King bands. Use of the split- window
channels for the thick clouds is relatively useless as retrieval properties converge very
near the a priori guess of 20 um and 100 g/m?.

Another interesting feature is the relatively smooth transition of the five- channel
results between thin and thick clouds as it essentially shifts from a split- window to a
Nakaijma and King type approach. These results imply that neither of the two- channel
approaches perform decently in these moderate optical depth conditions. In terms of
optical depth, Figure 5.32 also suggests that the five- channel retrieval scheme agrees
best with the split-window for thin clouds and with the Nakajima and King for thick
clouds, as expected. It should be noted that the five- channel scheme should not be

expected to behave exactly like the Nakajima and King approach even for very thick
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Figure 5.28: Radar (CRS) and lidar (CPL) reflectivities for CRYSTAL-FACE cirrus test
case of July 23. Areas of blue indicate only lidar signal; areas of red indicate only radar
signal, areas of green indicate lidar and radar overlap.
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Figure 5.29: MODIS Airborne Simulator radiances for 0.66 pm and 10.8 ym bands for
CRYSTAL-FACE cirrus test case of July 23.

clouds simply because of he influence of the 4.05 um channel. Likewise, the five-
channel should not behave exactly as the split- window for thin clouds not only because
of the influence of the scattering and SWIR channels but also because it has replaced
the 12.0 pm split- window channel with the 13.3 CO, slicing band. Regardless, these

encouraging real- world results suggest the five- channel retrieval scheme may have

utility for real- world data at an operational level.
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Figure 5.30: Retrieved IWP for CRYSTAL-FACE cirrus cloud case using each the five-
channel, Nakajima and King, and split- window approaches.

b. Retrieval Difficulties for Cirrus Case

Although the final results from the CRYSTAL-FACE MAS- CRS retrievals seem nearly
idyllic in matching expectations from the information content analysis and synthetic
studies, it should be noted that the both the five- channel and Nakajima and King re-
trievals required an initial relaxation of forward model error covariance assumptions to
achieve convergence for some of the thin cloud measurements. When using our best
assumptions of forward model uncertainties from the previous chapter, the five- channel
retrieval scheme did not achieve convergence for any of the thin clouds up to optical
depth of about five, whereas the Nakajima and King failed for a few of the thinnest
cloud cases. To achieve convergence, the error covariance assumptions for the visible
channels were relaxed to 30 percent for the scattering channels and 15 percent for the
infrared channels whenever state- dependent error assumptions fell below these levels.
In fact, even this relaxation does not always ensure convergence for the Nakajima and
King scheme as indicated by the missing values for four of the thin cloud retrievals as
shown in Figures 5.30 - 5.32.

The implication of these failed retrievals is that the real- world does not entirely

match the quantification of potential sources of error as outlined in the proceeding chap-
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CRYSTAL—FACE July 23 case: Effective Radius
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Figure 5.31: Retrieved effective radius for CRYSTAL-FACE cirrus cloud case using
each the five- channel, Nakajima and King, and split- window approaches.

ter. One likely cause of these discrepancies is the use of a very well- defined ocean
surface albedo of 10 percent for the visible channels and 1 percent for the SWIR and
infrared channels in our forward model uncertainty analysis of Chapter 4. Deviations
of the real- world albedo from this guess would cause the most difficulties for the thin
cloud cases where convergence sometimes failed. Although uniikely, it is entirely pos-
sible that the relatively small 50 m field of view of the MAS instrument flying at 20 km
could be contaminated, say by a large fish. Other possible sources of difficulty in match-
ing observations with expectations are solar and cloud geometry. Estimation of forward
model error covariance matrices for the synthetic studies above were based on an over-
head sun, a condition which is technically violated for the CRYSTAL-FACE case with
a zenith angle of 15 °C. The total neglect of real- world 3-D effects may cause difficul-
ties in matching visible band observations as these channels would be most susceptible
to variations in cloud geometry. Regardless of specific sources of error, more channels
used in a retrieval necessarily means more chances for the real- world to deviate from
the idealized assumptions of the inversion scheme, as represented by the original failure
of the five- scheme approach for almost all cases under optical depth of 5.

This failure of convergence for the multi- band retrieval schemes does bring up the

possibility that the use of observations may provide an empirical means to estimate
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CRYSTAL—-FACE July 23 case: 10.8 um Optical Depth
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Figure 5.32: Retrieved optical depth for CRYSTAL-FACE cirrus cloud case using each
the five- channel, Nakajima and King, and split- window approaches.

measurement and forward model error. A series of retrievals could be run with different
base forward model and error covariance assumptions to determine when the retrieval
converges as a function of state of the atmosphere. These results , however, would
need independent validation of the state of the atmosphere to make the results of use

operationally and should be considered as a possibility for future research.

5. Conclusions

In the proceeding chapter, a formal information content analysis suggested that the ideal
combination of MODIS measurements for an ice cloud property retrieval constrained
by CloudSat cloud boundary information was highly dependent upon the state of the
atmosphere. Each of the scattering, non- conservative scattering, SWIR, and infrared
bands has the potential to be the most useful depending upon exact cloud and atmo-
spheric properties. The use of traditional bi- spectral schemes that only employ one or
two of these spectral regions, such as the Nakajima and King and split- window ap-
proaches, therefore cannot always ensure an accurate estimate of cloud properties for
all retrievals. A five- channel retrieval scheme was therefore proposed that would incor-

porate measurements from each of these spectral regions and would hopefully allow an
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accurate retrieval regardless of state. The use of the flexible optimal- estimation based
retrieval framework provides the ideal means to properly weight those channels with
the most information given atmospheric state through a rigorous accounting of the for-
ward model and measurement error covariance matrix. In this chapter, we quantified
the implications of retrieval information content in the more practical terms of retrieval
performance for the five- channel scheme as opposed to the more traditional approaches.

The various retrieval approaches were applied to both a series of numerical synthetic
experiments and to real- world CRYSTAL-FACE data. The five- channel retrieval ap-
proach consistently performed better than either of the bi- spectral schemes in terms
of both bias and random error for retrieved IWP and effective radius in these synthetic
studies. Even though the five- channel retrieval approach did an excellent job in maxi-
mizing possible information for any given retrieval, the large fundamental uncertainties
in the physics of the ice cloud problem result in substantial retrieval random error typi-
cally near 30 to 40 percent for both IWP and effective radius. In addition, uncertainties
in the representative cloud radiative properties used for global retrieval schemes imply
the possibilities that substantial biases exist in these data sets which cannot average out
regardless of the number of retrievals. These large uncertainties surely inject a note of
caution on a literal interpretation of exact values or small trends found in existing cloud
climate products. Although the use of all MODIS channels would improve theoretical
retrieval performance, the increased computational cost for minor retrieval gains and the
increased risk of retrieval failure when applied to real- world data make such an option
intractable.

For application to CRYSTAL-FACE data, the five- channel retrieval behaved some-
what as expected, agreeing with the Nakajima and King type approach for thick clouds
when emission- based channels have little sensitivity and with the split- window ap-
proach for thin clouds when the scattering- based channels may produce large biases.
A practical difficulty in application to CRYSTAL-FACE data, however, was that the

forward model error covariance assumptions had to be relaxed to achieve retrieval con-
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vergence for thin clouds. This difficulty can only mean that our rigorous forward model
error covariance analysis of the proceeding chapter was not quite correct, where either
improper characterization of surface albedo or lack of inclusion of cloud 3-D scattering
effects were the most likely cause of the discrepancies.

Despite minor differences, the results of the five- channel retrieval scheme as applied
to real- world CRYSTAL-FACE data supported the conclusions drawn from the theoret-
ical information content analysis and the numerical synthetic studies, giving hope that
the five- channel approach has the potential as an operational retrieval on a global scale.
An initial concern would be the huge computational cost associated with the use of five
channels in the iterative optimal- estimation retrieval framework. The near constant in-
crease in computer power combined with recent advances in the efficiency of forward
model radiative transfer calculations (Christi and Gabriel (2003)), however, should allow
this scheme to be implemented at an operational level in the very near future. The poten-
tially more damaging problem for the five- channel scheme, however, is that of retrieval
convergence for real- world measurements. In the relatively well- defined CRYSTAL-
FACE retrieval for a single- layer cloud over an ocean surface, the forward model and
measurement retrieval error covariance still had to be relaxed to gain convergence. More
channels in a retrieval necessarily means more chances for the forward model variance
assumptions to be violated, possibly resulting in an inability to match observations with
our estimated cloud properties. In addition, improper selection of forward model cloud
radiative properties for this retrieval will not only lead to substantial biases but may also
lead to convergence failure for the reactively inaccurate ball-park estimates used for the
forward model error covariances. Much further work on classification of the ideal cloud
radiative properties with associated uncertainties for the wide- range of scenes expected

for an operational global retrieval is needed to determine the utility of this approach.
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Chapter 6

Conclusions

The purpose of this dissertation was a re-examination of the ice cloud retrieval problem
based upon a realistic assessment of the fundamental physics of the ice clouds them-
selves. Although seemingly narrow in scope, the idea was to take a step backward to
our core knowledge in attempt to assess our confidence in retrieved ice cloud properties
given the practical constraints of our current observational platforms. It is hoped that a
more realistic understanding of the retrieval problem may allow insights that will ulti-
mately result in a better characterization of the distribution and microphysical properties
of these clouds and their impacts on climate. These works were made possible only by
the recent development of optical properties at the MODIS channel wavelength for a
number of realistic crystal habits, allowing a means to quantify expected variability in
both forward and inverse calculations as a function of ice crystal habit. Implementation
of the optimal- estimation based retrieval technique for these studies was also critical,
not only in facilitating the direct inclusion of uncertainties from habit as well as other
potential sources of error in quantifying overall retrieval performance but also in provid-
ing a flexible framework capable of incorporating measurements from complementary

SENSOrs.
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1. Summary of Results

The split- window study presented in Chapter 3 provided the overall motivation and
general methodology for the entire dissertation. The split-window cirrus cloud retrieval
technique was cast in an optimal estimation framework to examine uncertainties in the
retrieval of cloud properties as a function of uncertainty in cloud emitting temperature.
This retrieval technique relies on differences in radiative properties for cloud particles at
10.8 pm and 12.0 pum to estimate cloud optical depth and effective radius from satellite
observed brightness temperatures. Small errors in assumed cloud temperature, how-
ever, can lead to large errors in retrieved cloud properties. The incorporation of cloud
boundary information from either the CloudSat Cloud Profiling Radar or the CALIPSO
lidar to constrain the window- region measurements is found to substantially reduce the
errors inherent to this approach. Uncertainties in optical depth and effective radius are
found to diminish from ~45 and ~80 %, respectively, in the absence of explicit cloud
boundary information to ~15 and ~60 % when accurate radar- or lidar-based estimates
are included. Retrieval performance, however, was found to be strongly dependent upon
the uncertainties arising from forward model assumptions such as ice crystal habit and
particle size distribution.

In Chapter 4, the ideas and methodology developed for the split- window channels
were applied at a more general level. Instead of just examining the effects of uncertain-
ties on retrieval performance for a well- known bi- spectral technique, rigorous sensitiv-
ity and uncertainty analyses were performed across the expected climatological range
of ice cloud conditions for seventeen MODIS channels commonly used in ice cloud re-
trieval schemes. The results of these studies were incorporated into a formal information
content analysis to select objectively those MODIS channels with the most information
for a cloud retrieval scheme constrained by co- incident CloudSat cloud boundary infor-
mation. We found that the combination of measurements that maximizes information

content is state dependent, meaning that no combination of two or three channels will
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always ensure an accurate retrieval for all states of the atmosphere. We therefore sug-
gested a five channel retrieval scheme that would consist of a combination of error-
weighted visible, near- infrared, and infrared channels chosen to use the inherent sensi-
tivities in each of these regions to ensure high information content regardless of the state
of the atmosphere. Application of such a unified approach at an operational level for the
global retrieval of ice cloud properties would have the additional advantage of ensuring
consistency in retrieved cloud products across different remote sensing campaigns.

In Chapter 5, we quantified the implications of retrieval information content in the
more practical terms of retrieval performance. Both the five- channel and the traditional
bi- spectral retrieval schemes were applied to a series of numerical synthetic experiments
and to real- world CRYSTAL-FACE data. In the synthetic studies, the five- channel re-
trieval approach consistently performed better than either of the two channel schemes in
terms of both bias and random error for retrieved IWP and effective radius. Even though
the five- channel retrieval approach did an excellent job in maximizing relative informa-
tion for any given retrieval, the large fundamental uncertainties in the physics of the ice
cloud problem result in substantial retrieval uncertainties typically near 30 to 40 percent
for both IWP and effective radius. Uncertainties in the selection of representative cloud
optical properties used for global retrieval schemes also imply the possibilities that sub-
stantial biases exist in these data sets which cannot average out regardless of the number
of retrievals. This potential combination of large uncertainties and large biases surely
inject a note of caution on a literal interpretation of exact values or small trends found
in existing cloud climate products. For application to CRYSTAL-FACE data, the five-
channel retrieval behaved somewhat as expected, agreeing with the Nakajima and King
type approach for thick clouds when emission- based channels have little sensitivity and
with the split- window approach for thin clouds when the scattering- based channels
may produce large biases. A practical problem in application to CRYSTAL-FACE data,
however, was that the forward model error covariance assumptions had to be relaxed to

achieve retrieval convergence for thin clouds. This difficulty can only mean that our rig-
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orous forward model error covariance analysis of the proceeding chapter was not quite
correct, where either improper characterization of surface albedo or lack of inclusion of

cloud 3-D scattering effects were the most likely cause of the discrepancies.

2. Future Work

The results and implications of this dissertation need thoughtful consideration in context
of future research possibilities. Much of the work presented here, such as the sensitiv-
ity and uncertainty analyses, were based on relatively simplistic physical assumptions
such as a well- defined ocean surface underlying a single- layer ice cloud. The ocean
surface was selected for these studies because it has a relatively well- defined albedo for
the MODIS wavelengths and because water covers nearly three- fourths of the surface
of the globe. Changing this assumption to a more problematic land surface with both a
larger magnitude and variability in visible and near- infrared albedo may alter the results
and conclusions of our studies for optically thin clouds. A larger albedo would reduce
the dynamic range and thus the sensitivity of most of these channels but may actually
decrease relative uncertainty simply because a larger reflected signal may somewhat
mask the fractional uncertainties associated with the forward model assumption of crys-
tal shape. Rigorous quantification of these competing effects for many different surface
types would be critical for the development of an operational algorithm. Similarly, even
a casual perusal of real- world measurements suggest that multi- layer cloud systems are
common. The methodologies developed in these studies could easily be extrapolated to
the much more difficult problem of multiple- layer clouds, which are often ignored or
neglected in many retrieval schemes. Indeed, with the expected increase in knowledge
of the vertical profile of the atmosphere gained with the launch of CloudSat, it may be
possible to develop an operational algorithm for these multi- layer clouds.

The next step in this research, however, is simply to determine the feasibility of the

five- channel retrieval scheme for single layer clouds using a combination of measure-
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ments from both MODIS and CloudSat. Although theoretical results based on a realistic
examination of our current understanding of ice cloud physics suggest the wisdom of
this approach, its application to real- world data may be more problematic. Indeed,
use of this retrieval on MAS data from CRYSTAL- FACE was somewhat promising but
suffered from the fact that our rigorous forward model covariances did not facilitate a
match to real- world observations. It is possible that these real- world deviations from
idealized assumptions may cause retrieval convergence difficulties when trying to match
five distinct observations. In such a case, the only way to achieve convergence would
be to inflate the forward model error covariances such as to cause heavy reliance on the
a priori guess and very large retrieval uncertainties. These issues will be examined in
depth with the launch of CloudSat when the combination of active and passive mea-
surements needed for this retrieval become available on the global scale. It should be
noted a more practical concern for this retrieval scheme is the large computational cost
associated with the iterative retrieval approach and the complicated ice crystal phase
functions. Although the retrieval scheme as outlined in this dissertation could certainly
not be implemented at a global level, it is hoped recent advances in both the efficiency
of radiative transfer calculations and computational power will allow a variation this
technique to be applied to the global scale in the near future.

Finally, another equally interesting option for future research would be to use the
results of the forward model error analysis work in a data assimilation context. Most
work in the atmospheric sciences tend to ignore errors for various reasons, but the data
assimilation community not only considers errors but relies on a proper error characteri-
zation to get realistic results. The results of the error analysis could be incorporated into
the RAMDAS 4-D VAR data assimilation scheme developed at the Cooperative Institute
for Research in the Atmosphere (CIRA) at Colorado State University. The preliminary
work would examine how errors in satellite- based radiances affect the estimation of
mesoscale cloud state from visible and infrared GOES imager measurements, based on

Vukivecic (in press). A more advanced application would be to use the state depen-
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dence nature of the uncertainty analysis in the data assimilation framework to estimate

the effects of scale on 4D-VAR results.
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