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ABSTRACT OF DISSERTATION

A MULTI-SENSOR APPROACH TO THE RETRIEVAL AND MODEL VALIDATION

OF GLOBAL CLOUDINESS

The ephemeral clouds have represented a daunting challenge to the atmospheric modeling 

community from the very beginning. Namely, their far-reaching importance to the energy 

balance and hydrological cycle of our planet is eclipsed only by the level of complexity at 

which they are nested within the non-linear climate feedback system. Too often are clouds 

oversimplified in atmospheric models simply for lack of a sound physical understanding 

of their integral role in the system. Historically, our knowledge of atmospheric variables 

has been steeped in a tradition of observations, and clouds are no exception. Hence, 

the onus falls squarely upon atmospheric remote sensing to provide this burden of truth 

through detailed, accurate observations of the physical system. Our inability to resolve 

by means of traditional passive sensors the detail of information required to characterize 

clouds has challenged us to explore other resources at our disposal. In this spirit, this 

research seeks to illustrate and, where applicable, quantify the ways in which active (e.g., 

radar and lidar) remote sensing devices on existing and proposed platforms can serve to 

improve our current understanding of cloud and cloud processes. Two perspectives are 

emphasized: 1) the role of active sensors in the improvement of cloud property retrievals 

and 2 ) their application to the validation/development of clouds in numerical weather 

prediction models.

First, a  new retrieval technique which employs active-sensors (e.g., lidar and cloud 

radar) to constrain cloud boundaries in the vertical is shown to decrease significantly the 

errors incurred by traditional passive satellite retrievals (which approximate cloud heights
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by various emission or shadow-geometry techniques), and those of night-time cirrus in 

particular. Based on results from twelve independent single-layer cloud case studies using 

reflected radiance/brightness-temperature information from GOES, the CSU SSP, and 

MAS, the a priori data were shown to improve the retrieval uncertainty of night-time 

cirrus optical properties in excess of 2 0 % for effective particle radius, and 10-2 0 % for 

optical depth. Uncertainties associated with solar reflection based single-layer retrievals 

showed improvements typically less than 5% (however, the unexplored benefits of active 

cloud profile information in the case of day-time multi-layered clouds remain significant).

The retrieval results are brought together with detailed cloud profile sampling from 

the Lidar In-space Technology Experiment (LITE) to conduct the first global-scale ac­

tive sensor validation of the ECMWF prognostic cloud scheme. Short-range (20-30 hr) 

forecasts matched to 6 6  night-time LITE orbits display remarkable agreement in cloud 

spatial distribution both in the horizontal and vertical. A weighted statistical analysis re­

vealed hit rates between 75-90%, threat scores 45-75%, probabilities of detection as 80%, 

and false alarm rates 10-45%. Retrieved cloud properties were converted to equivalent 

cloud liquid/ice water paths and compared against model forecasts. The findings of these 

comparisons reveal that while there is obvious room for improvement, the level of real­

ism displayed currently by the ECMWF prognostic cloud scheme forecasts suggest that 

the reanalysis data may be considered as a new resource for global cloud information. A 

practical application of these findings has been outlined in the context of defining Cloud- 

Sat instrument requirements based on virtual orbital observations created from ECMWF 

global cloud distributions of liquid and ice water contents.

The outcomes of the research are a near-operational GOES retrieval scheme with per­

formance diagnostics, an quantified assessment of the benefits provided to cloud property 

retrievals using a multi-sensor observing system that includes active components, and a 

new perspective on the currently ability of numerical weather prediction models to forecast 

clouds. This final outcome gives cause for new hope in capturing the complex radiative, 

convective, and dynamical feedback mechanisms associated with clouds in the climate 

feedback system. Insodoing, this research appeals to the need for an improved collabo­

rative rapport between the now largely disjoint modeling and measurement communities.
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Establishment of this link is argued to be the key step toward realizing the true potential 

of multi-sensor data in addressing the cloud/climate problem.

Steven D. Miller
Department of Atmospheric Science 
Colorado State University 
Fort Collins, Colorado 80523 
Spring 2000
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Chapter 1

INTRODUCTION

Finite to fail, but infinite to venture.
For the one ship that struts the shore 
Many's the gallant, overwhelmed creature 
Nodding in navies nevermore.

—Emily Dickinson

When one embarks upon the harrowing voyage of composing their Dissertation, the 

most troublesome leg is often the first. As Shakespeare duly noted, ‘‘brevity is the soul 

of wit,” and so in turn do we strive to articulate years of labor, long days and longer 

nights, triumphs and (primarily) tribulations, into a  cohesive description of “what we 

did,” “why we did it,” and “what was learned”-hopefully without lulling the reader into 

a  trance of disinterest somewhere en route. To what extent Shakespeare’s advice applies 

to Dissertations is debatable, although avoiding this most unenviable of writer’s fates 

in a scientific forum (perhaps the least forgiving of them all) remains a valid concern. 

One mustn’t plunge hurriedly into the grit of the matter without first mentioning the 

stone which it aims to polish. We must take care to first paint meticulously a clear and 

motivating picture of what the content is to be. The most obvious means to attaching 

relevance to a work (or at least suggest a  method to the ensuing madness) is to locate 

and identify concisely where this specific research fits within the greater scope of the Big 

Picture appealing to the interests and concerns of The Many. This development is by no 

means a t odds with the aforementioned appeal to brevity; for without it even the first 

sentence is a  mountain to scale. And so in this spirit, it is here that we shall launch our 

discussion with the hope that by journey’s end the forest is not lost for the trees.
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1.1 The Big Picture

We begin by introducing the main focus of this research and where it falls within the 

context of the greater scheme of things. A unifying goal of the many sub-disciplines in 

atmospheric science is to understand how all the components of the climate system, great 

and small, convolve and converse in complex, non-linear ways to manifest the ensemble 

system as we know it. The differential heating of our planet’s atmosphere and surface by 

solar (shortwave) energy serves as the primary driving mechanism to this system. Radia­

tive equilibrium is achieved by re-emitting thermal (longwave) energy to space and mixing 

of heat from regions of surplus to deficit. All circulations cascading down to smaller and 

smaller areas, characterized by the dynamics of a  rotating fluid, the thermodynamics and 

chemistry associated with this fluid, and the radiative properties (absorption, emission, 

and reflection) of the atmosphere and underlying surface, engage in an incessant attempt 

to maximize the entropy of the system (i.e., achieve a state of equilibrium). In the highly 

relevant analogy to system and control theory, we observe the convolution of internal 

gains and feedbacks of the Earth’s dynamic transfer function in the form of weather (high 

frequency) and climate (low frequency) phenomenon.

Clouds are an important and active component of this feedback system. As three- 

dimensional dynamic manifestations of the hydrological cycle at work, clouds influence 

the nature of the radiative exchange in terms of how much energy (both shortwave and 

longwave) enters or exits the system and where (spatially) energy surpluses (heating) and 

deficits (cooling) occur. This distribution of radiative heating feeds back to modify the 

synoptic-scale atmospheric circulation, which in turn dictates the incipient formation of 

cloud, and so assumes a closed-loop feedback element of the climate system. In other 

words, clouds close their feedback “circuit” by in turn influencing (by virtue of their 

optical properties1 the very circulations responsible for their formation. The relationship 

is rendered more complex by the fact that different clouds interact with radiation in

’That is, how the cloud interacts with electromagnetic radiation
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different ways, depending on their height, thickness, and microphysical properties such 

as phase, particle shape and size distribution. Further, the optical properties of clouds 

and the gaseous soup in which they reside are highly variable across the spectrum, owing 

in large part to complex absorption spectra of water. The simple minded picture of a 

single feedback gives way to a much more complicated situation of multiple feedbacks 

intertwined. Being woven so tightly into the fabric of the climate feedback system, clouds 

remain an unresolved and challenging obstacle to improving of our current understanding 

of clouds and their role in climate. It is to this challenge that we must rise in undertaking 

the charge of characterizing the Garth’s cloud climatology in a comprehensive manner.

In addition to latent heating processes, clouds affect the Earth’s energy budget by 

interacting with solar and thermal radiation in a complicated way. In most cases, clouds 

reflect more radiation to space than a clear sky with reflecting lower boundary alone, 

leading to a cooling effect at the surface. In the thermal part of the electromagnetic spec­

trum (roughly 3.9-^m and upwards in wavelength), high clouds absorb upwelling radiation 

from the warmer surface and underlying atmosphere and re-emit this radiation to space at 

their cooler environmental temperature (and hence trapping energy), leading to a warm­

ing effect on the surface and lower atmosphere. Harrison et al. (1990) define a radiative 

forcing parameter exemplifying the insulator-like properties of cloud cover and yielding a 

globally, annually-averaged longwave and shortwave radiative effect of clouds on the order 

of +31 and -48 W /m 2, respectively, yielding a net cooling effect by clouds of -17 W /m 2. 

Regressing Earth Radiation Budget Experiment (ERBE) data with International Satellite 

Cloud Climatology Project (ISCCP) cloud classification algorithm products, Ockert-Bell 

and Hartmann (1992) partition cloud forcing effects as a function of cloud type. They find 

that high clouds contribute most to the longwave (warming) flux effect and optically-thick 

high clouds in the tropics and lower clouds at mid-to-high latitudes contribute most to 

the shortwave (cooling) effect.

In order to better acknowledge their role in the global climate system, cloud distri­

butions and optical properties must of course be better understood and quantified on the 

global scale. The most convenient vehicle to addressing these needs is the environmental
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satellite platform. Instruments flown aboard satellites in either geostationary (GEO) or 

low-earth (LEO) orbits provide a  global vantage point from which we can observe cloud 

formations from scales of hundreds of kilometers down in tens of meters, depending on the 

instruments used. Environmental satellites historically have carried passive radiometer 

instruments due primarily to cost and technology constraints. While the ability of passive 

remote sensing devices to observe many key elements of atmospheric structure, dynamics, 

and constituents are proven, there remain important shortcomings associated with vertical 

resolution of profile. Specific examples include the detection of cloud layers residing below 

upper layers of optically thick clouds, the placement in the vertical of optically thin cirrus, 

and the physical structures within the clouds themselves.

Many passive sensor techniques taking advantage of spectral-dependence and atmo­

spheric column absorption have been developed to extract information from the integrated 

scene as observed from the satellite platform. Daytime retrievals, for example, take advan­

tage of solar reflection measurements which help to constrain solutions to optical depth 

and particle size. Nighttime retrievals (which must rely only upon emission information 

from the cloud and atmosphere system) can pose larger problems to passive remote sensor 

retrievals (e.g., cloud location and emissivity become critical players in measurement sen­

sitivity). Uncertainties that can be attached to these retrieval approaches, however, could 

be reduced considerably by including a priori information (e.g., cloud profile information 

as provided by an active sensor).

Implicit to the term “satellite platform” is the notion that satellites are not limited in­

herently to accommodating only a single genre of instrument. With advancing technology, 

new instruments (to space that is, e.g., active sensors such as lidars and radars which have 

heretofore been confined to terrestrial/aircraft platforms due to size, power consumption, 

and high data acquisition rates) are now joining passive sensors on satellites. With their 

ability to penetrate and profile a cloud’s internal structure, these instruments will provide 

literally a new dimension to cloud observations on the global scale. Notable examples 

of active instruments that have or will soon be included on civilian environmental satel­

lites are the Ttopical Rainfall Measuring Mission (TRMM) (precipitation radar; Simpson,
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1988), CloudSat (94 GHz cloud profiling radar; Stephens et al., 2000), and the Pathfinder 

Instruments for Cloud and Aerosol Spaceborne Observations (PICASSO) (532-nm lidar; 

Winker et al., 1999) programs.

1.2 Our Current Level of Understanding

The lion’s share of what we know about clouds in terms of their physical makeup, 

spatial/temporal distribution, formation and dissipation mechanisms/time-scales, type 

classification and radiative impacts on Earth’s radiative energy budget draws from a wide 

array of contributions from environmental satellite and Earth-based missions. While much 

has been accomplished, the scale of the problem demands a great deal more. Included 

here is a summary of the more notable developments in the area of cloud remote sensing 

and modeling.

1.2.1 Remote sensing campaigns

The ERBE mission (Barkstrom, 1986), carried on the National Oceanic and At­

mospheric Administration (NOAA) 9 and NOAA-10 satellites and the Earth Radiation 

Budget Satellite (ERBS), have made measurements of the incident/reflected solar and 

Earth-emitted longwave radiation to compute accurate (~ 1%) monthly-averaged prod­

ucts at 250-km resolution. These data provide the first global estimates of meridional heat 

transport and cloud radiative forcing. As the first project of the World Meteorological Or­

ganization’s (WMO) World Climate Research Program (WCRP), the ISCCP (Rossow et 

a i , 1985) gathered visible and infrared satellite imagery to formulate a  cloud climatology 

with classifications based on cloud type, optical thickness, and cloud top pressure. The 

Atmospheric Radiation Measurement program (ARM; ARM  Program Plan, 1990) is an 

ongoing collaborative effort among many remote sensing groups to investigate continental, 

tropical, and arctic cloud properties enlisting a suite of sensors and multi-platform observ­

ing system. The National Aeronautics and Space Administration’s (NASA) Clouds and 

the Earth’s Radiant Energy System (CERES; NASA Ref., 1995) program has developed a 

systematic approach to identifying and retrieving the optical properties of clouds and the
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surface from high spatial and spectral resolution satellite observations as part of the theo­

retical development for the Moderate-Resolution Imaging Spectroradiometer (MODIS) to 

be flown on the Earth Observing System (EOS)-AM and -PM satellites. In addition to 

these ventures, many cloud distribution and property retrieval studies have been carried 

out by a great number of independent researchers using satellite, airborne and land-based 

narrow-band/broadband radiometers, spectrometers, and active instruments. Several of 

the established remote sensing techniques from which this research draws are revisited 

farther along.

1.2.2 Modeling of clouds

Concurrent with the efforts of the remote sensing community to better observe clouds 

are those of the modelers to represent clouds more realistically in numerical weather pre­

diction (NWP) models for forecasting and general circulation models (GCMs) for climate 

research. Arakawa (1975) cited succinctly the reasons for parameterizing clouds in GCMs:

“The importance of clouds in climate modeling cannot be overemphasized. 

Clouds, and their associated physical processes, influence the climate in the 

following ways:

1. By coupling dynamical and hydrological processes in the atmosphere 

through the heat of condensation and evaporation and redistributions 

of sensible and latent heat and momentum.

2. By coupling radiative and dynamical-hydrological processes in the atmo­

sphere through the reflection, absorption, and emission of radiation.

3. By coupling hydrological processes in the atmosphere and in the ground 

through precipitation; and

4. By influencing the couplings between the atmosphere and the ground 

through modification of the radiation and the turbulent transfers at the 

surface.
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Although these cloud-dominated processes have long been known to be im­

portant in determining climate, clouds have been very poorly formulated in 

climate models.”

Early cloud parameterizations were concerned only with the radiative effects of clouds 

on the atmosphere and surface (Slingo, 1987). These schemes diagnosed fractional cloud 

coverage and condensate from large-area conditions such that the important latent heat ef­

fects associated with clouds and precipitation had to be handled with separate (and highly 

simplified schemes). The fundamental problem of these schemes was that the clouds in­

teracting with radiation were not related to the model condensation and evaporation 

processes (Jakob, 1999). The work of Tiedke (1993) has revolutionized the field by includ­

ing budget equations for cloud fraction liquid/ice water in a fully-prognostic treatment 

which is now in use operationally at the European Centre for Medium-Range Weather 

Forecasts (ECMWF). Instead of computing cloud parameters ad hoc (after all physical 

processes have been computed independently), the new scheme couples these processes to 

the generation/dissipation of cloud (following in time the evolution of cloud fraction and 

total condensate by means of advection, source and dissipation terms). Attempts to assess 

the performance of this scheme using observational data have been performed by Mace 

(1998) using ground-based cloud radar and Miller et al. (1999) using global lidar data from 

LITE. These developments have rekindled hope that clouds may indeed be representable 

in global NWP models in a non-statistical, non-diagnostic, and physically intuitive way.

The continued development of model cloud schemes hinges on the ability of atmo­

spheric remote sensing to provide detailed and quality-controlled training and validation 

data for clouds and other relevant atmospheric parameters on the global scale. The piece­

meal quality of our existing data, the inconsistencies among the many approaches, and 

the amount of uncertainty implicit to each of them paints an indecisive picture of how 

clouds contribute to global radiative feedback processes. While the ISCCP provides an 

invaluable service in composing the first ensemble cloud climatology (drawing from an 

extensive composite of methodologies from the literature in the process), the uncertainties 

and physical limitations associated with the passive instrument techniques it is forced to
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employ leaves a great deal of room for improvement. The refinement of cloud representa­

tion in GCMs is limited by our current inability to provide the necessary validation data 

at the required space/time resolution. As active instruments become operational on the 

space platform, we are justified in demanding a higher standard by which we define the 

global cloud climatology.

1.3 Primary Areas of Deficiency

The data accumulated from remote sensing campaigns form collectively a rather 

porous archive of cloud spatial distributions and certain bulk cloud radiative effects. While 

important strides have been taken, the current state-of-the-art in remote sensing prod­

ucts still leaves much to be desired. Three principle areas of concern stand out. First 

and foremost is the pressing need for a more advanced observing system that includes 

active instrumentation on the space platform to complement the existing array of passive 

infrared and microwave radiometers. Working together, these instruments will provide 

crucial three-dimensional information about the altitude, temperature, precipitation pro­

cesses, water content and microphysics of clouds, never-before obtained on the global scale. 

Secondly, the methods applied to the retrieval of cloud optical properties must be refined 

to optimize the utility of the new information provided by active sensors. Information on 

the true cloud boundaries, for example, eliminates a great deal of the uncertainty associ­

ated with the night-time (infrared-only) retrieval of optically-thin cirrus clouds. Lastly, it 

is imperative that an improved rapport between modelers and measurement groups be es­

tablished and maintained. In this way free exchange of ideas and needs are communicated 

and addressed. Materializing any one of the above amendments would, in and of itself, go 

far to improving our understanding of clouds in the framework of climate feedback.

1.4 Scientific Objectives and Basis

In light of the satellite missions currently underway, the material addressed here in 

this work is timely. Convincing evidence warranting the ongoing implementation of these 

expensive payloads in space must be quantified. Proof-of-concept must be demonstrated.
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It is anticipated that the new research avenues opened by forthcoming missions will install 

active remote sensors as a  permanent fixture to this observing platform in its own right. 

Even so, the time to begin paving these avenues is now. It is no longer difficult or even 

unrealistic at this juncture to envision a “space based ARM-equivalent” observing system 

in the not-so-distant future, dedicated to global cloud and aerosol detection and retrieval 

under an armada of passive and active instrumentation operating in concert. These are 

indeed exciting times for the atmospheric science community!

Before realizing these goals, however, the road-blocks outlined above must first be 

negotiated. This research addresses the first two points by illustrating the utility of active 

sensor information when applied the retrieval of cloud optical properties. Emphasized in 

these case studies is the role of the active sensor in providing the retrieval with a priori 

cloud height data at a resolution unavailable to passive radiometer instruments These data 

are used in synergy with satellite, surface, and aircraft-based radiometers in conventional 

retrieval approaches based on established physical relationships between a  cloud’s spectral 

reflectance/emittance and its microphysical properties. The third issue is addressed by 

outlining a collaborative effort carried forth with ECMWF to assess problem areas in the 

current implementation of the prognostic cloud scheme (Miller et al., 1999). This study, 

featuring global scale cloud height information from LITE, is the very first of its kind, 

and speaks to the potential for active sensors on the space platform to provide a paradigm 

shift in the way we measure, model, and understand cloud processes.

1.5 A Road Map

The plan of attack proposed to address the scientific objectives defining this work is 

outlined as follows. In Chapter 2, elementary concepts of radiative transfer theory and 

numerical methods to solving the radiative transfer equation are introduced as a launch­

ing point for the ensuing discussion of a  doubling and adding radiative transfer model 

developed for the cloud property retrievals of this work. The model was designed to simu­

late passive radiometer measurements throughout the visible and infrared spectrum with 

accommodation for the instrument channel response function and atmospheric gaseous
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absorption. The attributes, shortcomings, and sensitivity of this “forward model” are dis­

cussed in the context of cloud optical properties. Chapter 3 introduces the general concept 

of retrieval theory and focuses specifically on the estimation approach of Rodgers (1976); 

one which provides often overlooked error diagnostics that are essential to characterizing 

the quality of retrieval. Chapter 4 delves into the topic of model sensitivity, provides a 

physical basis for what cloud properties are retrievable, and outlines procedures followed 

in assignment of forward model and measurement uncertainties. Having established this 

background, Chapter 5 presents a  series of retrieval case studies intended to illustrate and 

quantify the benefits of a priori information provided by active sensors in cloud optical 

depth and effective particle radius retrievals. Chapters 6-7 comprise the heart of this work; 

exploring the synergy of active instrument cloud height data, cloud property retrievals, 

and NWP models drawing from the retrieval case studies of Chapter 5. Here, active sensor 

information is shown to be an indispensable tool in the validation and ongoing develop­

ment of NWP cloud schemes. Chapter 8  provides a sum m ary of findings, implications of 

conclusions drawn, and suggestions for relevant future research.

1.6 What Was Found

Through numerous cases spanning a great range of passive/active instrument com­

binations and cloud types, it was shown quantitatively the extent to which active sensor 

cloud-height information aids in the retrieval of cloud optical depth and effective particle 

radius. Ensemble case study results show the most dramatic improvements in retrieval 

uncertainty for night-time retrievals of optically thin cirrus clouds (where accurate knowl­

edge of cloud location in the vertical is critical). Typical values for these improvements 

in these cases were 20% for effective particle radius, and 10-20% for optical depth. The 

uncertainties associated with solar reflection based single cloud layer retrievals showed 

improvements usually less than 5%. This does not discount the benefits of active sensors 

to day-time applications, including the collection of detailed cloud profile information as 

well as retrievals where multi-layered clouds are present.
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Active instruments upon the space platform were also shown to be an invaluable re­

source in the validation of global forecasting models. Focusing on the ECMWF model, 

which employs the prognostic cloud scheme of Tiedke (1993), short-range (e.g., 24 hr) 

model forecasts of cloud cover were found to agree remarkably with LITE data binned 

to model resolution. For the 6 6  night-time LITE orbits considered, a weighted statis­

tical analysis revealed hit rates between 75-90%, threat scores 45-75%, probabilities of 

detection ~  80%, and false alarm rates 10-45%. The level of agreement in these com­

parisons (a complete qualitative and quantitative analysis is included in Appendix B) far 

exceeded original expectations a t the onset of this research. Combined active+passive 

cloud property retrievals were used to validate model liquid and ice water contents. The 

findings indicated that while the ECMWF prognostic cloud scheme forecasts realistic ver­

tical, horizontal and temporal distributions of cloud cover, there remain discrepancies in 

the liquid/ice contents which define ultimately their radiative forcing effect in the cli­

mate system. Nonetheless, the forecasted cloud condensate values were determined to be 

realistic with respect to observations. The composite result of this study unveil a very 

significant result: that while there is obvious room for improvement, the current level of 

realism displayed by the ECMWF prognostic cloud scheme forecasts suggests that the re­

analysis data may be considered as a  new resource for global cloud information. Practical 

applications of this result in the context of CloudSat instrument requirement analysis was 

examined; representing one of many possibilities for a burgeoning area of new research in 

the coming decade.

With continued improvement of model cloud parameterizations afforded by new vali­

dation data, reanalysis products hold promise as a viable means to exploring cloud convec­

tive, radiative, and dynamical feedbacks in the controlled model environment. The next 

logical step would be to explore the ways in which the growing active sensor database 

could serve NWP in an operational sense (i.e., in terms of data assimilation). The find­

ings of this research contributed in part to the CloudSat mission proposal (now accepted 

and scheduled for launch in 2003) which may be regarded as a stepping stone toward a 

network of active sensor data on the space platform. To convey the research embodying
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this Dissertation to the greater scientific community, a number of articles have been sub­

mitted to the public domain. Included are the materials covered in Chapters 2-5 (Miller 

et al., 2000; Stephens et al., 1999; and one paper in preparation), Chapter 6  (Miller et 

al., 1999), and Chapter 7 (in preparation). Perhaps most importantly, this dissertation 

appeals to the need for a much stronger collaborative relationship between modelers and 

remote sensing observationalists (with a  particular emphasis on the space platform) than 

what exists currently.

1.7 Summary

A global understanding of cloud distribution and optical properties is of paramount 

importance in our quest to characterize the role(s) of clouds in climate and climate feed­

back processes. Today, nearly four decades after the launch of the first environmental 

satellite, the cloud climatology we have managed to compile remains altogether crude 

from the perspective of what we really need to know. The long-awaited addition to the 

space platform of active remote sensing instruments is finally underway. The high reso­

lution profile information that they supply stands to revolutionize the way cloud optical 

properties are retrieved (especially in cases of multiple cloud layer profiles and night-time 

retrievals of cirrus), and their ability to penetrate and identify mid- and lower-level cloud 

layers below cirrus enables the first complete global climatology of all cloud types to be 

compiled.

While brevity certainly has its appreciated place in scientific writing, here it has been 

compromised for the sake of a more thorough treatment of the problem at hand. Stated 

succinctly, this work seeks to exemplify the complementary role of active sensors to pas­

sive radiometers (i.e., a  multi-sensor approach) in space for the remote sensing of clouds 

on the global scale, and to numerical weather prediction models in the capacity of model 

validation and development. Toward this end, a cloud property retrieval scheme was as­

sembled “from the ground up,” and applied to several organized cloud remote sensing 

projects which featured active sensor measurements of cloud profiles. The potential for 

these measurements to aid in the development of numerical weather prediction models was
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addressed in the presentation of an ECMWF/LITE correlative study for global cloud pro­

file validation, and retrieved cloud optical properties were compared to model-equivalent 

quantities. The results of these comparisons formed a quantitative assessment of the cur­

rent ability of cloud schemes in numerical weather prediction models and an encouraging 

commentary on the potential for non-traditional active sensor data to serve as a  vehicle in 

their continued improvement. Between where we stand today and a true understanding 

of clouds is a sea of challenges. The active instrument is proposed here as the appropriate 

vessel to navigate it.
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C h ap ter 2

THE FORWARD MODEL

2.1 Introduction

The first step in the development of any physically-based cloud property retrieval is 

the construction of a model capable of simulating how clouds interact with electromag­

netic radiation within an absorbing, emitting and scattering atmosphere. The underlying 

premise is that if this model can represent faithfully the physics of the system (i.e., repro­

duce observable radiances, for example), the model parameters characterizing the cloud 

can be tuned to match observations and thereby arrive a t a solution (assuming that condi­

tions for all other parameters affecting these radiances are known a priori) representative 

of the true physical state of the system. This “forward model,” as posed, represents our 

best attem pt at characterizing this physical system. A great number of forward models 

have been constructed for the purposes of cloud retrievals, ranging in complexity from sim­

ple parameterizations geared to a specific application to fully 3-dimensional, high spectral 

resolution models which include all elements of the radiative transfer equation explicitly. 

Even the most complex and generally-applicable of these models, however, is only as ac­

curate as our ability to specify accurately the many inputs that it requires (how these 

forward models are applied to retrievals is the subject of the next chapter).

This chapter develops from first principles a discrete ordinates radiative transfer 

model based on the interaction principle and the methods of doubling and adding (and de­

signed ultimately to serve as the forward model used in a  cloud property retrieval). In the 

development of this model, the plane-parallel assumption is invoked, which ignores the ef­

fects of horizontal heterogeneity (and hence, horizontal photon transport) that are known 

to be prevalent in the real atmosphere. Details of the model/user interface are provided
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Figure 2.1: Fundamental source and extinction components of radiative transfer theory.

in Appendix A of this dissertation. While more applicable to some clouds/atmospheric- 

profiles and less-so to others, the uncertainty associated with this constraint to the forward 

model must be accounted for in the error statistics of the retrieved.

2.2 Radiative Transfer Theory

Plane parallel radiative transfer models are well established in the literature (Twomey 

et ai (1966), Hansen and 'ftravis (1974), Greenwald and Stephens (1988), among many 

others). Fundamental to all of them are the mechanisms governing the change in spectral

intensity I  of wavelength A in direction £ along path s (see Figure 2.1). Within any

scattering/absorbing/emitting medium, this be represented simply as an energy balance 

equation formed by three main terms:

d l\
—£■ =  —Berth  +  BtcaSx +  Bab»B\ (2 .1 )

where is the volume extinction coefficient contributed to by gas, cloud, and aerosol 

formed by the composite of the volume scattering and absorption coefficients, asca and
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crabs (all having units of inverse length). The first term on the right hand side (RHS) of 

this equation describes loss due to extinction (either absorption of photons or scattering 

out of direction the second is a  “virtual source” term accounting for the scattering of 

photons into the direction £, and the final term is a source due to emissions from within 

the medium itself.

In this system, the vertical coordinate is expressed in terms of the optical depth r(z), 

given by the projection of the optical path

r(s) =  J  -Oextds (2 .2 )

onto the local vertical according to

r(z) =  t ( s ) c o s { 0 ) ,  (2.3)

where 8 is the angle formed between the path (s, s') and the local vertical. The minus-sign 

introduced to the definition of optical path follows the conventions of astronomy, where

atmospheres of stars and other planets are historically observed from top down. In this

way, r  increases downward from a value of zero at the top of the atmosphere. It should also 

be noted that the optical depth is a  function of wavelength (the A subscript will be omitted 

in the interest avoiding equation clutter, with the dependence regarded as implicit). The 

relationship between r  at different wavelengths will be shown further along.

Rearrangement of Equation 2.1 yields the monochromatic I-D radiative transfer equa­

tion (RTE), with subscripts denoting wavelength dependence omitted for brevity, is ex­

pressed as

dI(T] fi, <j>)
t- dr = + ^  f Q

+J{r\n,<t>), (2.4)

where (j. =  cos(9), wa is the single-scatter albedo given by

a *cn ,nWo — ----- . (2.5)
0 ext

The single-scatter phase function for intensity, (P (r ;^ ,/ i ',0 , ^')), describes how energy 

scattered from an incident direction (/*', (ft) into the direction of observation (/*, <j>) within
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the medium, defining the scattering plane. This describes the behavior for a  single scat­

tering event, and the global reflectivity and transmission properties of a medium follow 

accordingly. Reflection from optically thin clouds sometimes retain structural properties 

of the phase function (e.g., glories upon cloud tops as viewed from aircraft, or halos around 

the sim and moon), while optically thicker clouds (where multiple scattering reigns) tend 

to smooth out these properties (and the cloud radiance field becomes less sensitive to 

details of the phase function shape).

The scattering angle, 0 ,  expressed mathematically as

cosQ =  nn' +  (1 — ji2) l/,2( l  — n'3)lf2cos(<t>' -  <£), (2.6)

defines the angle formed between the incident and scattered directions of photon travel 

as defined by (n, <p,/j! , <f>') (equivalent to the dot product of the incident {() and scattered 

(?) unit vectors). By definition,

f  P(cosQ)dCl =  4i r  (2.7)
J  n

where 0  is the full solid angle of integration. Normalization by A i r  results in the integration 

to unity requisite of all probability density functions.

The structure of the phase function is characterized by the asymmetry parameter

9 =  \  J _ ^P (n )d n , (2.8)

where P(fi) is the unpolarized azimuthally-symmetric phase function (^-dependence inte­

grated out). Interpretation of the asymmetry parameter is as follows: g =  1 corresponds 

to complete forward scattering, g =  — I corresponds to complete backward scattering, and 

g =  0 corresponds to isotropic scattering. By definition, the asymmetry parameter can be 

interpreted as the expected value of the scattering angle defining p.

An approximation used extensively in the literature is that of the double Henyey- 

Greenstein (DHG) phase function

P ( 9 )  =  M » fo i,a » (e ) )  +  ( l - 6 ) P t e , a i s ( e ) )

(0 <  6  < 1 ) , (2.9)
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Figure 2.2: Examples of the double Henyey-Greenstein phase function for varying values 
of effective asymmetry parameter.

which is comprised of two single Henyey-Greenstein phase functions given by

p (9i) =  7 7 — (*' =  1 . 2 ) (2 .1 0 )
(1  + g f -2giCos(e))3/2

The DHG phase function reduces to single Henyey-Greenstein for a weight b of unity.

DHG parameters were computed by specifying an “effective” asymmetry parameter, geg,

and computing the according to

51 =  9e ff+ ° - 0 5  

<72 =  —0.60

6 =  M I ? .  (2 .1 1 )
9 1 -9 2

Examples of the DHG phase function for varying </eff are shown in Figure 2.2. Duda (1994) 

and Stackhouse (1995) use this parameterization to provide a reasonable representation 

of Mie scattering phase functions, particularly in the backscattering lobe. The errors 

incurred by approximating real phase functions by DHG are discussed in the following 

chapter.

Analogous to Equation 2.1, the first term of Equation 2.4 describes extinction accord­

ing to Beer’s law, the second term represents a  source of radiation arising from multiple
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scattering of diffuse radiation into the (observing) direction of interest, and the last term

is a source term (when applicable) owing to single scatter of the direct beam, spectral 

reflection at the surface, and thermal emission from the surface and atmosphere:

where Fa, a , / c, and r* are terms representing the monochromatic solar flux, surface 

albedo, and the total integrated optical depth of the atmospheric column, respectively. 

B(T) is the thermal emission source according to Planckian emission:

where Kb, h, and c are Boltzmann’s constant, Planck’s constant, and the speed of light, 

respectively.

2.2.1 Solution to the 1-D RTE

Were it not for the presence of the integral term in Equation 2.4), the RTE reduces 

to a simple differential equation which is straightforward to solve. The problem is han­

dled generally by representing the continuous radiation field in terms of a finite number 

of discrete ordinates, or “streams.” This results in a partitioning of the energy field in 

the upward and downward hemispheres into “n” discrete ordinates (a “2 n-stream approx­

imation”). The scattering phase function is thereby expressed as a  Legendre polynomial 

expansion (see Chandrasekhar, i960))

+  ^ F oa s/ cP(T;/i,<0 , - t i 0,<t>o)e~{2T'~ T)/,to 

+  aablB{T), (2.12)

\ 5 ( ehc/Kh\T  _  !) (2.13)

PicosQ) = £  XJ^aw(0 ), (2.14)
1=0

where Pi are associated Legendre polynomials of order 1, xi is the Ith expansion coefficient 

given by

(2.15)
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and £o,m is the Kronecker delta function (which only “fires” at m =  0). The addition 

theorem for spherical harmonics Equation 2.14 to be expanded as a sum of associated 

Legendre polynomials in azimuth (0)
N  N

P in , 0 , 0 ') =  E  E  x f P r i r i P r t t )aw n(0 ' -  0 ), (2.16)
m=0 l=m

where are associated Legendre polynomials of order I and degree m. Because this 

expansion becomes numerically unstable for higher-order polynomials, a  renormalization 

following Dave and Armstrong (1970) is applied which involves the rewriting of Equa­

tion 2.16 as
AT N

=  I E  x r Y r M Y r ir tc o s m M '  -  0 ), (2 .1 7 )
m=0 l=m

where the expansion coefficients become

X/m =  (2 - < W ) * ,  (2.18)

and the factorial term is distributed within the normalized Legendre polynomials according 

to

Y T M  =
( I  —  m)!l

2 (2-19)
L(J +  m)lJ

The RTE is converted into a  linear system of equations by rewriting the intensity 

field in terms of a  Fourier series expansion
AT

/ ( r ; | i , 0 ) =  JT  / m(^;/*)aw(m(0 o -  0 )), (2 .2 0 )
m =0

where 0O is the solar azimuth angle and / m(r;/x) is the mth intensity amplitude (Fourier 

coefficient). This method handles azimuthal structure of the intensity field for horizontally 

homogeneous media. Hence, this applies only to radiation fields assumed symmetric about 

0 O. The number of expansion terms required to represent this field is dependent on 

the solar/observer geometry, the optical depth of the layer, and the complexity of the 

scattering phase functions involved. The Fourier series expansion allows for the rewriting 

of Equation 2.4 as set of N + l azimuthally decoupled equations of the form

= _ r (T;„ ,a  + (1 + £  xHTM  f  W l H r n W
l=m  1

AT AT

4ir f-*  ‘ ‘ w  ‘ v ^  '  4tti=m  i=m
(2.21)

'i
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The integral term in Equation 2.21 has no closed analytical solution, and there­

fore must be solved via numerical methods. The interpolatory quadrature approximation 

(Johnson and Riess, 1982) can be applied do approximate the integral of any function in 

terms of polynomial interpolation:

r* 2

, r ‘ »=l

where W{ are quadrature weights computed according to

fJ x  1
f { x ) d x  «  Wif(xi )  (2.22)

Wi =  f  U -i(x)W  {x)dx (2.23)
Jx l

with W{x) a positive weighting function, /j_i a polynomial of order * — 1, and x, are the 

abscissas of the quadrature expansion. Application of this approximation to the integral 

term of Equation 2.21 results in

f  Y rU i')Im{T; n W  «  E  - / 0 ,  (2.24)
J ~ l  <=i i = i

where the originally continuous RTE has been discretized into n streams in each (up- 

welling and downwelling) hemisphere. Gaussian quadrature methods are often used for 

this purpose, with conservation of energy (phase function integrals normalize to unity) 

achieved for polynomials of degree IV < 2n — 1 . Both the number of Legendre expansion 

coefficients and the number of Fourier intensity amplitudes (m) have an upper-limit spec­

ified by the number of streams n. Hence, accurate representation of complex scattering 

media (which require a high order Legendre polynomial expansion to capture) demand a 

correspondingly larger number of streams.

The Fourier-decoupled, discrete-ordinate transfer equations can then be written in 

matrix form as upward (+) and downward (-) spectral intensity vectors:

(2.25)

where ±(m define stream zenith angles in the upwelling (0  j n j 1 ) and downwelling (0  

i H i - 1) hemispheres. The scattering phase function is also represented using discrete 

ordinates in terms of forward scatter P ++ and backward scatter P+~. For simplicity,

■ r ' f a t u )  ■ - / m(T ,- f i l ) -
mj+ _

. /"H r, fin .
, m/-  =

. /" ‘(Ti-fin .
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the phase function is assumed to be azimuthally symmetric such that the discrete phase 

matrices are the same in each hemisphere, yielding

• • •

m p ±  _

. P m ( ± / l „ , / i l ) P m ( ± / in ,/*n)

for diffuse bidirectional phase functions and

r P m(=F/n,-M o) 1

(2.26)

(2.27)m p ± _

. P m (^M rn — A*o) .

for single scatter of the direct solar beam.

The invocation of discrete ordinates allows for the recasting of Equation 2.21 (the 

Fourier series decoupling of the RTE) entirely in terms of matrix operations

d mI±  1 m ,4- . xw0(. i,
b °0,m '—

Wo

=  - M ~ l mI± +  (1 +  ( W ^ A T 1 m P *  W mI+ +  M~l mP* W mr ] +
d r  Air

p-F 0M - lm P ^ e - r^ °  +  ^ F o a , /cA f-lm P0±e-<2T‘ - T̂ 0,m  =  0 , 1, 2 , . . .  , 2 n -  1 Air Air *

(2.28)

where M, W  are diagonal matrices of quadrature abscissas and weights, respectively, and 

2n—1 defines the maximum degree of Legendre expansion satisfying conservation of energy 

for Gaussian interpolatory quadrature as described above.

Through a clever definition of terms, equation 2.28 can be massaged into the form

,m  =  0 ,1 ,2 ,... ,2n  -  1 (2.29)

where the local reflection and transmission matrices for the m th azimuthal mode are given 

respectively by

rm =  (1 -  So<m) ^ M ~ l mP ~ W  (2.30)
47T

and

tm = M ~ l -  (1 -  Ao,m)r1 Af~l mP+W ; (2.31)
47T

and source terms given by

d m j+
'  - t m m [+ ' mS +  '

d r mr —rm tm mr m g -

1S ±  =  mP * e -Tl*° +  y^F 0a,fcM ~ l mP0±e"(2T*~T)ltio (2.32)
4tt 47T
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Figure 2.3: Upwelling intensity field with azimuthal structure modeled for a single cloud 
layer. Top panel: DHG phase function, r  =  1.0, gi =  0.85,92 =  -0.6, geff =  0.70, u/0 =  1.0, 
and 60 =  0° only (equivalent to azimuthally averaged m =  0 structure). Lower panel: 
same optical properties as above azimuthal expansion m =  16,80 =  35°.
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For retrievals applying thermal emission measurements only, the azimuthally symmet­

ric term (m =  0) suffices. Figure 2.3 demonstrates the model variation in the azimuth for 

a 128-stream Gaussian quadrature with a 16-term Fourier expansion terms. A small cloud 

optical depth of r  =  1 .0  was chosen to highlight the single scattering behavior of the phase 

function, of the surface (i.e., as observer zenith angles approach 90°) is due to multiple 

scattering within the cloud layer (a phenomenon known as limb brightening). The central 

bump is due to the backscattering peak in the DHG phase function geometry; for the sun 

directly overhead (0 O =  0 °) the 180° backscatter lobe occurs at a viewer zenith angle of 

9oh, = 0° (azimuth independent), while a solar geometry of 6a =  35°, <f>0 = 0° requires 

a viewing geometry of roughly 90b, =  35°,0O6« =  0° to observe this same backscattering 

lobe. While the radiance field remains symmetric about $ = 0°, the Fourier expansion 

is shown to yield significant structure compared to the azimuthally-averaged case (which 

holds in general only for infrared radiation fields). Modeling solar reflection at off-nadir 

observation angles requires a  degree m dependent on the solar/observer geometry, the 

cloud optical depth, and the degree of phase function asymmetry.

2.3 The Macroscopic Radiation Field

Provided now a tractable method of computing the local radiative properties of a 

medium, the next step is to extrapolate to the macroscopic radiation field. This field 

is comprised of the ensemble contributions and interactions taking place between the 

many stacked layers of varying optical properties that comprise our plane-parallel view 

of the atmosphere. This requires the methods of doubling and adding founded upon the 

interaction principle of radiative transfer (Chandrasekar, 1960) to build “global” reflection 

and t ransmission matrices from the local quantities.

2.3.1 The “Adding” method

The adding method is used to combine layers having different optical properties. To 

illustrate the process, we consider a single atmospheric layer bounded a t the top by level 

“t ” and at the base by level “b” (see Figure 2.4). The interaction principle states that for a 

layer as posed, an exitant photon is accounted by one of three possibilities: (1 ) originating
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Figure 2.4: Plane-parallel atmosphere transmission, reflection, and source functions con­
sidered in discussion of the interaction principle and the doubling and adding methods.

from emission from within the layer, (2) reflection, or (3) transmission from the opposite 

boundary. If we can assume that the incident boundary radiances ( /t~ and l£ )  are known, 

then the energy departing the layer can be written according to the interaction principle 

as

where Rbt, RtbiTbt,Tu> are the global reflection and transmission matrices (noting that 

for vertically-inhomogeneous atmospheres (ffo, Tie) #  (Rtb,Ttb)), and S ± are the global 

source matrices. Considering the case where level “t” represents the top-of-atmosphere 

(TOA) and level “b" represents the surface, the boundary radiances are written as

I ?  =  R tbi r + T b tI + + S + (2.33)

and

Ib =  RbJb +  TtbI t +  S^b, (2.34)

(2.35)

(2.36)
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for TOA downwelling solar flux and a reflecting lower surface with thermal emission in­

cluded.

Now, consider the insertion of a  middle level “m” within this layer. Invoking once 

more the interaction principle, the unknown exitant radiances for each layer may be written 

individually as

I t  =  R tm lr+ T m tK  + Stm (2.37)

Im =  Rmtlm +  Ttm.lt +  $tm (2.38)

I t  =  R m b l t + T ^ I t  + S t t  (2.39)

If) =  R b m l t  "b Tmblm +  (2.40)

Elimination of the I*  terms on the RHS of Equations 2.38-2.39 yields

I t  = (I — UmbHmt] HRmbTtmlt "b "b Tbmlb +  ^tb )  (2.41)

Im ~  {I ~  HmtUmb) *(RmtTbmlt "b HmtStb "b Ttmlt "b ^tm)' (2.42)

Now, introducing shorthand notation for the propagation terms

f1 mbmt — (1 ~ RmbRmt) (2.43)

I'mtmb — (1 — HmtH-mb) (2.44)

Equations 2.41 and 2.42 are substituted back into Equations 2.37 and 2.40 in order to 

represent the exitant top and base radiances in terms of the incident boundary radiances 

alone:

i t  = (Tmtr mbmtTbm)I t  ~b (TmtlmbmtRmbTtm "b Rim)It *b {TjntImbmtRmb)Stm 

+  (TmtTmbm^Stb + Stm (2.45)

Ifj =  [TmbImtmbTtm)It "b (TmbVmtmbIlmtTbm "b Rbm )lt “b {TmbrmtmbHmt)Stb 

"b (Tm6r mtmb)Stm “b ^mb (2.46)

These equations, when compared to the global boundary radiances as specified by the

interaction principle in Equations 2.33-2.34, yield expressions for the global reflection,
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transmission, and source terms of the two-layer-added system:

Rtb — '^mtTfnbmtRmbl'tm 4* Rtm (2.47)

Rbt =  TmjF mtmbRmtTbrn "F Rbm (2.48)

Ttb — TmjT mtmbTtm (2.49)

I'bt — Tmtr  mbmtTbm (2.50)

&tb =  TmtFmbmt{RmbStm +  S ^ b) +  Sfrn (2.51)

&tb =  TmbF mtmbiRmtS^b +  S tm) + (2.52)

2.3.2 The “Doubling” method

The local reflection and transmission properties of adjacent layers each having optical 

thickness S t  and identical optical properties (i.e., (Rtt,Tbt) = (RtbiTtb)) are combined to 

yield global radiative properties using the method of doubling. Doubling is in fact a special- 

case of the more general adding method. Infinitesimal layers of identical optical thickness 

S t  are combined until the optical thickness of the full homogeneous layer is attained. The 

layer S t  is chosen sufficiently thin such that its global reflection, transmission, and source 

properties are inferable directly from the local properties. An infinitesimal generator 

scheme (see Wiscombe, 1976) is used for this model.

The doubling method follows directly from the adding method with the simplifying 

assumption of the added layers having identical optical properties. Doubling is accom­

plished rapidly, with an optical depth r  =  2" S t  achieved after n  doubling steps. Doubling 

rules for the global reflection and transmission matrices follow from Equation 2.47-2.52 as

Rn+l — InVnRfiTji +• Rn (2.53)

Tn+i =  Tnr  nTn. (2.54)

The source terms also fall directly from the adding method. The only modification is that 

the source terms are attenuated by transmission. In this way, the solar source terms are 

given by

•Sn+l =  TnTn{IlnSn + anS n )+ S n  (2.55)

Sji+1 ~  TnFniRnOnSn +■ Sn ) +  OnSn (2.56)
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where

In the computation of global properties, doubling through homogeneous layers is 

followed by the adding of heterogeneous layers. In the plane-parallel approximation, the 

vertical inhomogeneity of the atmosphere is represented by stacked homogeneous layers of 

various optical properties. A compromise exists between the number of layers (and hence 

the ability to capture vertical variability in the profile) and computational cost incurred by 

increasing the resolution. The trade-ofis between computational speed and errors incurred 

by forward model simplification are the subject of the retrieval discussion forthcoming.
v

2.4 Model Specifications

The Shortwave/Longwave Adding and Doubling Radiative Transfer model (SLADRT), 

was developed from the discrete ordinates solution to the RTG as outlined above. While 

designed to be as application-general as possible, the specific function of this forward 

model was for simulation of measurements made by satellite radiometers. As such, the 

inclusion of gaseous absorption and channel band weighting, were essential peripherals to 

the radiative transfer code (considered now as a “black-box" element in SLADRT).

The model input architecture reflects its format versatility. Written in the C pro­

gramming language, dynamic memory structures were used throughout to ensure optimal 

runtime efficiency and freedom of input. The input structure allows for atmospheric layer 

input parameters to be specified in a number of different formats with varying complexity. 

Appendix A provides a  detailed summary of the forward model input structure. With this 

amount of freedom comes the danger of incompatibility among the many possible input 

architecture combinations. Through rigorous testing (and more often, accidental discov­

eries), the code is now robust. This section outlines features, attributes and shortcomings 

of the forward model.

2.4.1 Conventions

Fundamental to any physical radiative transfer model is the establishment of a co­

ordinate system. The geometric setting is that of a  horizontally homogeneous scattering
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and absorbing atmosphere (i.e., the intensity field varies spatially only in the vertical di­

mension) with a  reflecting lower boundary. There are two angular coordinates: the zenith 

angle (6) referenced normal to the local vertical, and the azimuthal angle (<£) measured 

with respect to the solar azimuth angle {<p0) in the shortwave cases (azimuthal symmetry 

of the radiation field has been assumed for the longwave cases). The vertical coordinate is 

expressed in terms of optical depth, and increases downward from a  value of zero at TOA 

to a value of r* as described above.

2.4.2 Model flow

A model run begins by reading and initializing memory structures as required by 

the user-specified input “card.” It is here that the atmospheric profile, containing all the 

necessary temperature and optical properties are arranged for use by the radiative transfer 

blackbox (see Appendix A). This profile includes the computation of aerosol effects, cloud 

layer insertion, and the set-up of profile-dependent gaseous absorption (for the case of 

instrument/channel calculations). The radiative transfer model is then called once (for 

monochromatic runs) or several times in succession (for gaseous absorption and channel 

band-weighted runs) to compute the radiance field at all required model levels, azimuth 

angles and quadrature nodes. The results are interpolated to user-specified levels and 

angles (e.g., the observing angle of a satellite to a pixel) using cubic-splining and written 

to file in selectable format. The program terminates with a cleaning of memory storage 

and a  run-status report. Run-time diagnostics are reported to varying degrees of detail 

according to switches set at compile-time.

2.4.3 Gaseous absorption

Viewing the world as we do through an atmospheric window, it is sometimes easy to 

forget that the atmosphere is in fact a  sea of gases that is not transparent to all radiation 

impinging upon it. As indicated by Figure 2.5, absorption across the spectrum (and hence 

the opacity of the atmosphere) is a  strong function of these gases.

For a given gas, absorption takes place at discrete wavelengths (or “lines”) along the 

spectrum according to excitation modes unique to its molecular construct. The mecha-
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Figure 2.5: Atmospheric absorption spectra for different absorbing gases of the Earth’s 
atmosphere across the measurement bandwidth of interest for this work. Generated from 
MODTRAN database for a  US-Standard Atmosphere.
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nisms that give rise to the absorption range from photo-dissociation/ionization at ultravi­

olet to visible wavelengths (A typically lower than 1/xm) to vibrational modes in the mid- 

to near-infrared (1 < A < 20^m) and finally rotational modes at longer wavelengths in 

the far-infrared and upwards into microwave (A ~  1 cm) radiation. The frequency and 

spacing of the lines across the spectrum is a function of molecular geometry (symmet­

ric/asymmetric) and the molecule’s speed in forming dipoles in response to the incident 

radiation. The structures range from the neatly spaced P, Q, and R branch absorption 

of the linear carbon dioxide molecule to the highly irregular behavior of the heteropolar 

(having a permanent dipole moment owing to unshared electrons) asymmetric-top water 

molecule which has three different moments of inertia, rotational constants, and quan­

tum number sets. Water vapor, by far the most dominant of the greenhouse gases, has 

complex absorption features dispersed throughout the electromagnetic spectrum and to a 

large extent dictates the distribution of atmospheric windows.

While absorption lines are discrete entities, their influence is actually broadened in 

a neighborhood about their center due to the actions of colliding molecules (pressure 

broadening) and motion-induced frequency shifts (Doppler broadening), leading to a wide 

range of influence across a spectral band. The primary line-broadening mechanism in the 

atmosphere below 50-km is pressure broadening. Further, absorption amount is not a 

linear function of absorber path, but rather follows a “curve of growth” transitioning from 

linear to square-root growth rates. Given these considerations, the absorption coefficient 

for a gas is characterized according to the Lorentz model of pressure broadening as

kx = S f ( X - X o )  (2.58)

(2-59»

<*L = (2-60)

where 5  is the line strength, /((A  — A0) is the line shape function a t some position in 

the line wing off the central line at A0, a i  is the Lorentz line half-width. The latter is

defined for a  given gas in terms of a  temperature and pressure scaling with respect to

the laboratory standard ar£,,0 defined at standard Pa and T0. The absorption coefficient
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(m2/ kg) is transformed into an equivalent gas optical depth t\ (u) and band-transmission 

Ts\{u) by introducing the appropriate path factor

du =  pgda, (2.61)

(where pg is the gas density) to produce

(2.62)

(2.63)

Account for absorption by atmospheric gases (e.g., H2O, CO2 , O3 , N2O, and CH4 ) 

in both the NIR and IR is necessary for modeling the satellite measurements used in this 

work. Even channels situated within the atmospheric windows are susceptible to some 

amount of continuum absorption (dependencies that are exploited by Arking and Childs, 

1985, and King et al., 1992). Unfortunately, this is not a simple matter of adding up 

the individual absorption lines and strengths for each gas across a channel bandwidth. 

Because of the profile-dependent pressure, temperature, absorber-amount dependencies, 

and shear number of absorption lines contributed by different gases coexisting within a 

single band, a statistical correlated-K distribution approach must be applied.

The gaseous absorption parameterization used in the model follows the correlated-K 

approach of Kratz (1995) with revisions by Drummond and Stephens (1998). Stated briefly 

here, the approach begins with the assertion that for a homogeneous atmosphere trans­

mission across a band is independent of the spectral ordering of the absorption coefficients

where f (k )  is the probability density function of k across the band

T(u)  =  r  e - kfuf(k')dk'  (2.64)

r° / ( * > * '= 1.0 .
Jo

(2.65)

Introducing the cumulative distribution for f (k)

9(k) =  f f M d k 1 
Jo 

(2.66)
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(a monotonically increasing function fc-space) allows for the rewriting of the band trans­

mission as

T(u) =  f 1 e - ^ s)udg. (2.67)
Jo

The general condition under which the method holds for non-homogeneous atmospheres 

and for a group of absorption lines is when the strong and weak lines occur at the same 

wavelengths a t all altitudes in the profile. In this way, the cumulative probability distri­

bution g(k) is independent of temperature and pressure and the transmission is correlated 

throughout the atmospheric profile.

In terms of runtime cost, the K-distribution approach is far superior to the arduous 

alternative of stepping through the highly variable line-by-line absorption features encoun­

tered across the bandwidths. For bands containing contributions from several gases, the 

multiplication transmissivity property (which assumes that overlapping absorption fea­

tures from different gases in the the band are uncorrelated is assumed to hold. For a given 

instrument and channel combination, a known number of absorbing gases exist, each of 

which has associated with it a  finite number of intervals over the channel bandwidth whose 

number and spectral widths are determined by the varying absorption behavior of the gas 

and the response function of the channel (Kratz, personal communication). Assigned to 

each interval for each gas are weights whose sum across the channel bandwidth is unity 

(e.g., Figure 2.6 ). Because each absorber can have a different number of intervals (and 

hence, weights), SLADRT routines invoke the multiplicative-transmissivity property to 

build (Tg) recursively for all possible combinations of absorbers and intervals, calculating 

the intermediate radiative transfer results and weighting them according to the combina­

tions used. The end result is a  final radiance field that accounts for all absorbers over all 

intervals.

An accurate and computationally more efficient amendment to the correlated-K ap­

proach developed by Drummond and Stephens (1998) has improved the original handling 

of gaseous absorption in the model by effectively reducing the relative absorption and 

transmission errors (with respect to line-by-line calculations) while maintaining spectral 

traceability of the absorber gas contributions. These parameters are computed off-line
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Figure 2.6: Discretization of the instrument response function shown for GOES- 8  Channel 
1 (0.65/xm). (The weights associated with these discrete intervals are normalized such that 
they integrate to unity over the bandwidth.)

for arbitrary channel bandwidths. Using the new approach, recursive calls (which mingle 

absorber intervals among the various gases) to the forward model are replaced by a single 

integration through the band using gaseous optical depths computed for optimized sub­

band intervals. The traditional recursion is eliminated by virtue of the method’s ability to 

retain spectral absorber information during the optimization process, such that all gaseous 

absorber information that goes into producing the subinterval Tgaa originates from within 

the spectral bandwidth in question. Furthermore, because detector response is implicit to 

the instrument/channel specific parameters, the loop over channel band-weights described 

above is also eliminated.

2.4.4 Instrument response

Because instrument filter functions are not ideal step-functions of uniform response 

across their bandwidths, variable instrument response must be accounted for within the 

satellite radiative transfer calculations. The procedure involves partitioning the detector 

response function into discrete bins sufficient in spectral resolution to capture the struc­

ture. An example is provided for the GOES- 8  imager Channel 1 in Figure 2.6. The weights
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associated with each subinterval are the normalized filter function response and sum to 

unity. The forward model is called N-times in succession and the band-weighted intensity 

field is given by
N

Iband(T,n,<t>) = (2.68)
A=1

where N  is the number of band weights and W \ are the normalized instrument response 

weights. Solar spectral flux data (W m- 2  sr- 1  /im-1) were also computed as interval- 

averaged quantities.

2.4.5 Aerosol loading

Aerosol occurs usually at lower levels in the atmosphere (and to a  lesser degree in the 

stratosphere) with visible optical depths typically under 0.1. Because their distribution 

and shapes/compositions are not well known, this translates to a corresponding ambigu­

ity in their treatment radiatively. Aerosol optical parameters were handled here using 

selectable turbidity profiles representing a wide variety of boundary-layer, tropospheric, 

and stratospheric visibility conditions for rural, urban and maritime climatologies. The 

approach used is to calculate aerosol optical properties for a single wavelength and spec­

ified relative humidity profile. For the modeling of satellite channels, the central channel 

wavelength is selected for this purpose and the aerosol properties are assumed grey across 

the band. Information from the visible (0.6 (im) standard aerosol profile is rescaled to 

user-specified (or standard default) total aerosol optical depth and interpolated to the 

user-input profile. Finally, the computed aerosol optical properties (raer,u;o)aer, and gaer) 

are rescaled from the standard wavelength to the wavelength of interest for the retrieval. 

The source for these data is the parameterization outlined in Shettel and Fenn (1979). 

Appendix A provides additional details on the selectable aerosol turbidity profiles.

2.4.6 Cloud insertion and parameter lookup tables

Ice and water clouds are incorporated into the forward model by inserting additional 

layers containing the relevant optical properties into the established layered profile. Gas, 

Rayleigh, and aerosol optical depths in the layers intersected by cloud are recomputed by 

logarithmic interpolation to the new profile levels. Clouds with variable extinction, phase
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Figure 2.7: Examples of the modified-gamma distribution for different values of dispersion 
used to approximate cloud droplet distributions in SLADRT.

(ice/water), and scattering behaviors in the vertical are modeled as stacked homogeneous 

layers. The specifiable cloud properties for each cloud layer are the phase (ice or water), 

cloud top and base altitude, single scatter albedo, and scattering phase function prop­

erties (e.g. Henyey-Greenstein parameters or a referenced table of Legendre expansion 

coefficients representative of a  more detailed phase function).

Typical cloud particle size distributions are characterized by a sharp rise to a  max­

imum particle size followed by a  gentle decrease toward larger sizes. A modified gamma 

function is often used as a reasonable approximation to this distribution shape,

n(r)dr — araexp(—br'y)dr, (2.69)

where n (r)dr  is the number of droplets between sizes r  and r + d r  per unit volume, 

0 <  r  <  oo, o, a, 6 , and 7  are positive, real constants, and a  is an integer. An example of 

modified-gamma distributions is shown in Figure 2.7.

How radiation is scattered/absorbed by a cloud is highly dependent on the distribution 

of particle shapes and sizes that comprise it. The effective particle radius Hansen and 

Travis (1974) is given by
Jo”  r3n(r)dr
J ™ r 2n ( r )d r  ( ]
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where n(r) is the particle size distribution and r  is the actual particle radius. Lorenz-Mie 

theory was used to (generated off-line, see Appendix A) construct tables of asymme­

try parameter (g) and single-scatter albedo (uj0) associated with specified re for a  given 

wavelength (assuming a modified-gamma distribution as described above). Implicit to 

Lorenz-Mie theory is the assumption of sphericity for both water and ice particles. For 

ice particles, the radii refer to ice spheres of equivalent volume to the non-spherical ice 

crystals (the implications of this rather cavalier assumption are discussed below).

2.4.7 Delta-M scaling

Scattering phase functions with strong forward peaks are very difficult to model ex­

plicitly with a Legendre polynomial expansion. To represent numerically the strongly 

asymmetric/forward-peaked phase functions of most clouds found in nature, the Delta- 

M scaling method of Wiscombe (1976) was applied. A logical extension of the delta- 

Eddington approximation of Joseph et al. (1976), Delta-M scaling assumes a  Dirac 

delta-function representation of forward scattering, considering this fraction of energy 

as directly-transmitted light:

2N—1
P*(0) as 2 /(* ( l - « • ( © ) ) +  ( W )  £  (2l + l)XtP l(c o s m ,  (2.71)

J=0

where the coefficients xi are the moments of P  with respect to the Legendre polynomials

XI =  0 . 5 /  P{cos(Q))Pi(cos{Q))dcos(Q). (2.72)

The coefficients of P* (the truncated phase function) are matched to those of P  according

to

Xi = ° '5 J l P*{G)Pi{co8{9))dcos{e) (2.73)

which yields
/  +  ( ! - / ) * ? ,  l < 2 N - l
/ ,  I > 2N ]

This is usually not a bad assumption, since a considerable amount of the scattering

integral resides within a degree of the forward scattering direction. The Delta-M method
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Figure 2.8: Legendre expansion of a Henyey-Greenstein phase function showing Delta-M 
improvement in approximation for the same order of expansion.

requires a rescaling of the Legendre expansion coefficients and a corresponding rescaling 

of the optical properties

r* =  (1 -  uj0/ ) t u >; =  (2.75)

since some of the radiation that was actually scattered is now being treated as directly- 

transmitted energy instead. This rescaling is done to maintain the solution to the original 

RTE. The method achieves higher accuracy for a given order of expansion (shorter model 

run times) and flux conservation is automatic. Figure 2.8 shows the improvement afforded 

by the Delta-M scaling for the simple case of a  single Henyey-Greenstein phase function. 

For the complex ice crystal phase functions considered further along (which have forward 

scattering peaks with magnitudes on the order of 1 0 s ), the method is essential in making 

the problem computationally tractable.

2.4.8 Treatment of complex scattering phase functions

The forward model is not restricted to usage of Henyey-Greenstein scattering func­

tions exclusively. The Legendre polynomial expansion can, in principle, be used to rep­

resent any realistic scattering phase function provided a sufficient number of terms. The 

ability to do so in a  reasonable number (with regards to computational cost) for highly
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forward-peaked phase functions is afforded by the Delta-M approximation. Provided tab­

ulated phase function data (at discrete scattering angles between 0 and 180 degrees, and 

assumed constant in azimuth), the x  terms can be computed, written to file, and read-in 

at runtime to construct the scattering matrices. This is termed as a ^-expansion of the 

scattering phase function, and together with the Delta-M method allows for highly vari­

able cirrus phase functions to be represented numerically in a computationally efficient 

manner.

First, the phase function is truncated within the first degree of forward scattering 

and the weight associated with this removed energy, f j  is computed according to

h  =  1 -  f  P i n W ,  (2.76)

and the truncated phase function integral is renormalized to 2.0. Because the truncated 

phase function yields a different asymmetry parameter than the original (g0), a renormal­

ization is computed to provide the correct value of g

Sr =  / t  +  ( 1 - / t ) * 0  (2-77)

U  =  (2.78)

and the final, combined weight /  associated with the truncated phase function becomes

/  =  1 ~ (1 ~ / r ) ( l  -  fg) (2.79)

(A. Heidinger, personal communication).

Figure 2.9 illustrates this approach applied to a tabulated ice-crystal phase function

(A =  0.65,9 =  0.8045,u/0 =  0.9999) obtained from Yang et al. (1998). Evident from this

figure is the disproportionate amount of energy residing at the forward scattering peak. 

When the abscissae, expressed here in scattering angle degrees, are plotted in terms of 

cosQ, the forward lobe appears even more as a  delta-spike (a testament to the validity of 

the £-M assumption).
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Figure 2.9: Legendre expansion of a tabulated ice crystal phase (Yang et al., 1998) function 
from which x-expansion terms are computed.

2.5 Model Shortcomings

Ideally, the “virtual measurement” provided by the forward model would represent 

exactly the what the satellite instrument measurement (specified by a channel with a char­

acteristic bandwidth and spectral response) observes for a specified atmospheric/surface 

state and observer/solar geometry. This ideal is compromised in reality by the need to 

capture the physics in a computationally efficient way and by our inability to specify 

comprehensively the entire array of unretrievable (and unknown) quantities which con­

tribute to the actual measurement without some attachment of finite uncertainty. These 

shortcomings must be accounted for in the estimate of errors introduced to the retrieval.

2.5.1 Plane-parallel approximation

An important compromise made by plane-parallel (1-D radiative transfer) modeling 

to real-world clouds is the approximation of three-dimensional heterogeneous cloud fields 

as one-dimensional homogeneous slabs. Inhomogeneities in a  cloud tend to reduce its
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reflectance compared to plane-parallel clouds (see McKee and Cox, 1974). Ignoring the 

effects of horizontal transport of photons escaping from cloud edges has the effect of mod­

eling brighter clouds for a given (r, reg)  translating to possible underestimates of these 

quantities (to reduce the forward model reflection and thereby match the observations) 

in a retrieval based on solar reflection measurements (Duda et al., 1996). At infrared 

wavelengths, partial cloud cover in a scene will result in an increased signal contribution 

from warmer emissions from the surface and atmosphere below the cloud. While the 

plane-parallel approximation represents a model shortcoming, errors associated with the 

latter are driven largely by the pixel resolution of the instrument (e.g., GOES-8 infrared 

channel resolution is on the order of 4 x 4 km at nadir). Errors associated with cloud 

inhomogeneity can be assessed by using 3-dimensional Monte Carlo modeling (see Hei- 

dinger and Stephens, 1998). In general, their magnitudes increase with increasing solar 

zenith angle (more cloud edge/shadow effects) and smaller pixel areas. To minimize these 

contributions, then, one might enforce a  maximum solar zenith angle threshold (e.g. 60°) 

on visible retrievals. If the cloud is of sufficient spatial extent, an areal average intensity 

(and a resultant “smoothed” retrieval) can be used in favor of the pixel-by-pixel quanti­

ties. These errors are included in the model/measurement error covariance matrix of the 

retrieval scheme outlined in Chapter 3.

2.5.2 Spherical geometry approximation

While the concept of the “effective particle radius” has been used to describe the 

radiative properties of water clouds which are largely insensitive to the shape and width 

of the particle size distribution (Hansen and Ttavis, 1974), the same cannot be said for 

ice clouds. Lorenz-Mie theory represents these particles as being spherical (with refractive 

properties of ice), whereas ice crystals are composed of columns, bullets, rosettes, plates, 

and aggregates thereof whose habits, sizes, and growth rates are determined largely by 

the availability of water vapor and the environmental temperature. Platt et al. (1980) 

find that most high-altitude cirrus clouds were comprised of long columnar and hexagonal 

ice crystals. Comparing the scattering phase function properties between the ice crys­

tal distributions of Takano and Liou (1995) with typical water phase functions such as
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Deirmendjian’s C l (cumulus) cloud reveal marked differences in the scattering behaviors. 

The disparity is only worsened when comparing simple analytic functions like the double 

Henyey-Greenstein phase function used often in contemporary retrieval work (Heidinger 

and Stephens, 1998).

The x-expansion of complex ice crystal scattering phase functions attempts to remedy 

in part this error. In the application to retrieval work, however, the discrete nature of 

the tabulated data from Yang et al. poses a problem to the iterative-solution approach 

(which requires the phase function to be defined in a continuous manner). Yang et al. 

do supply parameterizations for the absorption/extinction efficiencies and the asymmetry 

parameter such that, provided adequate spectral resolution, the discrete choice of phase 

function shape will not lead to instability in the retrieval convergence. These data have 

been implemented in some of the cirrus retrieval case studies presented in Chapter 5.

2.6 Model Validation

Selected cases from the tabulated results of Van de Hulst (1980) and the discrete 

ordinates model (“DISORT") outlined by Stamnes et al. (1988) served as established 

benchmarks for validation of the SLADRT model. The comparison between the three 

sets of results is shown in Fig. 2.10 for the simple cases of a single-layer atmosphere 

with isotropic and Henyey-Greenstein phase functions and two different lower boundary 

reflection conditions (zero and Lambertian). These results indicated the correct numerical 

implementation of the RTE outlined above within the SLADRT blackbox.

Azimuthal asymmetry of the model radiance field was also compared with the results 

of a backward Monte Carlo (a stochastic method to solving the RTE, see Hammersley and 

Handscomb, 1964, and Marchuk et al., 1980) routine run for identical input conditions 

for a  single cloud layer with r  =  1.0 and =  0.85. Figure 2.11 shows a two-panel 

comparison for a  simple, single layer cloud in a  uniform atmosphere with no reflecting 

surface. An azimuth angle of 0 =  0° in these panels corresponds to the sun being directly 

behind the observer (at a solar zenith angle of 45°, with the sun in front of the observer 

for <f> =  180°. The structure of the azimuthal field for this case is in agreement with the
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Figure 2.10: Forward model verification for an isotropic scattering medium (top) and a 
single Henyey-Greenstein scattering medium (bottom).
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Figure 2.11: Forward model verification for azimuthal varying radiances compared against 
a Monte Carlo simulation.
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independent Monte Carlo run. Some contours do not close in the doubling/adding code 

due to an under-sampling of quadrature points at these angles.

2.7 Summary

This chapter described a plane-parallel, discrete ordinates doubling and adding code 

(SLADRT) developed from first principles of radiative transfer theory. It was designed 

for use as the forward model in satellite retrievals of cloud optical properties. While quite 

general in applicability, special accommodations were made to the forward model enabling 

it to simulate narrow-band passive radiometer instrument measurements from satellite and 

airborne platforms. This model was validated against existing radiative transfer codes and 

published data. These measurements comprise the forward estimate vector of the retrieval. 

While simplifying assumptions regarding physical geometry and optical properties of the 

model medium give rise to uncertainties when comparing results to actual measurements, 

the a priori data needed to eliminate these uncertainties is seldom available to a retrieval. 

To what extent active sensors, in providing accurate a priori information about cloud 

location in the vertical, aid in improving these retrievals was a  fundamental question 

posed by this dissertation.
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C h ap ter 3

INVERSION THEORY

3.1 Introduction

A suitable method for combining forward model estimates with satellite radiometer 

measurements to back-out (invert) atmospheric parameters of interest is required. This 

requires not only a basic understanding of the physics behind the problem but also a keen 

awareness of the numerics involved. In describing the nature of inversion theory and its 

inherent numerical caveats, Twomey (1976) recounts

For a time it was thought that precision and accuracy in the computer were 
the core of the problem and more accurate numerical procedures were sought 
and applied without success. Soon it was realized that the problem was not 
inaccuracy in calculations, but a fundamental ambiguity in the presence of 
inevitable experimental inaccuracy -  sets of measured quantities differing only 
minutely from each other could correspond to unknown functions differing very 
greatly from each other.

Before proceeding to detail the mathematical constructs of the cloud property re­

trieval scheme used in this work, it is first worthwhile to step back and look again at 

the big picture. The ultimate goal of cloud retrievals is to be able to convert radiometer 

measurements of radiance (a signature of the cloud) into physical characteristics relevant 

to understanding the ways in which clouds affect the energetics of the atmosphere. To 

do so requires a sense of how the parameters of interest interact with radiation along 

with all the other contributing elements of the surface and atmosphere to produce the 

end-product measurement. Our understanding of this physical process is embedded in 

the forward model presented in the previous chapter. It is now the onus of the estimation 

problem to begin with these end-product measurements and, using the forward model as a 

guide, trace back the physical properties of the clouds responsible for them. If this can be
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accomplished in a way that affords some sense of the uncertainty assigned to the results, 

this data can provide information critical to understanding the part clouds play in the 

climate feedback system.

This chapter introduces the concept of retrieval theory and outlines the estimation 

method (used in solving the inverse problem) chosen for cloud property retrievals con­

ducted in this paper. Based on the pioneering work of Rodgers (1976) (originally applied 

to the retrieval of atmospheric profiles of temperature and moisture) this method provides 

statistical diagnostic variables describing the error associated with the retrieval vector 

and how reliant the solution is on a priori assumptions/constraints applied here to the 

retrieval of cloud optical depth and effective radius, these diagnostics are not available to 

most other retrievals of these quantities.

3.2 The Premise of Retrieval Theory

The fundamental goal of any remote sensing measurement is, by definition, to enable 

the characterization of some property of an object inaccessible to in situ sampling. In 

a simple-minded view of this problem, one might consider the analogy of the impact 

history of craters on the Moon. Given a knowledge of the number, sizes, density, speeds, 

trajectories, and times of meteors impacting upon the lunar surface, one could (with 

appropriate assumptions about the nature of the surface) create a map comprised of 

the superposition of impacts occurring over some period of time to arrive at a final lunar 

topography. This exercise embodies the so-called “forward problem.” The inverse problem 

for this example begins with the final topographic map and then attemps to deduce from 

it the meteorite properties as given above. It is not difficult to conceive of instances where 

a small crater formed by an earlier impact is completely obliterated by an ensuing large 

impact. In this way, a component of impact events may be unretrievable. In other cases, 

a  more dense meteorite may leave the same size crater as one of lesser density traveling at 

a  higher speed. This is an example of the ill-posed (underconstrained) problem that arises 

whenever multiple solutions to the same system of equations exist. If an a priori knowledge 

of the meteorite distribution or lunar surface properties is available (e.g., the Moon is not
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made out of Swiss cheese), the solution may be constrained to the more likely scenarios. 

The determination of the best-possible solution embodies the “estimation approach” used 

in solving the inverse problem.

In an example more down-to-Earth, consider the problem of measuring the temper­

ature of the ocean surface. In this example, the in situ experiment entails the straight­

forward reading of an immersed liquid-in-glass thermometer. To obtain this same quan­

tity remotely (e.g.. using a radiometer instrument on the satellite platform), the in­

frared/microwave emission from the ocean surface is measured in the form of a spectral 

radiance and the temperature obtained by inversion of the Planck function. In the former 

case, uncertainty resides entirely in the calibration of the instrument. The latter case 

is complicated by several caveats, including attenuation of surface emissions by the at­

mospheric constituents (even in “window channels” where such extinction is minimized 

locally), emission contributions from other levels (at different temperatures), and uncer­

tainty in surface spectral emittance (describing how similar a  material behaves to a  pure 

blackbody at a given wavelength). Radiometric measurements of the Earth’s atmosphere 

and surface require an ability to deconvolve the many contributions to the measured signal 

in order to isolate the component of interest. Knowledge of the system components and 

physics, then, is at the heart of all retrieval problems.

3.3 The Rodgers Estimation Method

This section outlines the constructs of an optimized estimation of cloud optical depth 

and effective particle size. The approach is first outlined by Rodgers [1976, 1990] and 

Marks and Rodgers [1993]. It has been applied to the retrieval of ozone and water vapor 

by Engelen and Stephens (1997,1998) and to soundings of cloud and aerosol by Heidinger 

and Stephens (1998). In this work, it has been adapted to the retrieval of cloud optical 

properties.

To fix ideas, we begin by considering cloud radiance (reflected solar, thermal emission, 

or both) as measured by a  radiometer on the satellite platform. The satellite measurements 

(brightness temperature and/or radiance a t a  given channel) y  are expressed in terms of
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the forward model as

y =  F (x ,6 )+ e y, (3.1)

where F  is the forward model (developed in Chapter 2) describing numerically the phys­

ical relationships between the measurements y  and the retrieved parameters x. The a 

priori parameters (b) embody all unretrieved parameters required by the forward model. 

Specification of these parameters can in some cases drive the solution, and the extent 

to which this holds is an important diagnostic. The error term ey provides an estimate 

of uncertainty in the measurements (e.g., instrument noise) and forward model errors. 

Nowhere is it implied that a unique (x, 6) solution pair must exist satisfying Equation 3.1.

Defining estimates for the retrievable (x) and a priori (x a) quantities, the approach 

follows from “optimal estimation” theory, in which a  scalar coat function is minimized:

<i> =  (x  -  x0)r S " l (* -  *«) +  (y -  F( x ) ) T S y l (y — F(x)), (3.2)

where Sy is the measurement error covariance matrix (those errors defining ey in 3.1), 

Sa contains the errors associated with any a priori constraints imposed on the retrieved 

(estimated) parameters, and x a is the a priori estimate vector. This development follows 

directly from Bayes theorem of Gaussian statistics.

We develop the general solution by first examining a specific pair of independent 

measurements (xj., x2) of the quantity x (e.g., cloud optical depth). These measurements 

can be combined as a weighted-average using the reciprocals of their variances as the 

weights

4 = ( f ? + § ) 7 + 5f )  ’ <3'3)
where <71,2 are standard deviations and the variance of x  based on these two measurements 

is given by

( 3 - 4 )

The generalization of Equation 3.3 to any number of retrieved parameters follows directly 

as

x =  (5Tl +  S ? L) - l (S1" Ix1 +  S ^ x 2), (3.5)
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where Xj now assume vector quantities and Si,2 are error covariance matrices given by

s  =  ( s r i + s 2- i r i . (3.6)

Now we consider a system having a virtual measurement x a with covariance Sa and a 

direct measurement y =  K x  with covariance Sy. The matrix K  is the “Fr&het derivative” 

(or “kernel matrix”) evaluated at x, specifying the sensitivity of the forward model to a 

perturbation of the parameters to be retrieved:

K - d±
dx (3.7)

This implicit assumption of response linearity in the neighborhood of x  runs throughout 

this development. Expressed in terms of m-measurements and n-parameters, the kernel 

matrix may be written explicitly as

K  =

dF\ (2,6)
nr

dFm-

d F m ( £ , S )~mr

3Fi(£,S)~mr
fx{2)

dFm-i(£,b)

W n max(2)

dFi(£,b) 
5* (n -l)  
9Fi(£,b) 
6x(n—I)

3Fi(£,b)
"dx(n)W
dF,(£,b)

&x\n)

d F m - i ( £ , S )  d F m - i ( £ , S )
flx (n -ij &x(n)
dFm(£,b) dFm(£,b)
dx(n—1) 9x(n)

(3.8)

It should be noted here that the matrices are not always square (e.g., if the number of mea­

surements exceeds the number of retrieved parameters), in which case matrix inversions 

employ method of singular value decomposition to obtain the generalized inverse.

Following the example above, we seek the minimum in <f> with respect to the parameter 

vector x  by taking its derivative and setting the quantity equal to zero. Working again 

with scalar quantities for simplicity, Equation 3.2 becomes

d_
dx

x - X g  j K 2!  - K y  _  Q

(3.9)
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which is the same form as Equation 3.3. Observing the rules of linear algebra, Equation 3.9 

is then rewritten in matrix form as

x  = {S~l + K TS - lK ) - l (SZlx-a + K TS ; ly)

= Sx( S ^ x ' a + K TS ~ ly) (3.10)

where

Sx = ( S - l + K TS ~ lK r l (3.11)

is the covariance matrix of the estimated parameters. These errors are dependent on 

the correct assignment of the measurement and forward model uncertainties. To gain 

an intuitive feel for this important diagnostic, we can rewrite Equation 3.11 in terms 

of units of the measurements (M) and parameters (P). Recalling the definition of the 

Kernel matrix and that the diagonal elements of covariance matrices are the squares of 

the standard deviations (variances), the scalar version of Equation 3.11 is written as

such that the square root of Sx yields the standard deviation error for the retrieved 

parameter. The breakdown of the uncertainties associated with Sx in the retrievals work 

of this dissertation are given in the following chapter.

The Newtonian iterative method involves writing the forward equation as a Taylor 

series expansion about a guess of the solution vector (z,):

y — F{xi) + ^ ( z  -  fj) +  H.O.T.. (3.13)

Invoking the definition for the Fr€chet derivative (Equation 3.8) and the forward model 

approximation to the measurement vector F (z ,) =  yi, this equation can be rewritten as

y =  I/,- +  Ki{x -  Si) +  H.O.T (3.14)

W ith the higher order terms omitted, the resultant linear equation set with a priori 

constraint x"a is

K i£  =  y - f f i  + KiXi (3.15)

z  =  za. (3.16)
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Specifying the associated error covariances matrices

Cov{KiS) =  Sy (3.17)

Cov( xa) = Sa, (3.18)

and following the form of Equation 3.10-3.11, the iterative solution for the “best fit” of x 

to the measurements y  is given by

f t+1 =  (S ~ l +  K j S - l K i ) - l [ K j S - \ y - y i +  J ftf t)  +  S ; lxa]

=  ( S - 1 +  K j  S y lK i ) - l [Kj  S ~ \ y - y i )  +  K j  S ^ K xxx +  S - lxa]

=  (S’ 1 +  K j  S y lK i ) - l [Kj  S ~ \ y -  ft) +  K j  S ^ J f t f t  +  S " lf t  -  S~ lxt +  SQ- lxa]

=  (50“ l +  K j  S ~ lK i ) - l [Kj  S~x{y -  ft) +  (S "1 +  K j  S ^ K i f c  + S ; l(xa -  ft)]

=  (S "1 +  K T S - lKi)~l (SZl + K ? S y lKi)xi

+ ( S - 1 +  K j  S ^ K i y ^ K j  S y l( y -  ft)  +  S - l (i?a -  ft)]

=  f t  +  (50“ l +  K j S ; lKi)~l[KTSyl{y — ft) +  Sa- l (xQ -  ft)]. (3.19)

Using of Equation 3.11 and rewriting ft in terms of the forward estimate f t  yields the 

final iterative form of the solution

Xt+1 — n +  .  _ i • (J.20)
Sx

A useful retrieval diagnostic is obtained by introducing the following matrix quantity

A =  SxK j S ~ lKi  (3.21)

such that (3.20) may be recast as

ft+ i =  X i + A K - ^ y - F J  + V - A K x a - X i ) .  (3.22)

Equation 3.22 reveals the utility of the UA Priori Matrix,” A, in ascertaining the de­

pendency of the estimated parameters on the a priori constraints imposed on the the 

retrieval. Recalling the definition of Sx (Equation 3.11), when the errors associated with 

the a priori error covariance matrix (5„) are large, the denominator of Equation 3.21 

approaches the numerator (causing the ratio to approach unity), while for small Sa the
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denominator exceeds the numerator and the ratio tends toward zero. When forward model 

sensitivity is small (i.e., small Kernel matrix components) or values of model/measurement 

uncertainty are high (i.e., Sy components are large) Equation 3.21 becomes increasingly

on a priori information will yield an identity matrix for A. This is illustrated further by 

Equation 3.22; when A is an identity matrix, the third term on the right hand side of

mated parameters; a property of any ideal observing system. Departures from the identity 

matrix indicate either lower sensitivity of the measurements to the retrieved parameters 

or higher errors in the forward model or measurements, characteristic of real observing 

systems. The sensitivity of the retrieval to changes in the a priori parameters is given by

The ensemble contribution of the Rodgers diagnostic parameters affords a qualified re­

trieval product of known credibility, inasmuch as the uncertainties associated with the 

forward model and measurements are known and quantified.

Following Marks and Rodgers (1993), the error in the retrieved parameters may be 

expressed formally as

is the matrix of contribution functions (the sensitivity of the retrieved parameters to 

changes in the measurements). The first term describes smoothing errors due to the a 

priori constraints, the second term describes forward model errors, and the last term

dominated by the nature of the a priori covariance matrix. A retrieval that does not rely

Equation 3.22 vanishes, indicating that a priori information has not influenced the esti-

Da = I  -  A. (3.23)

x  -  x  = (A -  /) (z  -  x a) + Dy( A F  -  AF)  +  Dyetf, (3.24)

where x  comprises the true values of the retrieval parameters and

(3.25)

describes measurement errors. The diagonal elements of Sx provide error estimates for 

the retrieved parameters

and off-diagonal elements are cross-correlations between parameter errors.

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



54

MTUUZS FOJNWHO MOOCL lR:

Figure 3.1: A simple schematic of the iterative retrieval flow.

3.3.1 Implementation architecture

The general flow of the retrieval is illustrated in Fig. 3.1. For a  single retrieval point 

(e.g., along a flight track) all information required by the forward model is gathered. 

An a priori guess for r  and re<r is used to begin the convergence loop. After using the 

forward model to compute virtual measurements for all channels, each cloud parameter 

to be retrieved is perturbed individually by a small value.

The radiances or brightness temperatures for the perturbed parameters are computed, 

and the kernel matrix is thereby constructed according to Equation 3.7. In addition to 

revealing model sensitivity to a  change in the retrieved cloud properties, the kernel matrix 

also tells the retrieval in which direction to ‘‘tune” the estimated parameters to approach 

the observed measurements. The new estimates are computed according to Equation 3.20 

and the entire process is repeated until a  specified convergence criterion (change in the 

retrieval parameters from one iteration to the next is much less that solution errors) is 

achieved. Upon convergence, model performance diagnostic information (Equations 3.26- 

3.21) is computed and the final results (retrieval vector and accompanying diagnostics) 

are stored.
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The required forward model data includes profiles of temperature, moisture, and 

gaseous absorbers (as provided from either rawinsondeor ECMWF reanalysis), solar/satellite 

angles (computed from spherical geometry), surface albedo, and cloud height (either es­

timated or provided by an active sensor). The number of retrieved parameters (e.g., r  

and reff) are specified (defining the dimensions of the Kernel matrix). Initial guesses are 

made based on a priori knowledge of cloud type, height, and climatology when applicable. 

These data are used to construct a SLADRT input-card file.The interface to the forward 

model was coded in the Interactive Data Language (IDL) to handle multiple calls to the 

forward model, assignment of model/measurement uncertainties, the computation of the 

Rodgers retrieval parameters and update of the the retrieval vector, and loop termination 

as defined by the specified convergence criterion.

A sensitivity analysis, performed off-line, determines which channels and multiple- 

channel products to use in the retrieval. The measurement vector is created from channel- 

differencing, ratios, or conversions from radiance to brightness temperature as required 

by this sensitivity analysis. A priori forward model uncertainties (also computed off-line) 

are stored for combination with the measurement errors further along. Quality checks 

are performed on these data to filter missing/bad data from the retrieval. Given the 

measurements, noise is computed according to instrument specifications. These data are 

combined with forward model uncertainty figures to compute diagonal elements of the Sy 

matrix (errors are assumed to be uncorrelated between channels, and are in units of the 

measurement).

A “While not converged.. .” loop, truncated by a maximum allowable number of 

iterations, is entered. Within each iteration of the retrieval, a series of calls to the forward 

model are made. In the first loop, the forward model is called for each channel to compute 

a synthetic measurement vector. To account for the spectral variation of optical depth, it 

is noted that r  may be written as

where Qext is the extinction efficiency (the effective-to-physical cross-sectional area). For 

the same cloud (i.e., same size distribution n(r) a t two different wavelengths), the ratio

rz2 foo
/  /  Q e x t , \K rn (r )d rd z
Jzi JO

(3.27)
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Figure 3.2: Example of relationship between optical depths at two different wavelengths 
as given by Equation 3.28.

of optical depths reduces to
TAi _  Qext,Xi 
T\a Q ext, At

(3.28)

Figure 3.2 illustrates this simple relationship for two different wavelengths as a function 

of effective particle radius. Mie theory for water spheres with a modified-gamma droplet 

distribution was used to compute the extinction efficiencies. Lookup-tables of extinction 

efficiency were computed as a function of effective radius for all instrument channels used 

in these retrievals in a similar fashion (see Appendix A).

After computing channel radiances corresponding to the initial-guesses, each param­

eter in x is perturbed by a small amount (typically 1%) and the entire synthetic measure­

ment vector is recomputed. In this way, the Kernel matrix (Equation 3.8) is constructed 

from the perturbed and unperturbed forward model results. The new retrieval vector is 

computed according to Equation 3.20 and the associated errors (Ax) are computed by 

Equation 3.11. Following Marks and Rodgers (1993), the level of solution convergence is 

given by

(3.29)e =  A xTSx 1 A x  -C n*,

where n x is the dimension of the retrieval vector, x . This follows quadratic convergence, 

such that Ax is much smaller than  the expected errors in the solution. The convergence
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criterion for these retrievals was specified as

e < (3.30)

When this criterion is met for all components of the retrieval vector, the master loop 

over retrieval iterations is terminated, the a priori matrix (Equation 3.21) is computed, 

and results for the single-pixel retrieval are stored. The program then clears memory and 

resets for the next pixel in the retrieval, or terminates upon completion.

Clearly, this retrieval procedure is computationally intensive at run-time in compar­

ison to those employing a  set of look-up tables. The latter applications, which yields 

batch-results instantaneously via simple interpolation of the measurement data to static 

grids, are applied most widely in operational settings. The dynamic method used here, 

which must call the forward model # , ter x ( # c h o n  +  (#parom x # cy,a„)) times for a sin­

gle pixel, is tolerable to research applications and provides important retrieval diagnostic 

products unavailable to look-up table approaches. As this research seeks to assess the 

benefits of active sensors, the time required to attain these diagnostic parameters far out­

weighs any appeal to runtime brevity. The Rodgers method itself, however, can be applied 

in either case.

3.4 Summary

Reiterating the problem of retrieval theory applied here to cloud remote sensing, 

we seek to infer cloud properties given measurements of the thermal/shortwave radia­

tion emitted/reflected by clouds embedded in the Earth/atmosphere system (the spectral 

intensity of which depending on the state of the system in a known way). As posed, 

retrieval theory involves two distinct elements: the “Forward Problem” and the “Inverse 

Problem.” The forward problem uses a  forward model (here, SLADRT) to generate vir­

tual measurements that are representative of the physical instrument and are a  function of 

the cloud parameters desired. The inverse problem (which invokes the optimal estimation 

approach described in this chapter) involves determining the best solution among possibly 

several that are consistent with the observations and must be chosen according to some
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appropriate criteria (usually governed by the physics of the problem and included as a 

priori constraints to the solution). For the retrievals done in this research, the optimal 

estimation approach of Rodgers (1976) was selected. This method seeks to minimize a 

scalar cost function with respect to three primary components: (1) measurement error, (2) 

forward model error, and (3) a priori error. Each component is quantifiable-a powerful 

diagnostic feature of the Rodgers approach.
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CLOUD PROPERTY RETRIEVALS: A PHYSICAL BASIS

4.1 Introduction

While applications of retrieval theory in remote sensing are indeed diverse, all are 

founded under the same general premise: if the governing physics of the system can be 

cast into a mathematical system of equations whose unknowns comprise the parameters 

to be retrieved (i.e., a sound forward model based on all the relevant system variables), 

then the problem reduces to the ability of remote sensor measurements to span uniquely 

the column (solution) space of the system. For example, to solve three unknowns re­

quires a system of three independent equations (i.e, no equation can be represented as a 

linear combination of the other two). Insodoing, the appropriate combination of system 

variables resulting in agreement in all measurements yields the retrieved result. Selection 

of the appropriate radiometer channels/channel-combinations at which the desired cloud 

parameters are sensitive is an example of casting the system equations mentioned above.

In addition to developing a physical basis for why certain cloud properties can be 

retrieved, this chapter introduces the two primary passive remote sensing instruments 

used in this research to this end: the Geostationary Operational Environmental Satellites 

(GOES) imager and the Colorado State University (CSU) Scanning Spectral Polarimeter 

(SSP). These instruments have fixed spectral channels of variable bandwidth spanning the 

visible (VIS) to infrared (IR) wavelengths (roughly 0.4 to 12.0 /un). Using the governing 

physics describing the electromagnetic behavior of cloud particles, gases/aerosols, and 

the surface, the question “what parameters are retrievable from these instruments” is 

addressed. Those relationships providing parameter sensitivity (and minimal uncertainty 

contributions from the unretrievable system variables) shall comprise the system equations
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(Jlouc Property Retrievals
Investigator(s) Cloud Type Retrieved Instruments/Wavelengths Used
P l a t t  « t a l  [ ld 7 9 ] C i r r u s a ,  a ,  r S M S - 2 /G O E S  V iS ,  10-12**®
Sstjw ach  [1&82] C i r r u s T ,  a M ^ f i o S A T  6 . 5 a m ,  1 1 .5 a m
Prabhakara a t  at, [1088] C i r r u s rt f f IR IS  l b .6 a m ,  1 2 .& am
L io u  a t  al, [1990] C i r r u s r ,  a N A S A  E R -2  R a d i o m e t e r  6 .5 a m ,  10.5**®
A /m n ia  a t  a ) .  [1990] C i r r u s r ,  c C d l £ 3 /A V H R R  6 .6 4 a m ,  1 1 .5 a m
Stona  a t  al, [1990] C i r r u s r ' r* ff G O E S /A V H R R  3.7*101, I0 .9**m , I2.7**m
tV ialidk t a t  at. [1990] C i r r u s /  A l to c u m u lu s p h a s e ,  rt f f L A N D S A T  6 .6 3 a m ,  1 .6 5 a m ,  2.21**m
Minnt*  a t  a i .  [ l9 9 3 ] C i r r u s r ,  Z A V H R & / 6 d k 4  6 .6 5 **m, 1 1 .5 a m
O u  a t  at, [lO fw ] C i r r u s T. O.ff A V H R R  3 .7 a m ,  1 0 .9 a m
On a t  al. [1 9 9 5 ] C i r r u s T .  D .f f ,  t A V H R R  3 .7 a m ,  1 0 .9 a m
C u r r a n  a n d  IVu [ l4 6 1 ] L e e -W a v e t , p h u * ,  r , f f S k y la b  B a t h o m e t e r  0 .8 3 a m ,  l .6 1 a m ,  2 .1 2 5 a m ,  1 1 .4 a m
K /aapatc*  [1995] S t r a t o c u m u l u s r ‘ fT C O E S  3 .9 a m ,  1 1 .O a m
Rawlins and Pool [ I9 9 0 j S t r s t o c u m u l u s r - r . f f M u l t i - C h a n n e l  R a d i o m e t e r  (7  c h a n n e ls  in  V I S  a n d  N l h )
Nakajima  a t  aL ( l6 9 1 ] S t r a t o c u m u l u s r - ’■•ft N A S A  R a d i o m e t e r  0 .7 5 a m ,  1 .6 5 a m , 2 .1 6 a m
A lin n u  a t  al. [1992J S t r a t o c u m u l u s r .  Z . T .  r t f f C O E S  0 .6 5 a m ,  1 1 .5 a m
Nakajtma and Nakajima [1995] S t r a t o c u m u l u s r ' r . f f A V H R R  0 .6 5 a m ,  6 .7 a m ,  1 0 .9 a m
Platntek  a n d  V d/cro [1995] S t r a t o c u m u l u s

r * rsP A V H R R  0 .6 5 a m ,  6 . ? a m
A rfcm g a n d  Child* [1985] ( G e n e ra l^ t ,  C F .  f ,  r , f f A V H R R  0 .6 5 a m ,  6 .7 a m ,  I t  .O am

T tp o m a y  a n d  £ o c lu  [1989] ( C e n t r a l )
T '  r * ^  I. 0 .7 5 a m ,  1 .0 a m ,  1 .2 a m ,  1 .6 a m ,  2 .2 5 a m

K in g  a t  al. [1992] ( C e n t r a l ) r ,  r t f f ,  P u , .  T M O D IS  (3 6  c h a n n e l s  0 .6 6 u m - l4 .2 4 a m )  ( p r o p o s e d )
Sm ith  a t  aL [1996] ( G e n e r a l ) 0 , f f ,  Z C O E S  3 .9 a m ,  1 0 .7 a m ,  l^ .O p m
H tiding t r  a n d  S ttph tn*  [1998] ( C e n t r a l ) r ,  P i„ ,  g , Sp (fe A - B a n d  0 .7 6 - 0 .7 7 a m .  <4 A 2 .0 E  — 0 4 a m

Table 4.1: A selected collection of passive remote sensor cloud optical property retrieval 
approaches described in the literature. Cloud property symbols are: r  =  optical depth, 
reg  =  effective particle radius (water), Deg  =  effective ice crystal diameter, e =  cloud 
emissivity, a  =  albedo, P |0p =  cloud top pressure, T =  cloud temperature, Z =  cloud 
height, phase =  (ice/water), CF =  cloud fraction, g =  asymmetry parameter, and Sp — 
pressure thickness.

for the retrieval. Additionally, this chapter discusses the uncertainty associated with the 

instruments and the forward model. This leads to the formulation from components of 

the Rodgers uncertainty matrices described in Chapter 3.

4.2 Passive Radiometer Instruments

Extensive work has been done in the area of passive-sensor cloud property retrievals. 

Table 4.1 lists a by no means exhaustive collection of these efforts. The NASA CERES 

program incorporates many of the algorithms developed in these studies in its operational 

retrieval package. Daytime retrievals take advantage of solar reflection measurements 

which help to constrain solutions to optical depth and particle size and night-time retrievals 

(which rely only upon emission information from the cloud and atmosphere system) can 

pose comparatively larger problems to passive remote sensor retrievals (e.g., cloud location 

and emissivity become critical players in measurement sensitivity). Uncertainties attached 

to these retrieval approaches, however, could be reduced considerably simply by including
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cloud level data  as provided by an active sensor. It is this point that this work seeks 

to both show and quantify. Instead of seeking out a novel scheme to add to the list, 

this research builds upon established passive-only retrieval techniques by including cloud 

height information provided by active sensors to the a priori parameters specified in the 

forward model.

The retrievals presented in this research center on passive radiometer measurements. 

These devices are equipped to measure the flux (or irradiance, (W m~2) of photons im­

pinging a finite detector surface characterized by a spectral bandwidth and filter response 

function. The solid angle (fi) subtended by the remote scene at the detector is given by

where A  is the area of the scene projected onto the plane orthogonal to the detector’s line- 

of-site and R  is the geometric distance between the detector and scene. With A sufficiently 

small and R  sufficiently large, an approximation to the field-invariant quantity intensity 

(or radiance, W m-2 sr~l ) is obtained. In practice, calibration coefficients computed 

pre-launch relate the digitized voltage counts to spectral radiance (W m-2 sr_l ^m _ l). 

This becomes problemmatic in operation as these coefficients drift with time (e.g., owing 

to degradation in amplifier gains or contamination of the optical assembly) horn their 

pre-launch values. To produce meaningful quantities, the calibration must be known as 

accurately as possible, and the remaining uncertainty must be included in the forward 

estimate of the measurments. Radiometer instruments are termed “passive” because they 

do not interact physically with the medium they sense (as would a radar or lidar). The 

measured radiation can be thought of as a  convolution of all emitting/reflecting sources 

and virtual sources in the detector field of view. This section details the two primary 

passive radiometers used for retrievals of this study: GOES (on the satellite platform) 

and the SSP (flown upon aircraft and unmanned aerospace vehicle (UAV) platforms).

4.2.1 The GOES Imager

The GOES program, run under the auspices the NOAA, launched the first of its 

series in 1975. The first satellite busses featured a Visible and Infrared Spin-Scan Ra­

diometer (VISSR) instrument to image the Earth’s surface, atmospheric moisture, and
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cloud cover. The VISSR Atmospheric Sounder (VAS) instrument was first included on 

GOES-4 in 1981. Operation was problematic, as the imager and sounder could not be 

operated simultaneously and the spin-scan stabilization approach offered an Earth-view 

only 5% of the time (compromising signal-to-noise ratios (SNR) and the quality/resolution 

of sounding/imager data). Motivated by the desire to eliminate these problems, a next- 

generation GOES series was implemented (Menzel and Purdom, 1994). The first of the 

series, GOES-8, featured over 9 year’s worth of research and development improvements, 

including

• Independent imager and sounder operations.

• Earth-oriented, three-axis stabilization design affording for better pixel registration 

(navigation).

• Improved imager resolution and SNR.

•  More accurate temperature and moisture soundings.

• New and more efficient data acquisition protocol.

Patterned after the NOAA AVHRR instruments, the next-generation GOES imager 

is a filter radiometer (response is dependent on the amount of radiation received within a 

pass-bands of the filters) which uses a 12.25-in diameter aperture with dichromatic beam 

splitters to divide the scene radiation into five spectral pass-band channels at 0.55-0.75 

(Ch. 1, visible), 3.8-4.0 (Ch 2., shortwave IR), 6.5-7.0 (Ch. 3, water vapor), 10.2-11.2 

(Ch. 4, longave IR), and 11.5-12.5 (Ch. 5, water-vapor window) microns across the optical 

spectrum. A scanning instrument, the GOES imager uses a  dual-axis system to perform 

East-West horizontal scans followed by North-South steps between scan lines. The system 

completes a  full-Earth-disk image in roughly 25 minutes. Smaller area scans (e.g., of the 

continental United States (CONUS)) which require less time are included in the GOES 

schedule, and 3-minute “rapid-scan” mode is operated during priority-interrupt periods 

focusing on a  particular mesoscale event. GOES pixel resolution for data used in this study 

are 1-km for visible imagery and 4 km for IR (4 x 8 km for the water vapor channel).

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



63

2500

|  2000 o.a

e  1500 0.6  ^

0.4  _

500 10.2

 ■- ......... ............ .............. .v------ ---------- Inn
0 .5 0  0 .4 0  0 .5 0  0 .6 0  0 .7 0  0 .8 0  0-90  i 00

Wcvtf«ngtn(*im)

Figure 4.1: GOES-8 Channel 1 (0.65 /im central wavelength) filter response with TOA 
downwelling Solar Spectral Flux data.

Cloud heterogeneity exists well below these scales, and must be taken into consideration 

when conducting retrievals these pixel data.

GOES Channel 1

GOES Ch. 1 is situated near the heart of solar emission with the upper-limit of 

its filter function falling off far short of the near-infrared (NIR) spectral regime where 

signal contributions from terrestrial/atmospheric emissions become significant. Figure 4.1 

shows the positioning of this bandwidth with respect to the TOA downwelling direct solar 

flux (unattenuated/diffiised by the Earth’s atmosphere). It is located in an atmospheric 

window, such that absorption by the main gaseous constituents of the Earth’s atmosphere 

(see Chapter 2) is minimal. Being insensitive to thermal radiative sources, Ch. 1 is 

used for day-time imaging exclusively. Temporal loops of Ch. 1 imagery on the nightly 

news weather segments are the most familiar interface of these data to the general public. 

Because most clouds have higher albedos than the underlying surface (with the exception of 

snow/ice backgrounds), measurements of solar reflection by clouds is useful in identifying 

clouds and organized cloud systems at all scales down to the pixel resolution. It will 

be shown that Ch. 1 reflection can also be used as a  proxy to cloud optical depth.
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Figure 4.2: GOES-8  Channel 2 (3.9 fim  central wavelength) filter response with TOA 
downwelling Solar Spectral Flux data.

Bandweighting is performed in the forward model simulations of Ch. 1 measurements in 

order to capture the variability of the solar spectral flux across the filter’s pass-band.

GOES Channel 2

The spectra of solar and terrestrial emissions are considered generally as decoupled 

from one another, such that shortwave (reflection) and longwave (emission) radiative prop­

erties as measured by satellite are discussed largely as separate entities. Cursory exami­

nation of the Planck emission spectra for blackbodies with temperatures of 5780 °K and 

253 °K (approximate figures for the sun and the earth/atmosphere, respectively) reveals 

the approximation to hold quite well to first order, with only a  small region of overlap 

between the two curves in the region of Ch. 2. For detector channels in spectral bands 

well outside of this region (e.g., visible imagery at 0.65 fim  or IR  imagery at 10.7 i*m), 

the concerns for potential contamination by either thermal emission or solar reflection are 

minimal to negligible. However, an instrument whose detector passband is situated in the 

region of crossover possesses the inherent capability of detecting both solar reflection and 

thermal emission simultaneously.
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The pass-band of GOGS Ch. 2 is located in a special window portion of the spectrum 

that is sensitive in comparable magnitude to both emissions from the Barth/atmosphere 

system and reflection of solar radiation. Figure 4.2 indicates that the reflected downwelling 

(assuming a range of surface/cloud albedos from 0.0 to 0.5 and a solar zenith angle of 

0 °, for example) spectral solar flux is roughly the same order of magnitude as typical 

upwelling emissive fluxes (the 287 °K blackbody curve corresponds to a global mean 

surface temperature, while the 253 °K curve corresponds to the global mean radiating 

temperature of the Earth/atmosphere system in radiative equilibrium). It is for this 

reason that clouds in Ch. 2  usually appear brighter (warmer) than the underlying surface 

during the day and darker (cooler) at night (demonstrating properties of both the visible 

and IR channels). The interest in this channel arises from the fact that solar reflection 

in the NIR is a strong function of cloud particle sizes. For this reason, many attempts 

to decouple the thermal and solar components of the day-time 3.9 pm imagery have been 

made to variable levels of approximation (e.g., Coakley and Davies (1986), Ou et al. 

(1993), Rao et al. (1995), Kleepsies (1995), and Nakajima and Nakajima (1995)). An 

assessment of this problem using total solar eclipse data as a  means to decoupling these 

radiative components is outlined by Miller (1999).

GOES Channel 3

The bandwidth of GOES Ch. 3 is situated within a strong water vapor absorption 

region (refer back to Figure 2.5). The water vapor may be used to detect atmospheric 

motions (e.g., circulations, regions of rising/subsiding air) in cloud-free regions invisible 

to the other channels (all other GOES imager channels are positioned in atmospheric 

windows). The channel has also proved useful for the detection of cirrus clouds from 

space using a bi-spectral approach (the shape of cirrus clouds will appear the same in 

both Ch. 1 and Ch. 2, as these clouds are above the majority of the obscuring water 

vapor). In this study, this channel was used along with the method of Szejwach (1982) 

as a passive-only method to determining cirrus cloud heights (Chapter 5 outlines this 

approach in detail).
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GOES Channels 4 and 5

GOES channels 4 and 5 comprise the “split-window,” so-called because while both 

channels exist in an atmospheric window (located between strong water vapor and CO2 

absorption bands), there is an enhanced absorption by liquid and ice at 1 2 .0  pm compared 

to at 10.7 /im. Sometimes Ch. 5 is referred to as a “dirty window” for this reason 

(although all window channels are subject to some amount of gaseous absorption). The 

size parameter, defined as

associated with (upwelling thermal) radiation in Ch. 4 is larger than in Ch. 5, resulting 

in a slightly higher forward scatter component of the phase function Combining these 

differential optical effects result in positive Ch. 4 - Ch. 5 brightness temperature difference 

residuals which can be used for detection of thin cirrus, for example. A bi-spectral method 

following Prabhakara et al. (1988) employing the split-window channels is included in the 

discussion of optical parameter sensitivities to follow.

4.2.2 The SSP

The scanning spectral polarimeter was designed and built by Graeme Stephens and 

Bob McCoy at Colorado State University. A detailed discussion of instrument character­

istics, calibration procedures, error analysis, and sample results are provided elsewhere 

by Stephens et al. (1999) and Ries and Stephens (1995). Figure 4.3 shows the first- 

generation SSP instrument outer chassis, with detector head assembly on the right. To 

perform spectral scanning, it utilizes a rotating optical bandpass filter to measure polar­

ized/unpolarized radiances and fluxes over a spectral region spanning [0.4,1.1 pm] (first 

and second generations) and [0.4,4.0 pm] (third generation). As such, retrievals involving 

SSP data are applicable to day-time observations exclusively. The half-bandwidths of the 

channels are narrow, on the order of 20 nm. In normal operation, light passes through 

the optics head and is focused onto a  rotating circu'ar variable filter and then upon a 

six detector assembly (flux, unpolarized radiance, and four polarized radiances: parallel,
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Figure 4.3: The Scanning Spectral Polarimeter (SSP) instrument (first generation) de­
signed and built at Colorado State University.

perpendicular, right-hand circular, and left-hand circular). For this research, only the un­

polarized radiance field (detector 3, with measured half-angle field of view of 20 mrad) was 

used. Unfortunately, the SSP suffers a  lack of sensitivity (not enough energy is collected) 

to solar reflection in the NIR. The first atmospheric window channels that offer sensitivity 

to cloud particle size are near 1.5 (im  and 2.0 ^m. This necessitated an assumption on 

refj in order to retrieve optical depth (and an error attached to this assignment). Details 

of retrieval case studies involving the SSP are given in Chapter 5.

4.3 Which Cloud Parameters are Retrievable?

Retrieval of atmospheric properties from multi-spectral passive radiometer data re­

quires a  knowledge of their spectral behavior and selection of appropriate channels to 

exploit regimes of high sensitivity. For the case of clouds, whose optical effects are tied 

strongly to altitude, the most useful bandwidths to retrievals are those in atmospheric 

windows or in a  region dominated by a well-mixed (quantifiable) absorbing gases like O2 

or CO2 . For the retrievals presented in this work, only atmospheric window channels are

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



68

used. In this way, the dominant processes responsible for spectral variation in reflectance 

or emittance are associated with the optical properties of the cloud and the underlying 

surface alone. Here we discuss some of these spectral properties in the context of retrieval 

theory.

4.3.1 The scattering/absorption spectrum

The fact that absorption, scattering, and emission properties of clouds vary with 

wavelength motivates the use of multi-spectral approaches in retrievals; each channel pro­

viding different information about the same cloud. The complex spectral behaviors of 

water and ice cloud single-scatter albedo and asymmetry parameter (characterizing the 

absorption and scattering properties of the medium) are illustrated in Figures 4.4-4.5. To 

produce these figures, Mie theory for spheres was applied to a modified- 7  size distribution 

with a dispersion factor of 2. Revealed in these figures are the subtle differences between 

the optical properties of water and ice clouds owing to differences in the refractive index 

which are exploited in cloud detection algorithms. Scattering behavior in the split window 

channels is a  strong function of particle size, and absorption is negligible (u 0 = 1.0 ) for 

both cloud phases a t visible wavelengths.

Illustrated in Figures 4.6-4.7 are channel cross-sections of Figures 4.4-4.5. The asym­

metry parameter is observed to be a strong function of effective radius for all wavelengths 

as larger particles (with respect to the incident wavelength) scatter energy preferentially 

in the forward direction. The single-scatter albedo shows more variability with wave­

length, ranging from non-absorbing at the visible wavelengths to strong absorption in the 

NIR and IR. The visible (0.65 /xm) reveals only a very small sensitivity to effective radius 

through the asymmetry parameter. It may be concluded from these figures that reflection 

of sunlight in a  NIR channel (e.g., GOES Ch. 2) is a  much stronger function of effective 

radius than in Ch. I. In general, the greatest sensitivity of these optical parameters is for 

effective radii less than 40 /xm.
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Figure 4.4: Spectral dependency of cloud optical parameters based on Mie theory for 
water spheres and a  modified- 7  size distribution. GOES imager channel bandwidths are 
indicated. Left panel: asymmetry parameter, Right panel: single-scatter albedo.
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Figure 4.5: Same as above but for ice clouds.
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ASYMMETRY PARAMETER COMPARISON: WATER SINGLE SCATTER ALBEDO COMPARISON: WATER
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Figure 4.6: Effective-radius-dependent cloud optical properties shown for GOES imager 
channels based on Mie theory for water spheres in a  modified- 7  size distribution. Left 
panel: asymmetry parameter, Right panel: single-scatter albedo.
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Figure 4.7: Same as above but for ice clouds.
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4.3.2 Across-band variability of cloud optical properties

GOES-8 channel sensitivities to asymmetry parameter, single-scatter albedo, and the 

similarity parameter defined as

s = 1 — Wo 1/2
(4.3)

.1 -gcJo.

are shown for Mie calculations of water and ice clouds and for a variety of effective radii. 

The similarity parameter describes the condition under which two clouds of different op­

tical properties (u>0,g) will produce identical reflection behavior (multiplicity of solution). 

It is seen that absorption at Ch. I is negligible, and the asymmetry parameter (related to 

the scattering phase function and tied ultimately to the particle size distribution) is not a 

strong function of effective radius. In stark contrast, the NIR and IR channels all display 

marked absorption and sensitivity to particle size. Of particular note is the decrease in 

single-scatter albedo across the Ch. 4 band (as water absorption strengthens toward Ch. 

5) as well as the slightly higher asymmetry parameters in Ch. 4 owing to effective size 

parameter differences as explained above. The between-channel differences of these optical 

properties forms the basis for bi-spectral retrieval techniques using GOES imager data.

4.3.3 Multi-spectral retrieval approaches

An important determinant in the selection of an appropriate retrieval method is 

whether or not the sun is illuminating the clouds. The two main paradigms of retrieval 

problems are those of reflection and those of absorption/emission (with a  “grey area” in 

the day-time NIR band). The methods employed most commonly in retrieval work (and 

comprising the theoretical basis for the cloud retrievals performed in this research) are 

demonstrated here for both cases.

Daytime retrieval approaches

In general, the cloudy-sky radiance measured by passive satellite radiometers is a 

function cloud microphysics, cloud optical depth, the temperature profile, and the so­

lar/observer geometry. Sagan and Pollack (1967) and Hansen and Pollack (1969) are 

credited with establishing the precedent for using spectral variation of cloud reflectivity as
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Figure 4.8: GOES-8 Channel 1 (0.65 /*m central wavelength) band sensitivity for ice and 
water clouds according to Mie theory
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Figure 4.12: GOES-8 Channel 5 (12.0 /jm central wavelength) band sensitivity for ice and 
water clouds according to Mie theory

Figure 4.13: GOES Chi (0.65 pm) and Ch2 (3.9 /xm) cloud parameter sensitivities for a 
lkm-thick water cloud (/i0 =  0.6, n  — 0.707, <f> — <f>a =  0.0).
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Figure 4.14: The bi-spectral retrieval approach. (Following Nakajima and King, (1990))

a means to infer particle phase, size, and total cloud optical depth. At wavelengths where 

water absorption is strong, clouds with larger droplet size distributions exhibit greater 

extinction due to absorption and a stronger tendency for forward scatter; resulting in a 

reduced reflectivity. Wavelengths at which water absorption is weaker are less sensitive 

to changes in the droplet size distribution and more sensitive to extinction due to scat­

tering processes (i.e., droplet number concentration according to Equation 3.27; recall the 

relative invariant behavior of g and u a as a function of reg- in Figures 4.6-4.7). These re­

lationships are best illustrated by forward model simulations shown in Fig. 4.13. Plotted 

are iso-surfaces of bidirectional reflectance, given by

(4.4)(F0 cosOo)

where £ and £0 define the directions associated with incident (solar) and reflected (ob­

served) radiation, and F0 is the incident solar flux density. A nearly orthogonal rela­

tionship is observed between the two surfaces over a large range of the parameter space, 

with the exception of optically thin and small-particle clouds where sensitivity to both 

the cloud droplet size distribution and number concentration exist.

These kinds of bi-spectral relationships have been exploited by a  handful of researchers 

in satellite remote sensing. The specific approach taken is determined largely by whether
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or not solar reflection information is available in the measurements. The bidirectional 

reflection function as defined in Equation 4.4 is often used to convert a single satellite 

radiance to an “equivalent isotropic reflectance” of the scene. This quantity is used by 

Nakajima and King (1990) to formulate a  gridded retrieval approach for r  and reff as shown 

by SLADRT forward model simulations in Fig. 4.14. The measurement orthogonality 

inferred from Fig. 4.13 is clearly evident in these grids. The shape (and hence quality) of 

this relationship changes with the solar/viewer geometry.

Nighttime retrieval approaches

Nighttime passive-sensor-only retrievals must rely exclusively upon IR measurements 

of atmospheric thermal emission (the TOA downwelling cosmic term representing deep- 

space emissions at roughly 2° K is neglected). Spectral absorption by atmospheric gases 

and aerosol (which are not always uniformly mixed throughout the profile, especially in 

the case of aerosol) complicates satellite measurements in some channels by absorbing 

and then re-emitting at their ambient temperatures. In this way, a  passive radiometer 

measurement represents a  convolution of all active emitters in the profile. Upwelling emis­

sions from the surface and lower (warmer) atmosphere often t r ansm it  through optically 

thin clouds, resulting in a stronger satellite radiance measurement not representative of 

the cloud’s ambient temperature. In some cases the measured temperature is to be used 

in conjunction with a temperature profile to place the cloud at a given altitude. Implicit 

to this assumption is that the cloud’s optical thickness is sufficient to extinguish all up- 

welling emissions, and that the emissivity of the cloud itself is near unity. Of course, 

neither assumption must necessarily hold, and the credibility of such retrievals must be 

held in question.

Methods do exist to approximate cloud top altitudes based on departure from the 

emission profile of a well known atmospheric gas; a prominent example being the CO2 

slicing technique (Menzel et al., 1983; Wylie et al., 1989; Wylie et al., 1994). While 

useful in many instances, the cost incurred by uncertainty (on the order of kilometers), no 

indication of cloud physical thickness and the inability to resolve multiple-layered cloud 

profiles compromises the technique . Clearly, an a priori knowledge of the exact location
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Figure 4.15: Infrared-only measurements can provide limited information on r  and re<f 
(Following Prabhakara et al., (1988)).

of a cloud in the profile would benefit night-time retrievals immensely and enable an 

unambiguous estimate of optical depth.

Infrared retrievals employ channel-differencing methods have attempted to circumvent 

the dilemmas associated with to the night-time retrieval. Prabhakara et al. (1988) adapt 

the findings of Inoue (1985) to investigate the retrievability of optically thin clouds in the 

IR split window (GOES Ch. 4 and 5) by taking advantage of the differential extinction 

properties (for small particles, the extinction in Ch. 5 is roughly twice as large as in 

Ch. 4, see Bohren and Huffman (1983)) at these wavelengths. Figure 4.15 is a forward 

model-generated example of this technique, which offers sensitivity to cloud optical depth 

up to about r  as 4.0.

In another application of spectral differencing, Stone et al. (1990) take advantage of 

the differential absorption (w0(A)) properties of cloud particles at wavelengths equivalent 

to GOES Ch. 2, 4 and 5. Figure 4.16 is a  forward model-generated illustration of the 

Stone et al. (1990) approach. Because Ch. 2 is sensitive to both thermal and solar radia­

tion, their technique is applicable to both day-time and night-time retrievals. The range 

of retrievable r  in the night-time retrievals is similar to the Prabhakara et al. technique,
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Figure 4.16: Gaining sensitivity to particle size from channel differencing (Following Stone 
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panels, respectively.

while the day-time retrievals take advantage of the reflected solar beam to provide addi­

tional sensitivity to both r  and r eg-. As a technical note to the latter day-time case, the 

“brightness temperature” shown at 3.9 /xm is enhanced by contributions from the reflected 

solar intensity, and no longer represents an emitting temperature of the cloud particles. 

In their studies, both Stone et al. (1990) and Prabhakara et al. (1988) make implicit use 

of a priori cloud height information to supplement the forward models in their retrievals.

4.4 Forward Model Uncertainty and Sensitivity

As discussed, an important product of the Rodgers retrieval is the quantification of 

errors associated with the forward model, measurements, and the a priori constraints. 

These errors are the fundamental drivers of the retrieval; defining both the quality and 

physical credibility of the results obtained. The Sv error covariance matrix contains in­

formation on the uncertainties associated with both the measurements and the forward 

model. This section outlines sensitivities of the model observing system to a variety of 

cloud optical properties, in-cloud distributions, geometric thickness and position in the 

vertical. In general, the higher the forward model sensitivities are to perturbance of a
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cloud parameter, the higher the potential for successful retrieval of that parameter. For 

simplicity, only single layer clouds are considered for these exercises (with vertical hetero­

geneity approximated by stacked plane-parallel clouds of varying optical properties).

Forward model uncertainties are associated with several factors, including i) the dis­

cretization of the radiance field, ii) vertical variability of gas and cloud extinction, iii) 

scattering phase function approximation, iv) gaseous absorption approximations, v) the 

assumptions imposed upon the unretrieved model parameters, and vi) the application of a 

plane parallel model to a  horizontally inhomogeneous cloud field (Heidinger and Stephens, 

1998). The errors for (i) and (ii) can be quantified using high resolution forward model sim­

ulations. Some estimates of the error of (iii) can be obtained by comparison of the double 

Henyey-Greenstein phase function to tabulated phase functions (Deirmendjian C l water 

and Takano and Liou (1995) hexagonal ice crystal phase functions). To account for uncer­

tainties in gaseous absorption (iv), figures from Kratz (1995) reporting channel radiance 

errors on the order of 0.2% for the correlated-K method were used. Temperature, water 

vapor, and gaseous absorber abundances are derived from ECMWF initializations and, 

whenever possible, rawinsonde observations. A comparison of the observational sound­

ings with co-located ECMWF profiles is used as a measure of the temperature profile 

uncertainty (v) in regions where only model data are available.

The uncertainty in the approximation of a  heterogeneous scene by a plane-parallel 

model is a quantity dependent on the scene in question. For the case of GOES pixels, 

clouds often do not fill pixels completely, resulting in a clearsky contamination (warming) 

of the cloud signal. The active sensor can to some extent ascertain the degree of cloud 

heterogeneity within the corresponding GOES pixel (albeit a 2 dimension vertical slice 

view). As this error was common to both the active/passive and passive-only retrievals, 

this unknown and unquantifiable error component is argued to be tolerable in the context 

of relative-error comparisons between the two methods operating on the same pixels. This 

is not a concern to the SSP-based retrievals where detector FOV and range-to-cloud are 

both sufficiently small as to approximate a  point-reflection at cloud top.
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Figure 4.17: GOES Ch. 1 sensitivity to optical property perturbance as a function of 
cloud height. Top panel: sensitivity to r ejy, Bottom Panel: sensitivity to r .
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Figure 4.18: GOES Ch. 2 sensitivity to optical property perturbance as a function of 
cloud height: Daytime case. Top panel: sensitivity to r ^ ,  Bottom Panel: sensitivity to r .
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Figure 4.19: GOES Ch. 2 sensitivity to optical property perturbance as a function of 
cloud height: Nighttime case. Top panel: sensitivity to r ^ ,  Bottom Panel: sensitivity to
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Figure 4.20: GOES Ch. 3 sensitivity to optical property perturbance as a  function of 
cloud height. Top panel: sensitivity to reg, Bottom Panel: sensitivity to r .
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Figure 4.21: GOES Ch. 4 sensitivity to optical property perturbance as a  function of 
cloud height. Top panel: sensitivity to reff, Bottom Panel: sensitivity to r .
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Figure 4.22: GOES Ch. 5 sensitivity to optical property perturbance as a function of 
cloud height. Top panel: sensitivity to Teg, Bottom Panel: sensitivity to r .
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4.4.1 Sensitivity to retrievable parameters

To determine the sensitivity of spectral radiance to variations of r  and reg indepen­

dently and as a function of cloud altitude, a single 1 km cloud layer of uniform optical 

depth and particle size distribution was incremented through an atmospheric profile inho- 

mogeneous in temperature, molecular scatter, water vapor, and other gaseous absorbers. 

At each incremental height, the cloud optical properties were perturbed and a differential 

radiance computed. This was repeated for a wide array of r  and reg for all five GOES 

channels. The sensitivity computations were defined as the relative percent-change in the 

radiance measurement as a function of a differential change in the optical property:

.  100 x W ) - / M ) / / ( r t  m

dp v  ~P

where p is the optical property (r ,reg-) and p' is its perturbed value (increased by 5%). 

Effective radius sensitivities were computed for fixed optical depths ranging from 1 to 30, 

and optical depth sensitivities were computed of an effective radii range of 5 to 75 pm. 

DHG phase functions were used, and the solar and satellite zenith angles were held at 

pQ =  0.80, p — 0.94 and <j>0 — <t> =  0.0 degrees. For the Ch. 2 simulations, runs with and 

without the solar source were performed.

Displayed in Figures 4.17-4.22 are sensitivities to the perturbed optical properties as 

a function of height and GOES Channel. While the examples shown are for a  single fixed 

value of r  or reg, these were computed for the full range mentioned above. Summarizing 

the salient features of these plots and companion-plots not shown,

• Channel 1:

1. Model sensitivity to effective radius at 0.65-/jm was tied to a rapid increase in 

the asymmetry parameter (g)over low values of reff. As defined, the derivatives 

are negative since an increase in g results in stronger forward scatter at the 

expense of backscatter. At lower cloud heights the presence of stronger Rayleigh 

scatter serves to dampen the sensitivity. The general structure of this sensitivity 

surface remained intact but increased in magnitude from r  =  2.0 to a  maximum
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at r  =  8.0; decreasing beyond this value. Below this maximum reflectivity 

increased rapidly with optical depth, while at higher r  the relationship were 

observed to asymptote.

2. Sensitivities to optical depth displayed the opposite sign, since in the visible an 

increase yields invariably a  finite increase in cloud reflectance. A small fall-off 

in sensitivity at lower cloud due to Rayleigh scatter heights was observed, and 

sensitivity decreases for increasing values of fixed effective radius. As effective 

radius increases the likelihood of transmission through optically thinner clouds 

increases in turn. As a  result, the maximum sensitivity to optical depth shifted 

towards higher r  with increasing reg- (corresponding to a shift in where the 

strongest reflections and for an incremental change in r  at a  given r efj exist).

•  Channel 2 Daytime (Solar+Infrared):

1. The sign of the Ch. 2 day-time sensitivity to effective radius is negative for 

entirely different reasons physical reasons than in Ch. 1. As discussed, 3.9- 

nm  radiation is very sensitive to particle size (owing high water absorption, see 

Figure 4.6). Thus, a perturbance to higher effective radii will result in the cloud 

absorbing a  larger amount of solar radiation (as well as the cloud emitting at 

a lower temperature closer to its ambient temperature). These effects lower 

the net energy reaching the satellite in the perturbed cloud state. The effects 

of increasing asymmetry parameter and decreasing single-scatter albedo with 

effective radius interacting with both solar and thermal radiation results in a 

complex sensitivity structure. While both of these trends lead to decreased 

solar reflection, the thermal emission component of the signal is affected in 

opposite ways: increasing g enhances forward transmission of lower-level warm 

emissions (increasing the signal), while decreasing u>0 leads to more absorption 

and hence a  lower signal. While the absorption effects dominate the signal, the 

structure “riding atop” owes to these competing thermal effects. This structure 

is observed to weaken in amplitude at lower cloud heights where the differential 

temperature between the cloud and the lower atmosphere/surface is less.
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2. Sensitivity to optical depth exhibited a  complex behavior with varying effective 

radius. Note that the optical depth axis in Figure 4.18 has been reversed in 

range with respect to the other plots to focus on the region of interest. Over a 

majority of the optical depth range, sensitivities were negligible. At small refj 

and r , however, the derivative was a  positive quantity (an increase of r  results 

in an enhance cloud reflection). By reg =  15-/jm, the derivative at low r  had 

begun to reverse sign to negative values as absorption increases dramatically 

with particle size (again referring to Figure 4.6). Viewed together, these figures 

highlight model sensitivity of Ch. 2 to reg- and relative insensitivity to r  (with 

the exception of small r).

•  Channel 2 Nighttime (Infrared-Only):

1. Similar to the its day-time counterpart, the night-time sensitivity of Ch. 2 to 

effective radius displays a  complex structure owing to the behaviors of g and 

w0 (or equivalently, reflj. The height axis has been reversed in Figure 4.19 to 

highlight the region of interest. Due to the rapid decrease from unity of oj0 

(i.e., toward more absorption) with increasing reg, sensitivities are negative 

for high clouds where differential cloud/surface temperatures are largest. At 

the smallest effective radius point (5-/im), ui0 is near unity (relatively non­

absorbing), and perturbances of this value at all cloud heights are dominated by 

the increase in g\ yielding positive derivatives. The negative “notch” increases 

in magnitude until r  «  14.0, at which point the cloud effectively removes 

significant upwelling contributions from the signal.

2. Strong sensitivity to Ch. 2 perturbances in optical depth were observed for 

night-time simulations. The relationship is simple compared to effective radius 

perturbances: an increased optical depth inhibits upwelling emissions and re­

sults in the signal arising from emissions at the ambient cloud temperature. 

The differential effect is strongest for high clouds. A peak in r-sensitivity near 

5.0 is reached before falling off for larger r  (where a  perturbance will not yield 

as great a  change in radiance for an already-dark cloud).
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• Channel 3:

1. Little sensitivity to reg was observed for the water vapor channel with the 

exception of very small reg and r , in which case the effect of increasing g (and 

its associated effect of enhanced transmitting upwelling emissions) wins-out 

over the counteracting effect of decreasing ui0; leading to a positive derivative. 

An asymptotic limit for u 0 is reached near reg =  40-Aim, while g continues 

to increase over this range. This corresponds to a  sudden shift in sensitivity 

toward stronger magnitude positive values as a differential change in reg results 

in enhanced forward scatter without further enhanced absorption. As g begins 

to asymptote at still higher reff, the “bump” of enhanced sensitivity begins 

to decay. At low cloud heights the presence of strong water vapor absorption 

drowns-out any sensitivity here. The sensitivity that is observed decreases 

rapidly with increasing r  as lesser amounts of upwelling radiation can transmit 

through the optically thicker cloud regardless of differential changes in g.

2. The structure of sensitivity to r  in Ch. 3 has the opposite sign to that of reg, 

as an incremental increase in r  yields invariably a colder cloud as seen from 

satellite. Only a slight, uniform decrease in the magnitude of this surface is 

observed for increasing reg as the corresponding increase in u 0 serves to nudge 

the cloud toward its ambient emitting temperature more rapidly and in-tum 

lower the differential changes for a given perturbance of r.

•  Channel 4:

1. At small optical depths (i.e., where multiple scattering is minimal), the main 

cause of radiances differences is due to changes in the single scatter behavior 

as dictated by the phase function. Because g increases rapidly at lower values 

of reg in GOGS Ch. 4, the derivatives at low r  are positive (owing to an 

enhanced transmission of warmer upwelling emissions). At increased optical 

depths, the sensitivity is determined more by the behavior of &/0, which for Ch. 

4 is observed to increase slightly at low reff (Figure 4.6). Because absorption
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is not as strong when reg- (w0) is increased in the optically-thicker clouds, the 

cloud scatters back down a greater component of the upwelling flux, resulting 

in a  lower upwelling flux at cloud top. This effect vanishes for reg > 15-jim, 

when ido achieves an asymptotic value.

2. Sensitivity to r  yields negative derivatives (increasing the optical thickness 

always reduces upwelling transmissions) for all r eff. The magnitude varies only 

slightly with reff, reaching a local maximum at r^g =  l5-/itn following the 

structure of the u 0 variation. A strong sensitivity dependence on cloud height 

is observed.

• Channel 5: The behaviors of both sensitivity plots are very similar to those of GOES 

Ch. 4 and warrant no further notes other than that there is a slightly broader 

sensitivity to reg in Ch. 5 owing to a  monotonically increasing u 0 over the range of 

reff shown, and a slight decrease in Ch. 5 r  sensitivity magnitude owing to a smaller 

Ch. 5 u 0 at all reg.

Gathering together the information from Figures 4.17-4.22 allows one to gain a  general 

feel for what limits exist on the retrievability of r  and reg using this observing system. 

If a criterion (based on instrument noise specifications, for example) of 1% is established 

as a sensitivity threshold (i.e., a change in the optical property resulting in a value less 

than 1 on any of the z-axes in any of the plots above), then day-time retrievals are seen 

to be sensitive to r  < 30.0 and r  <  10.0 for night-time retrievals. Based on Ch. 2, Ch. 

4 and Ch. 5 data, the observing system is most sensitive to effective radii over the range 

of 10 to about 60 /im. The figures also indicate that sensitivity increases with increasing 

cloud height, especially for IR channels where the ambient cloud temperature determines 

emission strength. These rough figures are useful in red-flagging retrieval results in weak 

sensitivity regimes. As will be demonstrated in the retrieval case studies of Chapter 5, 

this information is embedded within the Rodgers retrieval diagnostics.
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4.4.2 In-cloud vertical sensitivity to retrieved parameters

Real clouds seldom adhere to the simple constructs of horizontally-homogeneous

plane-parallel theory. In their examination of a  variety of stratocumulus cloud fields (per­

haps the cloud for which plane-parallel assumptions best apply), for example, Stephens 

and Platt (1987) find a large vertical variation in the extinction coefficient. It is also 

not difficult to conceive of multiple size distributions over the vertical extent of both ice 

and liquid water clouds owing to variations in the profile of cloud/ice condensation nu­

clei (CCN/ICN), temperature, and hence supersaturation with respect to ice/water which 

dictate the distributions and growth-rates. Analyses of modeled satellite measurement 

sensitivity to cloud vertical inhomogeneity help to assess what the plane-parallel retrieved 

parameters represent in the context of a vertically-variable cloud.

The procedure followed was to begin with a homogeneous, 2 km thick ice cloud 

placed in an gaseous absorbing, emitting, and aerosol/molecular scattering atmosphere 

with a Lambertian reflecting lower boundary. TOA radiances were computed for this 

homogeneous base-case, /hom- The cloud was then split vertically into 10 equally-spaced 

sublayers of identical optical properties (optical depth of a  sublayer is ^  that of the total 2 

km cloud optical depth). Looping over the sublayers, one of the retrieved optical properties 

(r  or r eff) was perturbed by 5% with the other held fixed, and a new perturbed-radiance 

field was computed, / pert. In this way, each sublayer was perturbed for each optical 

parameter, P, individually, and derivatives between the perturbed radiance and base-case 

with respect to a  logarithmic change in the optical parameters were computed as

This exercise was repeated for fixed values of r  =  (1,2,4,8,16) (when perturbing reff) and 

reff =  (10,20,40,80,160) (when perturbing r)  and derivative results plotted as a function 

of perturbation position within the cloud profile. A DHG phase function was used with 

the weighting scheme of Equation 2.11.

P  -  1 .05P  ’
(4.6)

smce

(4.7)
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The complete analysis for r  and reg and all GOES channels are presented in Fig­

ures 4.23-4.27.

• Channel 1:

1. As expected, sensitivity to optical depth perturbations is positive for all values 

of effective radius (i.e., increasing the optical depth at any position in the cloud 

for a fixed effective radius leads to an increase in cloud reflectance and hence 

a positive differential result in Equation 4.6). Stronger sensitivities occur for 

larger optical depths. Little sensitivity is observed to perturbation position in 

the vertical or as a  function of increasing effective radius.

2. Ch. 1 sensitivity to effective radius perturbances increase with increasing cloud 

optical depth and are strongest at smaller reg near cloud top. At higher optical 

depths, in-cloud multiple-scattering effects play an increasing role in the top-of- 

cloud upwelling radiance field. The forward and backward scattering lobes of 

the DHG phase function increase with increasing reff (referring to Figure 4,7, 

the parameterization yields a higher DHG forward and backward scattering 

peak for an increase in geg). At smaller reg the the phase function properties 

change most rapidly from more to less isotropic with increasing reg, resulting in 

negative derivatives for the topmost perturbed sublayers (i.e., the unperturbed 

cloud reflectance is greater than the perturbed). At higher values of reg, the 

DHG phase function produces less energy in side-lobe scattering in favor of 

the forward and backward lobes. For increasing reg in this case, the enhanced 

forward lobe allows for a  greater penetration of downwelling direct/diffuse flux 

into the cloud sublayers below it, and the enhanced backscatter lobe of the per­

turbed sublayer serves to reflect direct/diffuse flux into the observer direction 

at TOA.

•  Channel 2:

1. In contrast to Ch. 1, increasing cloud optical depth in Ch. 2 results in nega­

tive derivatives owing to the strong water absorption in this band. Sensitivity
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Figure 4.26: Sensitivity to cloud vertical inhomogeneity for a  2-km thick cirrus cloud: 
GOES Ch. 4
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increases with increasing effective radii for clouds with optical depth less than 

r  =  2.0 while higher optical depths eliminate sensitivity to changes in the 

scattering phase function.

2. Sensitivity to reff perturbances is larger for smaller reff. The asymmetry pa­

rameter increases rapidly in this regime and the single-scatter albedo decreases, 

translating to stronger forward-peaked scattering and enhanced absorption by 

larger particles, respectively. The result is lower cloud reflection of incident 

solar radiation, and a correspondingly lower perturbed measurement. For a 

satellite observing platform, the strongest differential effects are expected to 

occur for perturbances near cloud-top, as is observed in Figure 4.24.

• Channel 3:

1. Sensitivity to r-perturbances begin to show vertical structure in the Ch. 3 

plots. The downwelling solar radiation is all but negligible in this band, with 

only upwelling emissions from the warmer atmosphere below as a source. Again 

as a  result of the satellite vantage point, sensitivities are strongest near cloud 

top and for the lower optical depths (where sensitivity to the scattering phase 

function remains appreciable).

2. Strongest sensitivities are again observed for smaller values of reff (see Ch. 2 

r eff discussion). The presence of strong water vapor absorption in Ch. 3 lowers 

the measured radiances in comparison to a window channel by obscuring the 

warmest surface emissions. This accounts for the small sensitivity magnitudes 

in these figures. For low r  and reff the perturbed measurements are slightly less 

than the base case (thus yielding a  negative derivative) in the lower sublayers 

while the reverse is true for the uppermost sublayers. At larger optical depths, 

sensitivity within the lower sublayers weakens while rapidly increasing for the 

upper sublayers. The slight negative change to perturbed reff in lower sublayers 

is due to a  decrease in the single-scatter albedo, ua. Lower values of u 0 imply 

stronger absorption and emission at the ambient cloud temperature (usually
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lower than upwelling emissions from below the cloud), accounting for negative 

derivatives near cloud base. These effects vanish for increasing r ,  as the up- 

welling emissions are obscured regardless of u0 variations for this case. Upper 

sublayer sensitivities are associated with a “capping” of lower level emissions. 

Recalling that forward scattering increases with increasing asymmetry parame­

ter, a cloud with a higher g will is optically thinner to upwelling emissions from 

below. This yields an enhanced perturbed radiance and a positive derivative. 

At lower optical depths, the competition between w0 effects and capping effects 

neutralize each other at the zero-sensitivity cross-over point in these profiles.

• Channel 4:

1. The structure of Ch. 4 sensitivity to r  perturbances is very similar to that 

of Ch. 3, with the main difference being that they are roughly an order of 

magnitude larger. The primary reason for this difference is the fact that Ch. 

4 is situated in an atmospheric window, allowing for warmer surface emissions 

to reach cloud base than in the water-vapor-dominated Ch. 3 signal.

2. The largest vertical sensitivities to perturbed reff are observed over the 0-40 

f im  range where the optical properties u/0 and g vary most rapidly. In Ch. 4, 

an increase in reg results in a corresponding increase in both of these optical 

properties, serving to enhance the transmission of warmer low-level emissions 

through the cloud to reach the satellite (thus resulting in the positive derivatives 

observed in Figure 4.26). The transmission effect weakens for larger optical 

depths and for larger reg (as w0 and g  reach asymptotic values which yield 

little change for a 5% perturbance of effective radius).

•  Channel 5:

1. Ch. 5 sensitivity to r  perturbances in the vertical is very similar to that of 

Ch. 4. The only subtle difference is a  slightly lower magnitude associated 

with the Ch. 4 figures, owing to a  less-transparent atmosphere in the 12.0 nm

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



100

split-window channel accompanied by slightly enhanced absorption by cloud 

water.

2. The sign and structural behavior of derivatives in Ch. 5 are again very similar 

to that of Ch. 4. Because absorption by water vapor is slightly stronger in Ch.

5, sensitivities are somewhat smaller in magnitude compared to those of Ch.

4, especially at the lower cloud sublayers (analogous to the Ch. 3 discussion 

pertaining to lower sublayers).

These results indicate that vertical variability of cloud optical properties do differ 

from the plane-parallel assumption and vary from channel to channel. The exercise was 

conducted to identify where the observing system was sensitive to these details. While the 

passive sensor retrievals conducted for this research employ strictly plane-parallel cloud 

approximations, active sensors may provide additional information on the vertical profile 

that can be included in the a priori information vector to further improve the retrievals 

beyond that afforded by correct cloud placement.

4.4.3 Forward model sensitivity to scattering phase function

An important consideration to assessing retrieval uncertainty is the assumption of 

phase function structure used in the forward model. A given effective radius for a cloud 

droplet distribution can be realized by an infinite array of possible size-distributions/particle- 

shapes and hence an infinite number of ways that the cloud interacts with radiation. While 

an a priori knowledge of the structure of typical phase functions found in real clouds (based 

on either Mie theory for water droplet clouds or Monte-Carlo raytracing simulations for 

complex ice crystal morphologies) enables us to discard a  large subset of these structures 

in practice, disparities in simulated radiances among the remaining possibilities remain 

significant. This is especially true for ice clouds which often exhibit an extremely high (on 

the order of 10s -  106) forward diffraction peak). The spherical approximations of Mie 

theory, much less the simple DHG parameterization so often used in retrieval work, do 

not hold for these cases.
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To assign uncertainties to the simple DHG liquid/ice phase functions used in the 

retrievals, forward model simulations of a 1 km thick cloud with varying optical depth and 

DHG phase functions were compared to equivalent effective radii from tabulated phase 

function data of Deirmendjian (1969) (Cl-cumulus parameterization) and Takano and 

Liou (1995) and Yang (1998) (raytracing results for ice crystals). To describe the method 

briefly, incident photons striking model ice crystal morphologies (e.g., hollow/solid/capped 

columns, bullet rosettes, dendrites, and aggregates) are traced using a  hit-or-miss Monte 

Carlo model. When photons strike a  boundary, they are reflected according to Fresnel 

reflection coefficients of or are otherwise transmitted. A stochastic process describes the 

absorption probability of a photon passing through the crystal interior.

Figures 4.28-4.39 depict absolute error surfaces for GOES Channels 1-5 plotted for 

all possible observation geometries. In the solar-component figures, an azimuth angle of 

<j> -  <f>0 =  0.0 corresponds to the sun behind the satellite, and <j> — <t>0 = 180.0 corresponds 

to the sim in front of the satellite. The infrared channels are modeled as azimuthally 

symmetric (m =  0 only). These data, shown here only for (i0 =  0.8 and r  =  1.0, were 

computed for a range of /j0 from 0.0 to 1.0, and r  from 0.5 to 8.0. As diffuse radiation fields 

begin to dominate over single-scatter effects with increasing r ,  the sensitivities decrease in 

turn. These data served as the basis for the estimation of phase function uncertainty for 

a given cloud phase and solar/viewer geometry. Plotted as insets on these figures are the 

DHG and tabulated scattering phase functions chosen in the comparisons for both water 

and ice clouds. The effective radius of water clouds (identified as having a mean cloud 

temperature greater than 273 Kelvin) was set to 10-microns, and a value of 32 microns 

was chosen to match to specifications for Yang et al. (1998) aggregate ice crystal data. x- 

expansion of the forward-peak-truncated tabulated phase function data were performed as 

discussed in Chapter 2 to represent them in terms of Legendre polynomials in the forward 

model.

The comparisons indicate that differences between Ch. 1 cloud reflectances can be 

significant (in upwards of 90% at some angles), while errors for other channels are on 

the order of 10% (to negligible, in some IR channels) over the typical solar/observer
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Figure 4.28: Absolute errors between DHG and tabulated water phase functions for GOGS 
Ch. 1
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Figure 4.29: Absolute errors between DHG and tabulated ice phase functions for GOES 
Ch. 1
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GOES Ch.  2  (Day) Water Clouds
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Figure 4.30: Absolute errors between DHG and tabulated water phase functions for GOES 
Ch. 2 (day-time case).
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Figure 4.31: Absolute errors between DHG and tabulated ice phase functions for GOES 
Ch. 2 (day-time case).
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Figure 4.32: Absolute errors between DHG and tabulated water phase functions for GOES 
Ch. 2 (night-time case).
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Figure 4.33: Absolute errors between DHG and tabulated ice phase functions for GOES 
Ch. 2 (night-time case).

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



105

GOES Ch. 3 Water Clouds

P n o ie  Function
taooo

0.010

Figure 4.34: Absolute errors between DHG and tabulated water phase functions for GOES 
Ch. 3.
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Figure 4.35: Absolute errors between DHG and tabulated ice phase functions for GOES 
Ch. 3.
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Figure 4.36: Absolute errors between DHG and tabulated water phase functions for GOES 
Ch. 4.
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Figure 4.37: Absolute errors between DHG and tabulated ice phase functions for GOES 
Ch. 4.
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Figure 4.38: Absolute errors between DHG and tabulated water phase functions for GOES 
Ch. 5.
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Figure 4.39: Absolute errors between DHG and tabulated ice phase functions for GOES 
Ch. 5.
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geometries encountered in the retrievals of this research. It must be recognized that the 

tabulated phase function data, while more representative of true ice and water clouds, can 

not be regarded as absolute truth, as the spread among real-world clouds is significant. 

Consequently, there exists considerable uncertainty in the assignment of this uncertainty 

itself; a testament to the inadequacy inherent to most all contemporary cloud property 

retrievals.

4.4.4 Forw ard  m odel sensitivity to  a priori cloud  height inform ation

While methods to retrieving cloud top altitudes exist in the literature (see Minnis et 

al (1992,1993) and Smith et al. (1996)), optical depths can only be estimated without 

introducing emittance parameterizations during the day-time (via Ch. 1 reflectance). 

Other methods, such as C02-slicing, provide approximate cloud top altitudes without any 

information on physical thickness. To examine the sensitivity of a single-layer satellite 

retrieval to uncertainty in cloud thickness, synthetic retrievals were performed using the 

forward model. Four cases of increasing optical profile complexity were created for an 

ice cloud between 8 and 10 km, comprised of four sub-layers of varying optical depth and 

effective radii. The forward model was then used to create an IR (night-time) measurement 

vector based on these “true” profiles. Retrievals based on these measurements were then 

computed under the assumption that the cloud top altitude was known a priori but cloud 

base was unknown (i.e., the currently capability of passive-sensors alone). The cloud 

base was decreased systematically from 9.9 to 6.0 km in increments of 0.1 km such that 

a ±100% range of cloud thickness uncertainty was spanned. The number of streams 

and profile resolution were simplified in the retrieval runs to represent forward model 

uncertainties. Solution disparities for the inhomogeneous profiles at the correctly-guessed 

2-km cloud thickness are also affected by the assumption of a plane-parallel-cloud in the 

retrieval.

Results for these four cases are presented in Figure 4.40. Concentrating on the simple 

homogeneous layer case, retrieved optical depths are under-estimated for the cloud bases 

above the true level of 8-km and over-estimated for cloud bases lower than 8-km. Consid­

ering the decrease in temperature with height, a  cloud with a colder average temperature
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does not require as high of an optical depth to emit at a brightness temperature compa­

rable to the base case, whereas the clouds with bases below 8-km require a  higher optical 

depth such that the upper-portion of the cloud offsets the warmer emissions from the 

lower half of the cloud. The sharp increase in optical depth is due to a transition between 

atmospheric levels in the simplified retrieval profile. This emphasizes the uncertainty as­

sociated with the a priori temperature profile for night-time retrievals. Over-estimates of 

effective radii are retrieved for the higher-based clouds and under-estimates for the lower- 

based clouds. This reflects the estimation scheme’s attempt to achieve a  balance between 

the g, a/o, and r  parameters in the forward model and measurements vector. Recalling the 

relationships illustrated in Figure 4.7, smaller ref j  translates to more isotropic-like scatter 

in all GOES Channels. Because warmer emissions from below need to be “blocked” in 

the over-estimated cloud base case (in order to match the cooler measurement vector) 

effective radii are lowered to prevent a  strong upward transmission through the retrieved 

cloud. Conversely, larger effective radii are selected for the under-estimated cloud base in 

order to “warm the measurement up” by allowing additional emissions from the surface 

to transmit upward to the satellite. It is seen in these synthetic retrievals how the scheme 

uses the physics to tune toward an appropriate solution. There may exist parameter com­

binations that yield retrieval convergence but are not physically-realistic quantities. A 

priori constraints on the retrieval are imposed to filter-out these solutions.

To assign values of uncertainty due to cloud-misplacement/thickness errors from 

passive-only estimates, the forward model was used to construct a look-up table for each 

retrieval. The table was composed of discrete modeled radiances computed as a function 

of mean cloud height (for a 1 km thick cloud), optical thickness, effective radius, and 

solar/observer geometry for all channels. The selection of temperature/moisture profile, 

surface albedo, and solar/observer geometry were dependent upon the retrieval case con­

sidered. After first performing the retrieval with active cloud heights, the retrieval was 

re-run with passive cloud-height estimates. Given the r  and r eg- of the former retrieval, 

radiances for the equivalent cloud at the passively-estimated level was interpolated from
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the look-up table and difference ratio taken, e.g.:

D _  l̂ act,A('rA»r eff) ~  p̂aa8,A(TX>reff)l 0,v e \ » (4*o)
/act,A(TA>reff)

where /act,pass are the cloud radiances at the active and passive cloud heights. It was 

anticipated from the height-dependent sensitivities to cloud optical properties that these 

uncertainties would be minimal for the visible channel, low-level clouds in the reflective and 

thermal IR, and middle-to-lower tropospheric clouds in the 6.7 (im channel. Contrastingly, 

the uncertainty would be maximized for the NIR and IR window channel observations of 

high-altitude, optically thin cirrus (in which case transmissivity is high). Because retrievals 

using active cloud heights did not always match perfectly the observation vector (owing 

to other uncertainties in the forward model) computations of uncertainty were based 

exclusively on the forward model. In this way, all other uncertainty conditions could be 

held fixed and a relative uncertainty calculated. Because the comparisons were made 

against the active a priori clouds, the uncertainty due to deviations from the passive- 

assumed cloud physical thickness of 1 km were embedded within these computations. The 

uncertainty fractions were included in the Sy model/measurement covariance matrix.

4.4.5 Forward model quadrature approximation uncertainties

Uncertainty associated with a limited polynomial expansion in the model was esti­

mated by comparing the 64-stream retrieval resolution to a 256-stream high resolution 

run. As cloud optical depth and effective particle size are highly variant for cloud to 

cloud, appropriately high values of variance were assigned to the initial-guess values for 

these quantities (Sa) in the retrievals, such that they only constrained the solution to 

be within an acceptable, positive domain. All retrieval results presented herein were run 

under a  minimum of 64 streams, where errors with respect to the benchmark 256 case fell 

below 0.5% in all channels (invoking the Delta-M scaling method).

4.4.6 Band sensitivity to surface/atmospheric emissions

Sensitivity to spectral variation of Planckian emissions for GOES-8 IR channels is 

shown in Figure 4.41. Contours of blackbody intensity (Wm-2sr-1 /im "1) are plotted
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Figure 4.41: GOES-8 Channel 2-5 sensitivity to Planckian emission for typical up­
per-tropospheric cloud emitting temperatures.

over a  typical range of ambient cirrus temperatures (values for water clouds show a similar 

structure with a slight shifting of the pattern to shorter wavelengths and higher values 

of intensity). The strongest relative changes are observed for Ch. 2 and 3, with the 

flatter response in Ch. 4 and 5 corresponding a region near the peak of emissions for 

these temperatures according to Wein’s displacement law which states the wavelength 

Amax (fim) of maximum emission for a blackbody is related to its temperature T  by

AmaxT =  2898° K, (4.9)

solved by determining d B \(T )/d T  =  0.0 using Equation 2.13. These sensitivities aided in 

the choosing of appropriate band-intervals for these channels in the forward model.

4.4.7 Forward model sensitivity to surface albedo

For retrievals employing channels in the NIR and VIS, an important consideration is 

the dependency of the scene radiance on the surface albedo. Figure 4.42 indicates that 

sensitivity to surface albedo at all cloud optical depths in Ch. 1, while sensitivity falls 

to negligible values beyond r  »  7 in the Ch. 2 case. Multiple scattering between cloud 

base and the surface (the propagator terms from Equation 2.44) leads to contributions in
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Figure 4.42: GOES Chi (0.65-^m, left panel) and Ch2 (3.9 pm, right panel) surface albedo 
sensitivities (Following Nakajima and Nakajima, 1995)for a lkm-thick water cloud with 
optical depth values as indicated. The 3.9 pm  example shows full-scene (dashed) and 
solar-reflection only (solid) components for this case.

the former case, and a higher absorption at 3.9 pm  removes the energy in the presence 

of multiple scattering in the latter. For thin clouds, it is clear that specification of the 

reflecting lower boundary can represent a critical source of a priori uncertainty. For 

satellite retrievals, nearby “clear-sky” pixels are often used as to estimate the surface 

albedo. Here, errors associated with surface heterogeneity (i.e., assuming the nearby pixel 

has the same surface properties as the pixel of interest) arise. For simplicity, most retrievals 

presented in this research were performed over uniform, dark ocean surfaces to minimize 

these uncertainties. Determination of surface albedo is discussed for each retrieval case 

individually.

4.5 Instrument Measurement Uncertainties

Measurement errors generally are comprised of a  calibration coefficient error (ccaiib) 

and an absolute measurement error (shot noise, The reasonable assumption is

made that errors are uncorrelated between different channel measurements, such that the 

off-diagonal elements of the Sy matrix are zero.
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GOES 8 Noise Specifications
Channel Bandwidth (fim) IGFOV (km) SSR (km) Noise

1 0.52-0.72 1.0 x 1.0 0.57 x 1.0 10-bit data ±  8 counts
2 3.78-4.03 4.0 x 4.0 2.3 x 4.0 0.15K 6  300K, 3.50K @ 230K
3 6.47-7.02 8.0 x 8.0 2.3 x 8.0 0.30K G 230K
4 10.20-11.20 4.0 x 4.0 2.3 x 4.0 0.20K @ 300K, 0.40K @ 230K
5 11.50-12.50 4.0 x 4.0 2.3 x 4.0 0.20K @ 300K, 0.40K @ 230K

Table 4.2: GOES-8 imager channel bandwidth, instantaneous geometric field of view 
(IGFOV), sampled sub-point resolution (SSR), and noise specifications.

4.5.1 G O ES Im ager channel uncertainties

The main sources of uncertainty for GOES are the navigation of scene (determina­

tion of a pixel location), registration (the consistency of a given pixel’s navigation from 

one image to the next) and the calibration of the imager channels. Sources of naviga­

tion/registration errors include i) Orbital Effects (the inclination, eccentricity and drift 

from the nominal equatorial sub-satellite point; parameters that are deterministic and 

therefore compensatable), ii) Structural/Thermal Distortion (resulting in shifting of the 

image-a pixel registration problem that is usually also compensatable), iii) Non-ideal 

Response (system noise), iv)Magnetic Storms, and v) Moving Components (structural 

vibrations of solar array, sail and boom, momentum wheel and imager optical axis due 

to scanner motions; an incompensatable uncertainty which must be minimized by design. 

Scan motions disturbing the spacecraft attitude are compensatable via image motion and 

mirror motion compensation.)

GOES instrument noise was computed according to NOAA protocols for signal-to- 

noise ratios (SNR) in channel 1 and noise-equivalent delta temperatures (NEAT) for the 

IR channels (Weinreb et al., 1997). Nominal values for noise in GOES-8 channels are 

listed in Table 4.2 If the Planck function is rewritten as

c l =  1.191062 x 10-5(mW /sr/m2/cm - l )/(cm -1)-3 

c2 =  1.4387863(K/cm_1)
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Channel GOES-8 GOES-9 GOES-10
2 0.1594 0.1065 0.0933
3 0.1394 0.1231 0.1324
4 0.1140 0.0710 0.0725
5 0.2032 0.1725 0.1516

Table 4.3: GOES imager IR channels on-orbit noise-equivalent delta-temperature (NEAT) 
figures provided from NOAA/NESDIS

where v is the central wavenumber (cm l ) of the channel, then

dB c\CzvAec'lt'lT
(4.10)

dT T 1{eCiVlT — l)2

NEAT is the instrument noise in temperature units, and NEAB is the instrument noise 

in units of radiance. These values are related to Equation 4.10 as follows

N E A B  i dB  i
17E37 It, W  It»

(4.11)
N E A B  i d B  i
1TEST lra 2T iTa

where T2 is the brightness temperature of the measurement, and T\ is a reference tem­

perature at which experimental values of NEAT for the GOES Channels are provided in 

tables for all detectors. Table 4.3 provides figures of NEAT for Ch. 2-5, detector A of 

GOES 8-10. Because NEAB does not vary with temperature, Equation 4.11 reduces to

dB  I

N E A T  \Tf *  N E A T  |T/ x g i U ,  (4.12)
I T  Ir*

where the desired quantity N E A T  \Ti is the channel noise in the units of the measurement 

as required for the Rodgers error covariance (T. Baucom, personal communication).

For visible channel noise calibration, least-squares fits of pre-launch noise versus 

albedo were translated to fit the post-launch noise measured at 0% albedo (looking into 

deep space). The translated fit was used to compute the on-orbit noise at an albedo 

of 100%, and the on-orbit signal at this albedo was interpolated from pre-launch values 

(Baucom, 1998). The SNR was then defined as
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Detector GOES-8 GOES-9 GOES-10
1 304.2 282.5 286.2
2 282.0 274.6 290.1
3 284.6 257.9 261.0
4 269.2 267.7 259.4
5 284.6 283.7 291.1
6 273.8 265.7 278.6
7 295.0 278.5 295.7
8 298.2 277.9 281.2

Table 4.4: GOES imager VIS channel on-orbit SNR (defined with respect to a scene albedo 
of a  =  100%) figures for all detectors provided from NOAA/NESDIS

A relationship based on linear fits to pre-launch SNR versus target albedo

SNR =  279.3a +  6.3 , (4.14)

(average fit to all detectors, which were very similar) was shifted to match the post­

launch SNR at a  =  100% to obtain the in-orbit relationship. To compute the GOES Ch. 

1 noise; 1) the radiance measurement was converted to albedo, 2) the correct version of 

Equation 4.14 was invoked to obtain the SNR, 3) the SNR was inverted to obtain the noise 

fraction, and finally 4) the noise fraction was multiplied by the measurement to obtain 

the uncertainty in units of the measurement as required by the Rodgers error covariance 

matrices.

G O ES d e tec to r gain d rift

An additional concern to the GOES measurements was the degradation of the vis­

ible channel sensitivity (defined in terms of amplifier gains) as first noted by Weinreb 

(1995). Causes for such degradation can range from the accretion of deposits on the re­

flecting mirrors within the optical assembly, electronic (amplifier) gain deterioration, or 

other hardware-related problems. Preliminary findings indicated that the GOES-8 visible 

detector, originally calibrated to 1.81 counts/[W m-2 sr-1 ^m -1] experienced a decrease 

to 1.65 over a  period of 6 months in orbit. Follow-up tests revealed a continued degrada­

tion in upwards of 16% from pre-launch testing. Independent studies extrapolated from
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Figure 4.43: Example of GOES Ch. 1 calibration correction and its implications to the 
computed measured radiances and albedos. Top panel: Ch. 4 brightness temperature 
along a flight track as seen from GOES. Bottom Panel: Ch. 1 radiance and albedo 
differences (corrected minus degraded).

pre-launch values to present indicate a degradation rate of roughly 6.1%/yr (Ken Knapp, 

personal communication). GOES count-to-radiance calibration coefficients were corrected 

by the appropriate scaling factors (an example of this correction is shown in Figure 4.43.

4.5.2 SSP measurement uncertainty

A detailed error analysis for the SSP instrument calibration is given by Stephens et 

al. (1999). Based on extensive calibration both at the Sandia National Laboratory (SNL) 

and the Los Alamos National Laboratory (LANL) Optical and Infrared Laboratory using 

a 12 inch Labsphere integrating sphere, errors for the radiance channel was found to 

be no more them 2% and 4% for the visible emd near-infrared portions of the spectrum, 

respectively. A nomined uncertainty figure of 3% was used for SSP cedibration of radiemces 

in the retrieveds of this research (largely independent of temperature conditions). Three 

independent cedibrations were performed on the instrument over a 2 year period, over 

which time the calibration was observed to remain stable.
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4.6 Construction of the Error Covariance Matrices

Being a function of cloud height satellite/solar geometry, profile, and measurement 

magnitude, error estimation for a retrieval must be computed at run time (i.e., no ensem­

ble error look-up tables are available). After all the components of forward model and 

measurement uncertainty for a retrieval point have been defined, they are combined to 

form the diagonal element of the Sy matrix as follows

tainty in phase function structure, number of streams, the plane-parallel approxima­

tion, temperature/surface-albedo/gaseous-absorber profile specification, the correlated-K 

gaseous absorption approach, and instrument calibration uncertainties. Cross covariances 

(off-diagonal components) between measurements are assumed to be zero (uncorrelated). 

These figures, specified in percentage, are converted to units of the measurements by mul­

tiplying by the appropriate element of the measurement vector, y(i). The non-linearity of 

the Planck function requires that errors in the IR channels be computed first in terms of 

radiance and then converted to corresponding brightness temperature errors. The same 

care was taken for measurements of bi-directional reflection. For measurement elements 

formed by combinations of channels, errors were combined according to standard error 

analysis procedures for independent random errors. For addition/subtraction and quo­

tients between two measurements Ia and /&, for example, the associated errors (Sa,Si>) 

combine as

N
Sy(i,i) =  X > ( P ( © ) ) + e < ( g u a d ) + e i ( / V ) +

»= l

ei{ProfUe) +ei{Gas) -F e,(A/eos)] x y(i), (4.15)

where error terms on the right hand side of this equation are associated with uncer-

(4.16)

and

(4.17)
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Figure 4.44: Example of the retrieval stepping toward convergence for a single retrieval 
point and multiple a priori parameter guesses.

Because the initial guess on the retrieved parameters (r  and reff) are based at best on 

only a very general climatology (for ice clouds an initial guess of r  =  1.0 and reff =  30pm, 

and for water clouds r  =  5.0 and reff =  10pm) with a large variance acknowledged, the 

diagonal elements of the Sa matrix are set to accordingly large variances such that the 

solution is not constrained to them from the onset of the retrieval. In cases where the 

retrieval has difficulty in finding a solution, however, these a priori guesses weigh in more 

heavily, with a corresponding decrease in the a priori matrix (A(i,i) falling far below 

unity, and hence reflecting retrieval insensitivity to the itfl parameter).

4.7 Sensitivity to A Priori Parameter Estimates

As discussed in the previous chapter, a retrieval having sufficient sensitivity to the 

parameters it is attempting to retrieve ideally should display no significant biases to the a 

priori guesses (i.e., the A Priori Matrix elements should be close to unity). The iterative 

behavior of the retrieval as it steps towards convergence, however, can vary significantly as 

a  function these guesses-owing to differences in model sensitivity which affect the elements 

of the Kernel functions and hence the stepping behavior of the retrieval vector itself (e.g., 

according to Equation 3.20). Figure 4.44 demonstrates this behavior for a  single retrieval
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point (based on a cloud with r  «  2.0 and refj «  15/im and several different a priori 

starting points. The convergence criterion for this example was set at e =  n x/1000 (see 

Equation 3.30). While all the cases converge to the common solution within 4 iterations, 

the nature of the paths taken are clearly a function of the a priori guess. At larger effective 

radii, significant “overshoot” of the solution was observed. This is explained by the weaker 

model sensitivity (Kernel function) for larger r eff owing to asymptoting of the cloud optical 

properties (g and ui0) referring back to Figures 4.6-4.7. The weaker sensitivity encourages 

the model to increase the step size (by reducing the value of Sx 1 in the denominator of 

Equation 3.20). Similar overshooting behavior is observed for larger values of r , where 

in this case the signal is becoming saturated (and thereby lowering the Kernel function 

components). In contrast, a priori values within regions of higher sensitivity exhibited a 

more direct step towards convergence. Based on these tests, the a priori vector for most 

retrievals of the work were set at r  =  1.0 and reff = 10/jm. For clouds having optical 

parameters in Iower-sensitivity regimes of the forward model, the overshooting effect will 

still occur as the retrieval vector traverses towards the solution regardless of a priori guess. 

The choice of initialization in a region of higher model sensitivity, however, ensures that 

at least the retrieval begins the iterative process with its bearings straight.

4.8 Summary

This chapter introduced the passive instrumentation used in the retrievals of this 

work, developed a physical basis for what cloud properties are retrievable from these in­

struments (namely, cloud optical depth and effective particle radius. Nakajima and King 

(1990) emphasize that our interest in these parameters does not stem simply from the fact 

that they are readily retrievable quantities, but from the fact that cloud radiative prop­

erties (e.g., albedo, transmission, absorption) depend almost exclusively on these very 

parameters. This chapter also examined the sensitivities and uncertainties associated 

with the forward model and measurements. The components of the forward model and 

measurement uncertainty are combined to build the Sy matrix of the Rodgers retrieval, 

and are essential to assessing the credibility of the retrieved parameters. The forthcoming
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chapter presents examples of actual cloud r eff and r  retrievals based on the observing sys­

tems and physical relationships outlined above. The degree to which accurate cloud height 

information (as provided by various active sensors) improves passive sensor retrievals may 

then be determined from the Rodgers diagnostic variables.
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C h ap ter 5

CLOUD RETRIEVAL CASE STUDIES

5.1 In tro d u c tio n

Having examined properties and sensitivities of the forward model, determined a suit­

able estimation approach, and outlined the physical basis for retrieval, the next step was 

to combine these tools to quantify how active sensors improve existing cloud property re­

trieval methods. This chapter summarizes the results of cloud optical property retrievals 

performed using several passive/active instrument observing systems from various exper­

iments and IOPs conducted over the last several years. While the actual values of the 

properties retrieved tire useful for comparison to independently-derived quantities (e.g., 

validation exercises), the main points of emphasis in these case studies are two-fold: i) 

illustrating the unique error-diagnostics available to the retrieval and, ii) quantifying the 

relative retrieval improvement afforded by a priori active sensor cloud height profiles. Nu­

merous retrieval case studies drawing upon a multitude of observing platforms and cloud 

types have been assembled for this purpose. The reader is alerted to the fact that many of 

the cases presented here are redundant in terms of the message they convey, but all have 

been summarized here for the sake of reference (hence the girth of this chapter). Further, 

all cases contribute to a presentation of generalized results at the close of the chapter.

5.2 Cloud Ranging in Profile

Retrievals were performed for cases both with and without active sensor a priori cloud 

heights to assess the significance of this additional information on the cloud properties re­

trieved. The question is especially relevant to night-time (emission) retrievals, where an 

estimate of cloud location in the vertical (i.e., its emitting temperature) is needed. While
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the assignment of cloud heights in the retrievals supplied with active sensor information 

were relatively straightforward, the same cannot be said for passive-only retrievals (es­

pecially a t night, where not even cloud shadows are available). For simplicity in both 

retrieval and interpretation of results, case studies featuring primarily single-layer (water 

or ice) clouds were examined.

5.2.1 Active sensor cloud profiling

Ostensibly, the detection of cloud boundaries using active sensors is a straightforward 

matter of identifying large gradients in the backscatter profile and defining an appropriate 

threshold with respect to a  defined background return strength. As with most measure­

ments, however, there do exist caveats and “grey-areas" associated with this procedure. 

The active instruments used in the retrievals of this research were lidar (ground-, aircraft-, 

cloud detection lidar (CDL), space-based lidar (LITE)) and airborne cloud radar (ACR, 

developed and operated by the University of Massachusetts (UMass) and Jet Propulsion 

Laboratories (JPL)). Summarized briefly here are the procedures followed to obtain cloud 

boundary information from these data and their accompanying uncertainties.

Radar-derived cloud heights

Ignoring atmospheric attenuation, the general form of the radar equation is given as 

follows:

where P (r) is the radar return power, Cn d is the radar system constant, and t) is the 

radar reflectivity expressed in terms of the radar wavelength A, particle dielectric constant

The summation term is called the radar reflectivity factor, Z(r). Solving for it using 

Equations 5.1-5.2 yields

(5.1)

magnitude |/ f |2, and particle diameters D  within the sample volume:

(5.2)

(5.3)
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Cloud edge information was computed from radar data using a detection algorithm 

which employed signal-to-noise ratio thresholding technique and hysteresis for stability. 

Each radar profile was comprised of 188 range bins. Within each profile, the gates are 

scanned from a point near (just above, to avoid ground clutter) the surface and compares 

the value of the SNR(dB) ( =  10logl0(SNR)) to an effective SNR defined as

data. The 3 decibel offset is added to the threshold in an effort to filter-out spurious 

profile noise which might mistakingly be attributed to cloud. Without it, an 18% error

edge detection (G. Sadowy, personal communication). As defined, whenever the ESNR

spurious noise contamination, a  stability threshold of three continuous range gates inside 

(outside) of cloud is enforced in the assignment of in-cloud (out-cloud) status. The usage of 

SNR data is superior to reflectivity thresholding, since there exists a  (1 /  R2) dependency 

in the latter such that a threshold at one range is not applicable to the entire profile 

(whereas SNR is a range-independent quantity). These data were combined with the 

GOES-8 measurements, instrument/solar angular geometry, and sounding data to retrieve 

single-layered cloud optical depths and effective cloud particle radii along the flight track. 

The uncertainty associated with cloud boundary placement for this instrument using this 

method generally is within ±  60 m.

Lidar-derived cloud heights

For a vertically-oriented lidar, the backscatter return as a  function of height,P^(z), 

can be expressed (entirely analogous to the radar equation) as:

where Cm  is the lidar system constant and 0(z),a(z), and r\(z) are the range-dependent 

volume backscatter coefficient, volume extinction coefficient, and multiple-scattering cor­

rection factor, respectively. The latter three terms are unknown quantities which comprise

ESNR(dB) =  SNR{dB) +• 5log/0( # Averages) -I- SdB, (5.4)

where # Averages is the number of radar pulses averaged together to compute the profile

in cloud detection is incurred, and its inclusion results in only minimal effects on cloud

exceeds 0.0 decibels the bin is classified as cloudy. To further reduce the possibility of

ClidP(z) —̂2 J T)(z)(r(z)dz (5.5)
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the attenuated backscatter coefficient

(5.6)0'{z) =  0(z)exp J -2  J  r}(z)a(z)dz

such that the lidar equation assumes the form

f l a w  =  (5-7)

The multiple-scattering correction factor, varying from 0 to 1, reduces the volume ex­

tinction term to account for enhanced cloud penetration of lidar photons by strongly 

forward-scattering particles.

Cloud profile data along LITE orbits were obtained from NASA Langley’s Level II 

LITE database. Computed from the raw reflectivity returns, the CloudFinder algorithm 

(Winker and Vaughan, 1994) used to process the data invokes an altitude-dependent 

thresholding approach operating on attenuated scattering ratios:

, _  p'{z)

lid & mol ( )

where P'moi(z) is the attenuated backscatter cross-section for the molecular atmosphere 

alone (a monotonically decreasing function of altitude). Clouds are classified whenever R' 

exceeds the threshold

T = 1 + < d w ’ <5'91

which increases monotonically with altitude to maintain a  constant threshold with respect 

to increasing noise with altitude. Only night-time heights were available, as solar reflection 

adds very high noise to the day-time orbit profiles. An example of the cloud profiles 

retrieved from raw LITE imagery using the CloudFinder algorithm is given in Figure 5.1. 

Thin cirrus clouds are readily detected, as well as multiple layers of cloud. Important 

considerations for these data is the possibility of complete attenuation of the lidar beam 

in optically-thick clouds that results in a  LITE-derived cloud base which is too high, 

and pulse stretching (Winker, 1997); an artifact of multiple scattering which leads to 

derived cloud bases which are too low. Figure 5.1 contains examples of both these effects. 

Complete attenuation of the lidar beam occurs within the deep convective cloud near 33
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Retrieved Cloud Heiahts for Orbit 149

liiitude  of Sub-Sfuiftla Point

Figure 5.1: Example of cloud heights retrieved (lower) from a  subsection of raw lite imagery 
(upper). Note complete attenuation of the lidar beam within the region of deep convection.
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N and returns below the ocean surface are seen near 31-N. Cloud base is placed at the 

lowest observable base in the case of complete pulse attenuation, and at 0.3 km above the 

surface in cases of below-surface pulse stretching.

Studies (e.g., Winker and Poole, 1995; Miller and Stephens, 1999) have indicated that 

pulse stretching in cirrus is negligible while that of liquid water clouds can be significant 

(> 5 km below true cloud base in some occurrences). Miller and Stephens (1999) attempt 

to model these effects in terms of cloud optical properties (e.g., optical depth, structure of 

the scattering phase function, and physical cloud geometry). For night-time retrievals of 

optically-thick clouds, exact knowledge of cloud base may not effect adversely the retrieved 

results (satellite-measured emissions being characterized in this case by optical properties 

in the uppermost portions of the cloud).

The terrestrial/airborne cloud detection lidar (CDL), being considerably closer to 

cloud targets, does not experience pulse stretching effects as observed extensively in LITE 

data (this is fortunate, since for a ground-based instrument these would lead to an over­

estimate of cloud top heights which could alter considerably the satellite-retrieved optical 

depth). Complete attenuation of the beam remains a problem, especially in cases where a 

radiatively significant cirrus layer may go undetected above an optically-thick lower-level 

water cloud. A thresholding method similar to the NASA Langley CloudFinder code was 

applied to define cloud boundaries in these CDL data.

5.2.2 Passive-only cloud height estimation

For retrievals based exclusively on solar reflection measured in window channels 

(notwithstanding the case of heavy aerosol loading) the accurate placement of clouds 

in the vertical is of secondary importance. Most retrievals require an absorbing/emitting 

channel to achieve sensitivity to particle size. In these cases, the location of the cloud in 

the vertical will determine its emitting temperature; information necessary for its accu­

rate representation in the forward model. Some methods (e.g. Minnis, 1993) have invoked 

parameterizations of IR  cloud emissivity as a  function of visible reflectance to circum­

vent the need for this knowledge (in this case, the cloud height falls out as a by-product
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of the retrieval). In other instances when available, cloud shadows may be used to ap­

proximate cloud top heights. Cloud top heights can also be estimated using the stereo 

parallax method (Bryson, 1978; Hasler, 1981) in cases when clouds are observed between 

two satellites without underlying cloud layers to an accuracy of roughly 1 km (Wylie, 

1989). This research considers only the simple (and most common) case of single-satellite 

observations of a  cloud scene. For the retrievals of this study, the best available passive 

method was applied for comparison against retrievals with active-derived a priori cloud 

profile information.

Ice clouds

For cirrus, the method of Szejwach (1982) was employed to approximate cloud heights 

from passive sensor measurements in the infrared. By showing that cloud emissivity is 

nearly the same for 6.5 ^m  (water vapor) and the 10.7 ftm  (infrared window) channels, 

it is argued that the brightness temperature difference observed between these two mea­

surements (for a  cloud residing above the majority of atmospheric water vapor) is due 

not to the cloud being more opaque in one channel but rather to the colder atmospheric 

upwelling eric emission measured at 6.5 fxm. Following the notation of Szejwach (1982), 

the satellite-measured cloud reflectances in both channels are written as

# 6 .5 (7 6 .5 )  =  « 6 .5 # 6 .5 (Tdd) +  (1 -  e6 .5 )T 0(m ,tf.J

where Tdd is the ambient cloud temperature and Ta<m are the effective emitting tem­

peratures of the atmosphere below the cloud for the two channels. Equating the cloud 

emissivities allows Equations 5.10 to be combined as

^ 10.7( ^ 10.7 ) =  Z lO jR lO jiT d d )  +  (1 -  C to.7)Tatm ,;0.7 (5.10)

#6.5(76.5) =  aRioj(Tioj) + 6, (5.11)

where

a
# 6 .5 ( T d d )  -  R 6 .5 (T g tm ,6 .5 ) (5.12)

6

RlO .7( T d d )  ~  R l0 .7 (T atm,10.7)

R 6 .5 (T q tm ,6 .5 )R lQ .7 (T d d )  ~  # 6 .5 (Tdrf )# 1 0 .7 (TgtmJ0.7) 

R l0 .7 (T d d )  ~  R \0.7(Tatm ,10.7)
(5.13)
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In this way, a  linear fit of simultaneous (6.5 and 10.7 /im) spectral radiance data from 

a semi-transparent cirrus may be extrapolated to the theoretical blackbody curve (cor­

responding to a  completely opaque cloud at this level) to derive the ambient cloud tem­

perature. A temperature sounding then allows for conversion of the derived mean cloud 

temperature to an equivalent altitude to be used in the retrievals of r  and r eg. Examples 

of this procedure are included in the retrieval case studies. While the procedure cannot 

predict the cloud physical thickness or the presence of multiple cloud layers, and is appli­

cable only for high clouds, it has been considered here as the “best guess” for night-time 

passive-only estimates of cirrus heights.

Water clouds

Because lower-tropospheric clouds are often embedded within the water-vapor, the 

GOES Ch. 3 Szejwach technique cannot be applied. Slicing techniques can be used here 

to retrieve single-layer cloud-top pressure in cases where there exists no overlying cirrus. 

Following Wylie et al. (1982), the all-sky (cloudy plus clear) satellite-observed radiance 

at wavelength A from a single pixel is written as

h ,ail =  ( l - ^ c i d € A , c i d ) ( B ( A , T sfc) 7 V A( T O A , P sfc) - h  / PeW( B ( A , T p ) ^ ) d p
V ■'P.fc dP

+  t f d d £ ( A , T cId) 7 V A( T O A , P cld) +  f T 0 A ( B ( A , T p ) ^ ) d p ,  (5 .1 4 )
J Pew dP

where Tr\ is the atmospheric specular transmittance, Nmathrmdd is the fraction of cloud 

in the satellite pixel, TC|d and Pdd are the temperature and pressure at cloud top, and eA,cid 

is the specular cloud emissivity. This equation describes the contributions from surface 

emission, the atmosphere below the cloud, the cloud itself, and the atmosphere above the 

cloud (column-integrated weighted appropriately by atmospheric transmission). Quanti­

ties listed here as specular are in fact band-quantities corresponding to the instrument 

response function. For the case of a  clear-sky measurement, Equation 5.14 reduces to

rTO A  d j y
/A,dr =  fl(A,Trfc)IVA(TOA,P9fc) +  /  (B (A ,T p)2i-i)dp . (5 .1 5 )

■'P.fc dp
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Talcing the difference between Equations 5.14 and 5.15 yields

Â.all — ■I'A.clr

+  Acld«A.cld£(A, Tcid) IVa(TOA, Pdd)i (5.16)

which can be simplified via integration by parts to produce

Pe Id
^ I A )dp.

dpI’A.all -  ^A,dr =  ^ddfA.cId /  {Tr\[p)
Ptfc

(5.17)

This represents the ucloud signal” in the satellite measurement. The ratio of this difference 

quantity for two nearby spectral bands designated by X\ and A2 can be written as

Provided that Ai and A2 are sufficiently close, the cloud emissivity terms cancel and the 

relationship provides a means to approximating cloud-top pressure. The left hand side is 

provided from satellite scene radiances (the cloudy pixel and a nearby clear-column pixel, 

with the underlying assumption that all atmospheric/surface parameters contributing to 

the measurement remain the same between the two), and the right hand side is computed 

from an a priori set composed of an appropriate temperature profile and profiles of atmo­

spheric spectral transmittance as a function of cloud top pressure, Pdd. The best match 

between observations and calculated quantities yields the solution for cloud-top pressure. 

Because CO2 is a well-mixed gas (minimizing uncertainty associated with computation of 

transmittance look-up tables), channels situated in the 15 (iin band (dominated by CO2 

absorption) are most often used for this application. The resolution and accuracy of these 

data (along with measurement uncertainty and assumptions on the representativeness of 

the clear-sky pixel) determine the uncertainty associated with the slicing method.

As posed, no cloud thicknesses are available from this method. In the passive-only 

retrievals of water clouds without overlying cirrus it was assumed that the CO2 slicing 

technique may be applied to retrieve the cloud top height to within an uncertainty of ±1 

km (following calculations of Wylie and Menzel, 1989). This is probably a  reasonable 

approximation when considering that lower-tropospheric clouds tend to be more optically

/A,aU -  /At,c.r "c ld ^ .d d  A, { p ) ^ ^ ) d p
(5.18)

/A„all -  /Aa,cir Nclde ^ c[d ( p ) ^ M )dp'

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



131

thick than most cirrus, and for this reason even simple brighness-temperature/sounding 

height conversions will yield smaller uncertainties. For lack of a  better alternative the 

geometric thickness of clouds in the passive-only retrievals of this work were set at fixed 

a value of 1 km (following ISCCP protocols). For the case of overlying cirrus, under­

lying water cloud layers were assumed to be missed entirely by the passive-sensor-only 

techniques.

5.3 LITE 940909-940920 Retrievals

This section summarizes retrieval case studies performed using GOES-8 imager data 

in conjunction with lidar cloud heights derived from Lidar In-space Technology Experiment 

(LITE) data. The retrievals in all cases to follow include a brief overview of the experiment, 

a presentation of the retrieved parameters and an error analysis as afforded by the Rodgers 

retrieval. Comparisons between active-plus-passive and passive-only retrievals were made 

to assess the benefit of the active data. When available, comparisons with independently- 

derived optical properties or related quantities (e.g., flux measurements) were computed 

as an independent test of the retrieval.

5.3.1 LITE Orbit 149 case

Overview

LITE was flown aboard the Space Shuttle Discovery during September of 1994. As the 

first civilian effort to operate an active instrument on the space platform for the purposes 

of environmental remote sensing, LITE sampled the atmosphere at near-nadir using a 

532 nm Nd-YAG lidar instrument to provide detailed profiles of cloud and aerosol along 

the Discovery orbit track. Because of solar contamination of day-time lidar returns, only 

night orbits were considered for the LITE retrievals. Unfortunately, independent retrievals 

based on LITE data exclusively were unattainable from the data due to the instrument 

being operated in a  high-gain mode which saturate the cloud backscatter returns. This did 

not preclude its applicability to detect cloud edges and hence provide high resolution cloud 

boundary information in a  given profile. For the purposes of the passive retrievals which
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assume a plane-parallel and vertically homogeneous distribution of cloud properties in the 

forward model, the boundary information without detailed internal structure sufficed. A 

full summary of the experiment, lidar hardware, and system overview are described in 

detail by Couch et al. (1991), McCormick et al. (1993), and Winker et al., (1996).

Data from a portion of LITE orbit 149 within the GOES-8 field of regard constituted 

the a priori cloud height information (Fig. 5.2). Because no visible data were available for 

this night-time orbit, an observing system exploiting the spectral-differencing sensitivities 

observed by Prabhakara et al. [1988] and Stone et al (1990) using GOES-8 channels 

2,4, and 5 was applied in an IR-only approach. Two-line-element (TLE) ephemeris data 

were used to compute 1-second resolution sub-shuttle positions which were used in turn 

to extract non-redundant GOES-8 pixel information from the imagery along the LITE 

flight track. The water vapor channel (Ch. 3) was used according to Szejwach [1981] 

in the passive-only estimation of cirrus heights as described earlier. For cases where no 

estimate of the cloud geometric thickness was available (i.e., the passive-only retrievals) 

a constant cloud thickness of 1 km was assumed. Along-track temperature and moisture 

profiles were extracted from ECMWF global initialization gridded analysis. Temperature, 

moisture, and ozone profiles were extrapolated “to space” (e.g., to an altitude of 100-km) 

using McClatchey profiles appropriate for the time of year and zone(s) traversed by the 

orbit.

To determine the presence of cirrus in the GOES-8 imagery (and thereby provide a 

quality-check for the correct co-location between the sub-sectored McIDAS GOES imagery 

and the LITE flight track), the Support of Environmental Requirements for Cloud Analysis 

and Archive (SERCAA) algorithm from the United States Airforce (CERES ATB Doc., 

1995) was employed. This algorithm, performed on the pixel level and applicable to both 

day-time and night-time scenes, takes advantage of the spectrally variant emissivity of 

cirrus by uses the brightness temperature difference (BTD) between Ch. 4 and 5 to detect 

a cirrus “signature.” Because in the absence of cirrus the BTD will be positive due to 

the enhanced absorption by water vapor in Ch. 5, the appropriate BTD threshold M  is 

defined as a  function of the Ch. 4 brightness temperature and observer viewing angle

Tba -  Tbs > M{Tba, 0 Oba)- (5.19)
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LITE: Orbit 148

Figure 5.2: GOES-8 co-located LITE orbit 149 shown for the 3.9-^m imager channel 
(upper panel) and the corresponding LITE-derived cloud profile (lower panel).
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Figure 5.3: The SERCAA cirrus detection test applied to GOES- 8  data for the LITE orbit 
149 case.

The threshold values are provided for reference in Table 5.1. These thresholds in­

crease for optically thinner cirrus (i.e., larger Ch. 4 brightness temperature) and higher 

observer zenith angles. In these cases the differential emission between Ch. 4 and Ch. 5 is 

maximized by water vapor absorption effects in the lower atmosphere. The most tangen­

tial observer angle ( 6  =  60.0°) views the most optically thick atmosphere (with respect to 

water vapor) and therefore exhibits the largest BTD thresholds. The results of the SER­

CAA cirrus detection test for GOES imagery colocated with LITE orbit 149 are shown 

in Figure 5.3. The upper panel illustrates the SERCAA threshold (dashed curve) plotted

Tba(K) e  =  0 .0 0 0 9  =  36.87° 0  =  48.19° 0  =  55.15° 0  =  60.00°
260 0.55 0.60 0.65 0.90 1 .1 0

270 0.58 0.63 0.81 1.03 1.13
280 1.30 1.61 1 .8 8 2.14 2.30
290 3.06 3.72 3.95 4.27 4.73
300 5.06 6.92 7.00 7.42 8.43
310 9.41 10.74 11.03 11.60 13.39

Table 5.1: Brightness temperature difference thresholds (M, in Equation 5.19) expressed 
as a function of the Ch. 4 brightness temperature (Tb4 ) and observer zenith angle (0 ) for 
the SERCAA cirrus detection test.
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against the BTD, and detected cirrus is represented as points at 1.0 in the lower panel. 

When compared against the LITE-derived cloud heights of Figure 5.2), the coherence of 

cirrus detected by LITE and SERCAA indicates a  successful co-location and extraction 

of GOES pixel data. A small amount of thin cirrus missed near 24 N, suggesting that the 

addition of active-sensor data will enable the detection and retrieval of high clouds that 

may otherwise be missed by passive-sensor techniques alone.

Retrieval results

The retrieval results, associated parameter uncertainty statistics, and a priori param­

eters for LITE Orbit 149 are shown in Fig. 5.4-5.5 for a ground track approximately 1400 

km in length. Over this distance, a single layer of cirrus was encountered between 8 and 

12 km accompanied by intermittent, boundary layer marine stratus clouds and aerosol. 

Single Henyey-Greenstein approximations to the scattering phase function were used for 

these IR-only retrievals as they better-matched the ice crystal data at these wavelengths 

(e.g., no strong backscattering lobe; referring back to the inset of Figure 4.37 in Chapter 

4). Retrieved 3.9 \im cloud optical depths typically were less than 2.0, and effective parti­

cle radii ranged between 10 and 50 /im. The total uncertainty and contribution breakdown 

(obtained by switching on/off components of the Sy matrix and re-running the retrievals) 

based on the Rodgers-derived expressions of (3.26) are given in the central panels, and 

the associated a priori (3.21) elements are shown in the bottom panels.

In all r  retrievals, errors were of the order S2 =  0.2, due largely to sensitivity of the 

Kernel function and phase function uncertainty. The values of the a priori parameter 

were near unity, indicating that the initial guesses for r  had little bearing on the retrieved 

values. Errors in the effective particle radius retrievals were much larger, and the error 

components reveal that the majority of this error was due to uncertainty in the scattering 

phase function-a figure seldom quantified in the literature. Regions of highest error were 

correlated strongly with lowest values of A. Thin cirrus were found in general to account for 

poorest retrieval performance (largest sensitivity to the phase function). The sensitivity of 

the forward model to changes in particle size decreased with increasing particle size. The 

retrieval therefore relied more heavily on a priori information for convergence in the cases
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Figure 5.4: Optical Depth retrieval and uncertainty components for LITE Orbit 149.
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Figure 5.5: Effective radius retrieval and uncertainty components for LITE Orbit 149.
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Figure 5.6: Passive sensor estimate of semi-transparent cirrus height for LITE Orbit 149 
using GOES 6.5 fim  water vapor and 10.7 pm  IR window channels. Curve T ” is the 
theoretical blackbody relationship and line “L” is the linear fit to the observation set 
(following the method of Szejwach, 1982).

of thin, large-particle cirrus clouds. The Rodgers approach afforded this useful diagnostic 

information on where to place more/less confidence in the retrieval.

Passive-only retrieval uncertainty

An important point of emphasis to these case studies was the illustration of the ben­

efits active-sensors provide to the retrieval of cloud properties. Because the active cloud 

profile information introduced constraints to the forward model with negligible error, dif­

ferences between these retrievals and those employing passive-only cloud height estimates 

were regarded as a  measure of retrieval improvement. The passive-only approximation 

to the cirrus cloud heights for the orbit section spanning «  21 to 16 North Latitude for 

LITE orbit 149 is given in Figure 5.6. While the passive-only estimate of 10.83 km was 

well-within the observed range of 7.8- to 12.2 km, no information on cloud thickness was 

available.

Retrieved parameter differences were then computed for the two cases (with- versus 

without-a priori active cloud profile information) and expressed as a function of the differ­

ences between passive (e.g., Szejwach) and actively-derived cloud heights The results are
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Figure 5.7: Comparison of retrieved parameter differences as a function of LITE-GOES 
estimated cloud heights.

shown in Figure 5.7. Discrepancies arising from a mis-representation of cloud location in 

the profile was evident in both parameters. In cases where the cloud was placed too high 

with respect to the true cloud height (a negative AZdd), the retrieved optical depths were 

smaller (positive A t) and the effective particle radii were larger (negative Areff). The 

converse held when the cloud was placed too low in the profile, producing a distribution 

of points symmetric about the AZcjd =  0 origin in Figure 5.7. In the former case of cloud 

height overestimation, the cloud was misplaced into a colder (higher) environment. In 

order for the forward model to reproduce the satellite brightness temperature measure­

ments of this colder cloud, the cloud optical depth were made smaller. This enabled more 

upwelling radiation from the warmer surface and lower atmosphere to transmit, through 

the cloud and reach the satellite. The larger particle sizes corresponded to larger values of 

asymmetry parameter (g) in the Mie look-up tables which in turn enhanced the forward 

scattering of the upwelling radiation (the single scatter albedo ui0 varies in opposite direc­

tions as a  function of effective radius at 3.9 fim  and 10.7 ftm). In the latter case where 

the cloud was misplaced into a relatively warmer (lower) environment, the parameters 

retrieved were again biased (now in the opposite sense) to match the observations. Higher 

optical depths were retrieved to absorb a greater portion of upwelling IR radiation, with
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Figure 5.8: Comparison of retrieved cloud emissivities as a function of LITE-GOES esti­
mated cloud heights.

lower effective particle radii to provide a  lower value of asymmetry parameter and less 

forward scatter.

As expected, the retrieval biases described above diminished in the vicinity of A Z Cid =  

0 and were exacerbated as cloud misplacement was increased in either direction. Differ­

ences between active and passive-only retrievals at the AZdd =  0 point were associated 

with differences between the true cloud thickness and that assumed (1 km) by the passive- 

only method. Because the lapse rate of temperature was slightly larger in magnitude (from 

soundings, ~  -8 .0  K/km) in the atmosphere below the true mean cloud height of 9.0 km 

than in regions immediately above («  —6.5 K/km), retrievals were more sensitive to the 

underestimations of cloud height for this particular case. This explains in part why the 

error distribution was larger in magnitude on the AZdd <  0 side of Figure 5.7).

The problems associated with thin cirrus from a passive radiometer perspective are 

perhaps best illustrated in terms of cloud emissivity e and its implications to satellite 

emission-based estimates of cloud height. The emissivity of a cloud having spectral ab­

sorption optical depth

rab« =  (1 ~  Wo)r), (5.20)
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(A subscripts omitted) and observer angle fi is defined as

e = 1 -  e-T,b,/M, (5.21)

such that as the absorption optical depth increases e approaches unity (i.e., behaving more 

as a  blackbody emitter). Implicit to this discussion is the spectral dependence of e (since 

Tabg itself is a  spectrally-dependent quantity). Conversely, the lower emissivity associated 

with optically t hinner cirrus will produce a much wanner scene than the ambient envi­

ronment of the cloud (owing to upwelling transmissions from below it) when viewed from 

above. Figure 5.8 demonstrates the relationship for the LITE Orbit 149 retrieval. Pro­

vided the retrieved effective particle radius, the corresponding uia from the Mie look-up 

table was obtained to compute rabg from the retrieved value of r  (integrating the extinc­

tion coefficient through the depth of the cloud). Emissivities were computed according to 

Equation 5.21 and are shown in the top panel of Figure 5.8. The cloud height differences 

shown in the lower panel were computed from mean LITE cloud heights and a those com­

puted from GOES Tb4 . The GOES brightness temperatures were mapped directly to a 

position in the vertical using a temperature sounding. The expected inverse relationship 

between e and (LITE - GOES) cloud heights is evident, with the lowest emissivities cor­

responding to the largest height differentials. Because much of these data correspond to 

optically thin cirrus near 9 km, significant underestimates by GOES brightness tempera­

tures of cloud altitude follow from the low emissivities. This is not as large of a concern 

for lower-level cloudiness, where ambient cloud temperatures are much closer to those of 

the underlying atmosphere and surface. Only in the rare cases when e -► 0.8 do the cloud 

height underestimates fall within 3 km of the LITE observations.

5.3.2 LITE Orbit 117 case

Overview

A portion of the descending orbit of LITE Orbit 117 (in view of GOES-8) crossed 

the North-Eastern United States and South-Eastward into the Atlantic and Caribbean 

(see Figure 5.9. While over land, the LITE cross section (region of interest shown in

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



141

Figure 5.9: GOES-8 view of LITE Orbit 117 track. Trajectory of orbit is indicated by 
solid arrows along the ground-track._____________________________
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Figure 5.10: The raw LITE data corresponding to the North-West portion of the ground 
track shown in Figure 5.9.
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Figure 5.11: The SERCAA cirrus detection test applied to GOES-8 data for the LITE 
orbit 117 case.

Figure 5.10) bisected multi-level cloudiness associated with a  mid-latitude cyclone. Based 

on established good agreement with soundings horn numerous case studies, ECMWF 

profile analyses were considered as a viable alternative for areas where rawinsonde data 

were not available, and hence were extracted along this flight track for use as forward 

model input.

Similar to LITE Orbit 149, the SERCAA cirrus cloud detection algorithm was used 

to verify correct extraction of GOES-8 pixels along the LITE Orbit 117 flight track. The 

observed Ch. 4 - Ch. 5 BTD, SERCAA threshold, and detected cirrus pixels are shown 

together in Figure 5.11. The comparison indicated the presence of high cloud in the same 

location as the LITE cross section, verifying the correct co-location and extraction of 

GOES-8 data along the LITE track.

Retrieval results

The results for optical depth and effective radius retrievals are shown together with un­

certainty and A Priori parameters in Figures 5.12 and 5.13, respectively. These optically- 

thick clouds tended to saturate the sensitivity of the IR-only retrieval method, and in 

many cases the uncertainty attributed to the Kernel function dominated the parameter
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Figure 5.12: Retrieved cloud optical depth along the LITE Orbit 117 Sight track.
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Figure 5.14: Retrieved cloud emissivity plotted against differences in cloud-height as esti­
mated by active and passive-only techniques.

error. This point is evident particularly in the effective radius retrieval uncertainty near 

42° N (a region of optically thick cloud), where the error is dominated almost entirely by 

model insensitivity. This illustrates some limitations of current IR-only retrievals for cases 

of optically thick clouds. The Rodgers retrieval raises the red-flags for these retrievals and 

identifies the dominant source of uncertainty.

Passive-only retrieval uncertainty

The 3.9 fim  cloud emissivity derived from the retrieved optical properties and Mie 

theory was again plotted against differences in cloud height estimates between LITE and 

the GOES-8 Ch. 4 brightness-temperature-derived heights. The results of this exercise 

are plotted in Figure 5.14. High emissivity (i.e., close to unity) correspond with the 

large optical depths retrieved over the frontal cloudiness, and gradually fall-off as the 

orbit proceeds South-Eastward across the leading cirrus shield. The now familiar inverse 

relationship was observed to exist between the two curves. The presence of a  12 km cirrus 

cloud layer near the end of the retrieved track (see Figure 5.10) accounts for the correlation 

between relatively large emissivities and large AZdd cloud heights (for comparisons with
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GOES-8 a single mean cloud height was defined for LITE, and this high cloud biases 

positively the estimate).

5.3.3 LITE case summary

The LITE case studies demonstrated the utility of active sensors on the space plat­

form in improving the current cloud optical property retrieving capabilities of passive 

satellite radiometers. This is valid especially in the presence of thin cirrus, where very 

low cloud emissivities give rise to large uncertainty in the placement of clouds in the ver­

tical by passive sensor methods alone. Plots of retrieval discrepancies as a function of 

cloud misplacement indicate that knowledge of the true cloud profile leads to significant 

changes (presumably toward improvement) in the retrieved parameters. The Rodgers ap­

proach allows for dissection of the total retrieval error into components due to quantified 

uncertainties in the forward model and measurements. In all, cloud profile data for 66 

night-time LITE orbits were made available by NASA Langley Research Center. While 

this research focused on a few cases observed by GOES-8, additional cases observed by 

the wide array of GEO and LEO (e.g., AVHRR) environmental satellites have yet to be 

examined.

5.4 CLEX-1 Retrieval

In an effort to better understand the optical properties, distribution and structure 

of non-precipitating mid-level clouds, the Department of Defense (DoD) has sponsored 

a series of Complex Layered Cloud Experiments (CLEX). Those of interest to this work 

included funding for an airborne active sensor to supply cloud height profiles similar to 

those of LITE (for local areas as opposed to global data). This section summarizes a 

retrieval performed using data collected during June 1996 over the ARM Southern Great 

Plains (SGP) Cloud and Radiation Testbed (CART) site.

5.4.1 CLEX-1 Overview

CLEX-1 (the first of the CLEX series) was conducted during June of 1996 and in­

cluded active sensor data from synthetic aperture radar (SAR). The case of interest con­

sidered June 22, 1996 flight leg, spanning from 12.7 to 14.4 UTC and centered around
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Figure 5.15: Surface analysis at 00-Z for 6/22/96 (CLEX)
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Figure 5.16: 500-mb analysis at 00-Z for 6/22/96 (CLEX).

the ARM SGP CART site (a 55,000 square mile area of remote sensing clusters in north- 

central Oklahoma and south-central Kansas with the central facility located in Lamont, 

OK).

Figures 5.15-5.16 depicts the synoptic-scale conditions responsible for generating the 

June 22nd cloud field in terms of the surface and 500 mb pressure-surface analyses. On the 

previous day, a S W/NE-oriented surface cold front draping across central Kansas acted 

as a focus for late afternoon convection, with moisture-laden Gulf Coast air advected in 

from the S/SW. A nocturnal mesoscale convective complex (MCC) organized from this 

convection over SE Colorado and SW Kansas (tracking along the northern side of the 

long-wave ridge indicated in Figure 5.16) throughout the evening of June 21at. The MCC 

advected slowly over Kansas and began to dissipate by late morning. Residual MCC anvil 

debris associated with the meso-vortex, and the focus of these retrievals, were dispersed 

in the system’s wake.
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Figure 5.17: GOES-8 CHI (0.67/im, Visible) image with DC-8 flight track superimposed 
for the 960622 CLEX-1 case.
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Figure 5.18: Map of DC-8 flight track for the 6/22/96 CLEX-1 case.
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A DC-8 research aircraft, carrying the 94 GHz ACR flew over a substantial portion 

of NE Oklahoma and SE Kansas during the last phase of the MCC event. It encountered 

the dissipating anvil debris described above over a 3 hr period of the morning flight leg. 

Figures 5.17-5.18 show a GOES-8 visible image for this case with the DC-8 flight track 

superimposed upon it, and a  closer view map of the flight track for clarity. Reports 

from the Wyoming King Air crew also flying in the same area describe complex layered 

clouds that were scattered in horizontal extent, with alto-cumulus and altostratus and 

cirrus above; many of the AC were precipitating ice crystals. Several changes in flight 

heading were made during the leg (this accounts for the “symmetry” of some sections of 

the RADAR return imagery as the DC-8 looped around and re-traversed the same cloud 

structures).

Because these observations were made during a  morning flight, there was a low solar 

zenith angle. The cirrus layer in Figure 5.17 is visible in the GOES-8 Ch. 1 imagery, casting 

an extensive shadow to the West. Computing the cloud height based on shadow and cloud 

edge placed the cloud top at approximately 8 km, in agreement with the radar data (such 

estimation techniques are only applicable to day-time, single-layer cloud imagery). The 

residual MCC cirrus layer provided an ideal case study for this experiment and incidently 

one of the very few good data-takes accomplished during the span of the entire CLEX-1 

IOP.

Measurements

The active instrument used in the CLEX-1 retrieval was the ACR. It was oriented 

nadir upon the DC-8 and provided high spatial resolution reflectivity profiles of the cloud 

top and base altitudes as described above. To place these retrievals within the broader 

scope of this research, we may consider the radar information as having been produced 

by an equivalent satellite-based instrument at a moderately coarser resolution. Plots of 

the radar reflectivity and derived cloud base/top heights are shown in Figures 5.19-5.20. 

The DC-8 flight track data were partitioned into 1 second resolution latitude/longitude 

points. The procedure followed for assembling the ACR retrieval data was as follows
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Figure 5.19: ACR cloud profile observations for the 6/22/96 CLEX-1 case.
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Figure 5.20: Retrieved cloud heights from ACR data using SNR thresholding. The lower 
panel denotes the number of “layers” detected in a given profile.
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1. Identify candidate flight legs based on cloud field, data-availability, coverage, and 

construct flight-leg latitude/longitude/time files.

2. Use GVIEW package to extract GOES imager data along tracks defined in flight-leg 

files and consolidate into a  single file of records.

3. Compute solar and satellite zenith and azimuth angles along the flight-leg.

4. Obtain either ECMWF gridded analysis data or rawinsonde data for profile temper­

ature and moisture information.

The corresponding GOES-8 data (for this case, 4 sets of Ch. 1-5 imagery) were down­

loaded from the Cooperative Institute for Research of the Atmosphere (CIRA) archives 

at Colorado State University and processed with GVIEW software developed by Kelly 

Dean (of CIRA). The continental United States (CONUS) sector was obtained for the 

times spanning the flight leg and sub-sectored to the local region of the CLEX-1 IOP). 

Several sets of imagery spanning the duration of the flight were used in order to minimize 

flight-track/satellite cloud collocation errors due to cloud advection as well as retrieval 

errors owing to changes in the solar geometry.

Information from both ECMWF and CART-Site rawinsonde data were used for pro­

files of temperature moisture, wind speeds and directions, and absorber gas abundancy. 

The rawinsonde data were reported at 56 levels (dithered to 15 levels for input to the 

forward model). Figure 5.21 is a comparison between the ECMWF initialization field 

(used for retrievals where sounding data are not available) and a sounding within the 

model gridbox launched within one hour of initialization. The dewpoint temperature 

(Td) was computed from the temperature (T) and relative humidity (H% /  100) using a 

Clausius-Clapeyron based empirical relationship

where C\ =  5.42E+03. The water vapor mixing ratio (kg/kg) is computed according to

C iT
B - T W

(5.22)

Bmoi$tP ~  S
S  =  HC2e t ^ , (5.23)
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Figure 5.21: A comparison between the ECMWF model initialization field profile variables 
and those measured from a rawinsonde during CLEX-1.

where Ci — 2.53E+09 and R mout,dry are the gas constants for moist and dry air (287 and 

461.5 J K-1 Kg-1 , respectively). Water vapor abundance (A, in units of g cm-2 km-1) 

is converted directly from the water vapor mixing ratio (R ) according to

A  =  100 x Rpa, (5.24)

with pa being the density of air at a  specific level in the atmosphere. Encouraging agree­

ment was observed between the model and observed variables most relevant to GOES 

ER-channel-only retrievals.

Independent active sensor retrievals

Whenever available, it is desirable to obtain an independent (i.e., using different 

remote sensors) of the retrieved quantities as a check for consistency. Such estimates 

were available to the CLEX-1 study from parameterizations based on simple power-law 

relationships applied to the radar reflectivity. These empirical relationships are obtained 

in practice generally by assembling a  large sample set of similar cases (e.g., cloud type, 

phase, particle habit, etc.), plotting the data, and performing a regression on the resultant 

distribution with radar reflectivity as the independent variable. The ice-cloud reflectivity 

parameterizations applied to the CLEX-1 ACR data were as follows:
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•  Ice Water Content:

Source: Liao & Sassen (1994) for complex cirrus morphologies 

IW C  =  7.49 x 1 0 -* Z ° 78 (gm~s )

•  Extinction Coefficient (W-band):

Source: Sato et al (1981)

(Test =  3.51 X 10"4Ze°-98 (Am-1 )

• Extinction Coefficient (At a visible wavelength):

Source: Sassen and Liao (1996)

( T e s t  =  0.965Zj°-81 (Am-1 )

• Effective Particle Radius:

Source: P latt (1997)

Reg  =  1.73 x 102IW C 0 39 (jtm)

where Z e in the first two expressions is the effective radar reflectivity factor (dBZ) for 

water. Because in practice it is usually not known a priori what the dominant phase of 

particles in the sample volume is, the standard value computed Equation 5.3 assumes the 

dielectric factor for water. This can be renormalized to ice values according to

Z -  !*= !! (5 25)
' ~  \ Ki \2 ( ’

where \Kw>i\2 =  (0.7175,0.1772) are the dielectric factors for liquid water and ice at 95- 

GHz, respectively.

To compare optical depths derived between the active-only and passive retrievals, 

the extinction coefficient was integrated throughout the depth of the cloud (as defined by 

the active senor derived cloud boundaries) following Equation 2.2-2.3 and then converted 

from the radar wavelength (95 GHz «  3 mm) to that of the satellite imager channel using

Equation 3.28. To invoke Equation 3.28 the radar-retrieved effective radius was applied to

Mie theory to obtain the requisite extinction efficiency {Qext)- It is important to emphasize 

that the parameterizations listed above are climatological relationships (i.e„ best fits to 

a large sample) with a large variance associated with them. As there exists a great deal
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of uncertainty with the empirical fits, they were intended to serve only as a first-order 

quality-check for comparison to the radiometer-retrieved quantities.

5.4.2 Retrieval results

Because this CLEX-1 case involved day-time observations, a bi-spectral retrieval ap­

proach based on the bi-directional reflectances in GOES Ch.l and Ch. 2 was chosen for the 

observation vector. The retrieved optical depth and effective radii for the CLEX-1 case 

are shown in Figures 5.22-5.23, respectively, along with a break-down of the uncertainty 

in terms of components. The retrieved 3.9 pm  (corresponding to GOES-8 Ch. 2) cloud 

optical depths ranged over [0.1,10.0], and effective radii varied between 10 and 70 y.m. The 

largest uncertainties in these retrievals again corresponded to the lower values of the A 

Priori parameter matrix. The strongest contribution to optical depth uncertainties were 

from the phase function. This is because the cloud optical depth is a stronger function of 

the visible channel reflection, and uncertainties computed for the ice crystal phase func­

tion assumptions were larger than most of the IR channels. The largest retrieved particles 

were observed in the cirrus turret features encountered along the flight track. Here, pro­

file uncertainty and Kernel function insensitivities paid a greater contribution to the total 

retrieval uncertainty.

Independent radar-based retrieval validation

Examples of ACR retrievals of ice water content, extinction coefficient, and effective 

particle radius based on the reflectivity parameterizations listed above are shown in Fig­

ure 5.24. These empirical results are only as valid as the degree to which the training data 

from which the parameterizations were derived are representative of the observed cloud 

field. This caveat must be kept in mind whenever making comparisons between cloud 

properties derived from generalized reflectivity parameterizations and satellite retrievals. 

Nonetheless, they provide a  useful first-order validation set for these retrievals when no 

other data is available.

One such application involves the use of the radar-derived extinction, cloud bound­

aries, and particle size to obtain a  radar-estimate of the cloud optical depth. The ACR
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empirically-derived extinction coefficient was rescaled to 3.9 pm  using Mie theory with a 

mean radar-estimate of the cloud droplet size and Equation 3.28. This rescaled extinction 

was then integrated over the entire depth of the cloud (as defined by the radar-retrieved 

cloud profile) to obtain an equivalent 3.9 pm  optical depth comparable to the GOES-8 

retrieved quantity. As shown in Figure 5.25, the comparison between the passive-only and 

active-only retrieved optical depths showed good general agreement. Fine-scale discrepan­

cies were due to the GOES pixel resolution, cloud advection (i.e.. a discrete versus nearly 

continuous temporal sample for GOES and ACR, respectively), errors associated with 

the assumptions involved with radar retrieval (empirical parameterization and rescaling 

to 3.9 pm using Mie theory and hence ice spheres), and a priori constraints imposed on 

the passive retrieval. These uncertainties are very difficult to quantify, and because this 

exercise was intended more as a validation of correct satellite co-location and first-order 

optical property retrieval, no attempt to resolve them further was made here. Even with 

all caveats considered, the comparison indicates still that a  reasonable representation of 

the cloud optical properties has been retrieved from the satellite data.

Cloud-emissivity/cloud-height comparisons

An important consideration for cirrus is the implications their thin optical depths 

have on determining their correct altitudes. Figure 5.26 illustrates the inverse relationship 

that exists between retrieved cloud emissivity at 3.9 pm  and the cloud height difference 

between the true cloud height (mean value) and that inferred from GOES-8 brightness 

temperatures alone for the cirrus shield observed in CLEX-1 on June 22, 1996. The 

latter assumes a  cloud emissivity of unity for all clouds and places them in the vertical 

by matching to a temperature sounding. When a  cloud has a high absorption optical 

thickness (i.e., a  higher emissivity), it emits more as a blackbody at the temperature of its 

environment. Hence the GOES-8 brightness temperatures better represent the true cloud 

altitude. Conversely, optically thinner clouds (i.e., lower emissivity) allow emissions from 

the lower atmosphere and surface to transmit through the cloud and reach the satellite 

detectors. The satellite-inferred altitude for this case will be lower than that observed by
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Figure 5.26: The inverse relationship between emissivity and ACR-GOES cloud heights 
for CLEX 6/22/96

active sensors, as the cloud appears wanner than its actual environment and is mapped 

by the soundings to lower (warmer) altitudes accordingly.

In the most optically thick regions of Figure 5.26 (corresponding to 3.9 nm  emissivities 

on the order of 0.8) the ACR-GOES retrieved mean cloud height differences reduced to 1 

to 2 km, while for the thinner cloud regions this difference extended to values in excess 

of 9 km. This illustrates the problems encountered by passive-only retrievals in placing 

thin clouds at their correct positions in the atmosphere. Optically thin cirrus, which 

plays an important role in trapping upwelling thermal radiation and thereby heating the 

atmospheric column below it, can be missed altogether by passive-only techniques. It 

might reasonably be expected that these uncertainties in cloud height location would 

manifest in large retrieval uncertainties for optically thin clouds, especially at night.

5.4.3 Passive-only retrieval uncertainty

For the passive-only estimate of cloud height, the approach of Szejwach (1982) was 

again employed (see Figure 5.27. A cluster of GOES pixels corresponding to the turrets 

observed in Figure 5.19 bias the fit toward colder cloud tops (the DC-8 aircraft did not 

fly above these clouds completely). When the Ch. 4 brightness temperatures used in
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Figure 5.27: Passive sensor estimate of semi-transparent cirrus height for CLEX-1 using 
GOES 6.5 um  water vapor and 10.7 pm  IR window channels. Curve T ” is the theoretical 
blackbody relationship and line “L” is the linear fit to the observation set (following the 
method of Szejwach, 1982).

the Szejwach height retrieval were truncated at 250 K (effectively removing the colder 

cluster), the fitted curve placed cloud tops at 10.5 km. The latter figure was used for the 

passive-only cloud retrievals in regions outside the cloud turrets, where the former figure 

was retained.

The top panel of Figure 5.28) shows the Szejwach-derived passive-estimate cloud 

plotted against ACR cloud top and base boundaries. The central panel shows cloud 

top and thickness differences, and the lower panel summarizes the percent differences in 

retrieved quantities. It was observed that the passive retrieval overestimated optical depth 

primarily in the few cases where the cloud physical thickness was underestimated (i.e., a 

positive cloud thickness difference in the center panel of Figure 5.28), while showing no 

apparent correlation to the cloud top height difference. In these cases, the passive-only 

retrieved effective radius (which generally was observed to be smaller in the passive-only 

retrievals) was significantly larger than the active retrievals. Because the passive cloud 

was geometrically thinner, a larger optical depth was required to produce the same cloud 

reflectance. This perturbance to r  resulted in a  strong change to reg (according to the 

similarity condition) in order to match both channel observations.
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Figure 5.29: Analysis of retrieval results with and without a priori cloud height informa­
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A second method of approximating the cloud height from passive measurement was 

to use the Ch. 4 brightness temperatures and a  sounding to place a  1 km thick cloud in the 

vertical. With the exception of strong inversion cases (none of which were encountered in 

these case studies), this approach will in general place a non-black (e < 1.0) cloud below 

its true level in the atmosphere. Retrievals based on this version of passive-only cloud 

height estimation were recomputed for the CLEX-1 case. Figure 5.29 is a scatter diagram 

of differences between passive-only (i.e., passive cloud heights estimated only from GOES- 

8 Ch. 4 brightness temperature and sounding) and ACR a priori optical depth retrievals 

plotted against the retrieval using active cloud profile information (considered here as 

“truth”). As anticipated from the emissivity vs. cloud-height-difference results, this effect 

wsts most dramatic for optically thin cirrus (where the ambiguity in true cloud height is 

highest). The retrieved values without true cloud height information are higher because 

the retrieval places them at lower (warmer) levels in the atmosphere. In order to produce 

the cooler brightness temperature observed by GOES, the cloud must be made optically 

thicker (such that the primary source of radiation is from the ambient temperature of the 

cloud itself and not from warmer regions below the cloud). These differences are significant 

and affect directly the modeled cloud radiative feedback processes associated with with 

cirrus clouds.

5.4.4 CLEX-1 case summary

The results of the June 22, 1996 CLEX-1 retrieval emphasize the need to know ac­

curately the location of optically thin clouds in the vertical. The heights of these clouds 

are very often underestimated by passive sensing techniques, resulting in overestimation of 

true cloud optical depth. Thin cirrus cover a large fraction of the planet at any given time, 

and are associated with radiative heating of the atmosphere (by allowing transmission of 

down-welling solar radiation while absorbing thermal radiation from below). As such, the 

additional profile information provided by an active instrument aids in better represent­

ing the role of these radiatively important clouds in many climate modeling applications. 

The radar data were also shown to be useful in the independent validation of the satellite 

retrievals. Even though ACR profile data was used to compliment the forward model
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information, these comparisons are not incestuous because the radar-only retrieval bases 

its estimates on 94 GHz backscatter properties whereas the GOES retrieval uses the radar 

height information only to constrain the cloud IR- emissive properties.

5.5 PACRIM 961101 Retrieval

5.5.1 Overview

The Pacific Rim Experiment (PACRIM) (also referred to as CLEX-2) flew NASA 

DC-8 aircraft across the Pacific ocean during late October and early November, 1996. 

The ACR used in the Summer synthetic aperture radar series (SAR, or CLEX-1) was 

oriented in the zenith. As a result, the profile of cloud below the level of aircraft flight 

altitude was not known. For these comparisons, retrievals were carried out assuming a 

common lower boundary condition (cloudy or clear) such that relative differences owing 

to uncertainties in cloud locations above the aircraft could still be examined. The flight 

track was observed by COES-9 (the Western compliment to GOES-8 with a sub-satellite 

position of 135° W longitude and 0° Latitude). Although the imager channels nominally 

were the same as those of GOES-8, detector response functions vary from instrument to 

instrument. The appropriate response functions (pre-launch laboratory specifications) for 

GOES-9 were therefore used in the forward model for the PACRIM retrievals.

The PACRIM flights consisted of two main legs (one from San Francisco across the 

Eastern Pacific to Hawaii, and then from Hawaii across the South-Western Pacific to New 

Zealand) followed by several short-range closed-loop flights in the New Zealand/Eastern- 

Australia region. The retrieval examined for this case was at the beginning part of the 

second (Hawaii to New Zealand) leg. Figures 5.30-5.31 illustrate the portion of flight 

track retrieved as viewed from the GOES-9 vantage point. Virtual soundings over this 

open-ocean leg were estimated using ECMWF global reanalysis data.

The corresponding ACR observation data for this case are shown in Figure 5.32. Cold 

cloud tops in the satellite image appear as dark features while the warm ocean surface is 

relatively bright. This corresponds to the actual energy exposure of the detector, although 

most IR imagery is color-reversed by convention largely because we are accustomed to
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Figure 5.30: GOES-9 observations corresponding to the 11/01/96 PACRIM retrieval.
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Figure 5.31: DC-8 flight track for the 11/01/96 PACRIM retrieval.
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Figure 5.32: Along-track ACR cloud observations (oriented in the zenith) for the 961101 
PACRIM retrieval.

viewing “white” clouds as they would appear in day-time visible imagery. The cirrus 

observed by the zenith-oriented ACR ranged in altitude from 9.5 to 13 km, with variable 

internal structure and geometric thickness along the flight track.

The retrieved cloud heights using a SNR-thresholding approach analogous to CLEX-1 

are shown in Figure 5.33. Shown also on this figure is the varying altitude of the DC-8 

aircraft (the radar data, which were given as a function of range from the instrument, were 

corrected for the aircraft altitude for all profiles as in CLEX-1). Although multiple layers 

were sometimes computed by the thresholding algorithm, these clouds were reduced to a 

single layer whenever the separation-distance between the layers was less than 0.5 km.

5.5.2 Retrieval results

The GOES-9/radar retrieval results for optical depth and effective radius are shown 

in Figures 5.34-5.35. Optical depth errors were found to be on the order of 15% and due 

largely to uncertainties associated with the scattering phase function. Effective radii were 

retrieved between 35 and 60 nm, with errors on the order of 15 nm. The larger particle 

sizes were associated with weaker forward model sensitivity (as the single scatter albedo

PACRIM ACR Reflectivity

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



164

PACRIM 1 1 / 0 1 /9 6  R etrieved C loud H eights

SuO-QCB l a b tw t t

i  ,Lo Jt"

H5 2r  •

CSMtfdB) -  [S M (afl) •  (S.0w »iw(#AwfO9« ) * J 0d S ) | > O.Ojfl

4

  j

22.2 22.4 22.0
UntwrtQ! TTm* C o e 't f tn a tn

Figure 5.33: Retrieved cloud heights from ACR data using SNR thresholding. The dashed 
line in the upper panel denotes the DC-8 altitude. The lower panel denotes the number 
of “layers” detected in a  given profile.

and asymmetry parameter approach their asymptotic limits according to Mie theory), 

leading to a  strong contribution to the error by the Kernel function for these retrievals.

5.5.3 Passive-only retrieval uncertainty

The Szejwach method of defining cloud height from passive-only measurements is 

illustrated for the PACRIM case study in Figure 5.36. The well-behaved (linear) distri­

bution of GOES-9 temperatures was indicative of a  quasi-uniform layer of cirrus (with 

varying emissivity) over the region. The resultant cloud height estimate placed the cloud 

layer at roughly 12 km; squarely between the ACR-observed cloud range of 10 to 14 km. 

Due to the high variability of emissivity, cloud height estimation based on the GOES Ch. 

4 bright ness-temperature/sounding approach yielded cloud heights ranging from 2.25 to 

10 km.

Similar to the CLEX-1 case study, retrieved cloud optical depths and single-scatter 

albedos were used to compute cloud emissivity at the GOES-9 zenith angle (p — 33°). 

Comparison of this retrieved quantity with cloud height differences between radar and 

GOES-9 Ch. 4 brightness temperature estimates along the DC-8 flight track is shown
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Figure 5.36: Passive sensor estimate of semi-transparent cirrus height for CLEX-1 using 
GOES 6.5 nm  water vapor and 10.7 IR window channels. Curve “1?” is the theoretical 
blackbody relationship and line “L” is the linear fit to the observation set (following the 
method of Szejwach, 1982).
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for PACRIM 11/01/96
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in Figure 5.37. Again, regions of high cloud emissivity correlate negatively with cloud 

height differences, and low emissivities correspond to the largest discrepancies between 

cloud height estimates. Slight shifts between retrieved maxima in r  and maxima in radar 

reflectivity in Figure 5.37 were due to cloud advection over the 1 hour, 20 minute segment 

of the flight leg (only one set of GOES-9 imagery was obtained for this particular case).

5.5.4 PACRIM case summary

Whereas the CLEX-1 case study examined cirrus comprised of debris from a conti­

nental mid-latitude MCC, the CLEX-2 (PACRIM) case dealt with cirrus of tropical origin. 

The differences in optical properties arising from differences in formation mechanisms and 

profile characteristics (e.g., depth and moisture content of troposphere) have yet to be 

quantified to the extent that this information could be applied, for example, to cloud 

parameterization in numerical weather prediction models. Active sensors on the satellite 

platform will enable retrievals of this kind to be performed on a  great number of cirrus 

cases with minimal uncertainty owing to cloud placement in the vertical.

5.6 ARM-SWIOP 9/26/97-9/27/07 Retrieval

The complimentary role of surface-based active remote sensing systems in satellite 

cloud property retrievals was examined for observations from the ARM Short-Wave IOP 

(ARM-SWIOP) experiment conducted during September of 1997 a t the ARM SGP CART 

site. The cloud profile information provided by the surface platform required a  multi­

time, single pixel satellite retrieval approach as opposed to extracting several pixels along 

flight tracks for a few times (aircraft experiments) or a great number of pixels for a 

single time (LITE). The primary benefit of surface observations is that they are by far 

the most convenient (in terms of cost and implementation) of the three platforms. Co- 

location of satellite data with a time series of surface observations requires ancillary data to 

determine cloud advection across the fixed site. Fortunately, this information usually can 

be obtained either from rawinsondes launched on-site or from satellite-derived cloud vector 

wind approximations (i.e., tracking cloud edges between temporally adjacent images, with 

some ambiguity arising from the assignment of altitude for the feature being tracked). 

The following discussion illustrates this approach.
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Figure 5.38: GOES-8 coverage of the ARM-SWIOP shown for the 3.9-/im imager channel 
(upper panel) and the surface-based cloud radar detected cirrus profile (lower panel).

5.6.1 Overview

Included in the instrument array of the ARM-SWIOP were the ACR (surface-based) 

and an Eppley Pyrgeometer. The former provided accurate profiles of cloud advecting over 

the SGP CART site facility near Lamont, OK, and the latter measured the downwelling 

broadband infrared flux. GOES-8 imager data for several image times (CONUS scans at 

30 minute resolution) were obtained for the passive/passive+active retrieval computations. 

The pyrgeometer measurements provided the opportunity to validate independently, albeit 

indirectly, the satellite-retrieved cloud optical properties (applied as input to a 2-stream 

radiative transfer code to compute equivalent measurements of flux).

The data collected on 26-27 September, 1997 were obtained for conditions of a single­

layer cirrus field. This cloud, at an altitude of approximately 10-km, advected South- 

Eastward over the ARM CART site during the late afternoon and early evening horns.
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The day-time portion of the retrieval made use of solar reflectivity information in Ch. 1 

and Ch. 2 while the night-time portion of the retrieval used an approach similar to the 

infrared-only techniques applied to the LITE retrieval. As mentioned above, rawinsonde 

data were enlisted to approximate the wind speed and direction at mid-cloud altitude 

(as inferred from the cloud radar). This information was used to advect the cloud field 

upstream and downstream of the CART site and, insodoing, create a virtual flight track 

traversed by the surface-based radar. Cloud height information was obtained from the 

cloud radar using a reflectivity-thresholding approach similar to the LITE CloudFinder 

technique. Fifteen GOES-8 image times (available at 30 minute intervals) spanned the 

7.5-hour observation period.

5.6.2 Retrieval results

Figures 5.39-5.40 show retrieval results and uncertainty analysis for a portion of the 

ARM-SWIOP case. The cirrus clouds advecting over the CART site were characterized 

generally by optical depths on the order of ro.es^m =  2.5, with occasional thicker regions 

exceeding ro.65*tm =  5.0. Retrieved effective particle radii ranged from 40 to 50 /im. A pri­

ori parameters again were very close to unity for the optical depth retrievals, while those 

for reff were on the order of 0.7 and correlated strongly with the phase function uncertainty. 

Uncertainty associated with the profile is lower than for the LITE retrievals because in­

formation was provided by rawinsonde rather than by ECMWF initializations. For the 

region of higher r , reff uncertainty associated with Kernel function sensitivity increases 

(saturation of signal) and phase function contributions decrease (owing to increased multi­

ple scattering). While such relationships are intuitive from elementary radiative transfer, 

the ability of the retrievals to quantify these components is an invaluable asset to analysis.

Independent pyrgeometer retrieval validation

The cloud properties derived from the satellite/radar retrieval were used as input to 

a simple 2-stream (flux) radiative transfer model [e.g., Stackhouse and Stephens, 1990] to 

simulate the downwelling broadband infrared (3.8 pm  to 500 pm) flux a t the surface. The 

2-stream model includes a  correlated-K handling of gaseous absorption. To better match
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Figure 5.40: Effective radius retrieval and uncertainty for ARM-SWIOP.
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Figure 5.41: Comparison of retrieved broadband IR (3.8 pm to 500 fim) flux compared 
with a ground based Eppley pyrgeometer located at the ARM CART site. 10 km cirrus 
were advecting over the site during the 7.5 hour observation period.

the single-pixel values provided by the retrieval to the pyrgeometer integrated field of view, 

a boxcar average smoothing technique was applied to the retrieved fluxes. The width of 

the smoothing, determined from the cloud advection speed, cloud height, and the cosine 

response of the pyrgeometer, was equivalent to a 23 minute time window in the retrieval 

data. These smoothed fluxes were then compared to the pyrgeometer measurements as an 

independent validation of the satellite retrieval. It should be recognized that even though 

a model-based retrieval has been fed into another model to compute broadband fluxes, 

this validation is non-incestuous because the pyranometer observations remain completely 

independent of these retrieval/modeled fluxes. In other words, if the cloud properties 

retrieved were in error, then there is no reason that the 2-stream fluxes should match the 

observations.

The results of this exercise are shown in Figure 5.41. Captured in this figure are the 

broad-scale features of the cloud layer. Regions of higher downwelling flux correspond to 

optically thicker cirrus (which emit more radiation downward to the surface). While over­

all agreement is good, some areas show significant disagreements. These may be attributed 

to the non-plane-parallel quality of the actual cloud field. For example, a  optically thick

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



172

COES t 0 .7 u m  B rig h tn ess  f e m p e ro tu re  (K)
ISO 2 1 0  2 4 0  2 7 0  3 0 0

8
ARM SW OP A  P r i o r i  Tam peroture Profile 

*0 | /

E

7*6

E* 700  220 240 260 280 300 
Ttmp«ratur* (4}Cu  4c

o6
oo;

-  2 7 0E

UJaa
   2 4 0

J?s8
10

0
0 2 i 6 8

COES 1 0 .7 /im  R ad ian ce  [W .m .", s t r . ' ,/ i 'n " ']

Figure 5.42: Passive sensor estimate of semi-transparent cirrus height for the
ARM-SWIOP using GOES 6.5 /xm water vapor and 10.7 /xm IR window channels. Curve 
T ” is the theoretical blackbody relationship and line “L” is the linear fit to the observation 
set (following the method of Szejwach, 1982).

cloud pixel retrieved locally would then be attributed to the entire scene in the 2-stream 

flux computation, resulting in a much larger downwelling flux value than that of the het­

erogeneous scene observed by the pyrgeometer. Conversely, retrieval on an optically thin 

cloud in the midst of thicker surrounding field will result in an underestimate of the down- 

welling flux compared to observations. Incorporation of three-dimensional active sensor 

information and flux averaging of adjacent satellite-pixel retrievals would further mitigate 

the observed differences beyond boxcar averages. Overall, extrema straddle the observa­

tions as the advecting cloud field varies about the plane-parallel assumption. That this 

was observed in the absence of a positive or negative bias is an indication that the retrieved 

parameters of the cloud field were representative of the areal-averaged flux measurements.

5.6.3 Passive-only retrieval uncertainty

The Szejwach (1982) cloud height estimates for the ARM-SWIOP case are presented 

in Figure 5.42. The single-layer cirrus case provided a  low-variance linear fit with a 

reasonable cloud top altitude of 10.7 km (actual observed range was 7.8 to 12 km). The 

differences between retrievals using active sensor cloud heights and passive-only techniques
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(soli) and effective radii (dashed) for the two retrievals.

are illustrated in Figure 5.43. Differences in cloud top and physical thickness are shown 

in the top panel and corresponding percent-differences in the lower panels. The assumed 

physical thickness of 1 km for the passive-only retrievals resulted in an underestimate error 

(solid, in panel (a) of Figure 5.43) of roughly 1 km. The thickness (dashed) underestima­

tion ranges from 1 to 3 km. It is noted that near the time 20.7 (UTC) a maximum in 

retrieved parameter differences between the two retrievals corresponds with a maximum 

in passive-only underestimation of the physical cloud thickness. Here, the passive-only 

retrieval slightly underestimated r  while grossly overestimating refr- The passive cloud 

profile estimate being physically thinner and at a higher mean altitude than the true 

cloud layer, requires an entirely different combination of r  and r eff for the forward model 

to reproduce the same observed radiation field.

5.6.4 ARM>SWIOP case summary

The ARM-SWIOP case demonstrated the application of ground-based active data in 

improving satellite cloud retrievals. In order to extract the appropriate satellite pixels cor­
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responding to the surface observations, winds at mean cloud altitude were used to advect 

up- and down-stream of the central facility in the GOES imagery. After box-car averaging 

to approximate the field-of-view of the surface pyrgeometer, IR downwelling fluxes derived 

from the retrieved cloud optical properties were compared against the observations. Such 

comparisons are useful in ascertaining to what degree the retrieved optical properties along 

a profile can be used to represent the important radiative forcing effects of horizontally 

heterogeneous.

5.7 ARESE 10/26/95 and 10/30/95 Retrievals

The retrieval technique presented in this research was intended to be versatile in the 

ability of the forward model to accommodate observations from a wide array of remote 

sensing systems. Whereas the cases presented above all dealt with GOES satellite im­

agery as the passive-component, these retrievals could conceivably have been reproduced 

from (for example) observations made by the Advanced Very High Resolution Radiome­

ter (AVHRR), the Defense Meteorological Satellite Program (DMSP) satellites, or the 

Moderate Resolution Imaging Spectroradiometer (MODIS) Airborne Simulator (MAS) 

instrument. This section presents retrievals based on active sensors working in conjunc­

tion with the CSU SSP operating from the manned/unmanned aircraft platform. The 

appeal of these instruments operating on the latter (unmanned aircraft) platform lies in 

the relative cost-effective deployment of these aircraft for extended, high-altitude global 

observations in remote parts of the Earth. Further, these solar-powered vehicles conceiv­

ably could be coordinated with satellite active/passive observations to enable IOP-quality 

observations a t most any poorly accessible area of the world.

5.7.1 Overview

The ARM Enhanced Shortwave Experiment (ARESE) took place during October, 

1995. Among the instruments flown aboard the DoE Egrett aircraft during this IOP was 

the SSP and the CDL. The former provided spectral radiance and flux measurements 

(40 channels) spanning the range of 0.4 to 1.1 fim  (for use in forward model observation 

vector), and the latter provided a two-dimensional slice of the cloud profile along the
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Figure 5.44: Flight tracks for ARESE October 26, 1995 cirrus case.

Egrett flight track similar to that provided by LITE (for use in the a priori constraint on 

cloud profile). Both instruments were mounted on the belly of the aircraft and recorded 

nadir observations of cloud and surface reflective properties. As this version of the SSP 

did not extend far enough into the middle IR to achieve sensitivity to particle size from 

solar reflection, these retrievals were forced to constrain (based on cloud climatology) the 

effective particle size and retrieve only cloud optical depth. For these retrievals, effective 

particle radii for cirrus were constrained to 30 y.vo as a  typical value (C.M.R. Platt, 

personal com m unication) and water clouds in the October 30th case were set to 10 ^m. 

Because reflection at visible wavelengths is not a strong function of particle size, errors 

associated with an incorrect assumption of this quantity were assumed to be small.

October 26th ARESE case

On October 26,1995, the Egrett took off at 1748 UTC and flew a 2.5 hour leg between 

the ARM central facility at Lamont, OK and Coldwater, KS (the flight track is shown in 

Figure 5.44. The SSP and CDL observed a single-layer of cirrus over this duration. The 

spectral surface albedos for this case were derived from clear-sky SSP radiance observations 

(Partain et al., 1999) and a forward model. The derived albedo accounted also for aerosol 

scattering effects below the altitude of the aircraft.
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Figure 5.45: Flight tracks for ARESE October 30, 1995 cirrus+low-cloud case.

Also on-board the Egrett was the Total-Direct-Diffuse Radiometer (TDDR) instru­

ment (Valero et al., 1989), designed to measure solar radiation in several narrow (10-nm) 

spectral band-passes and also the broadband (0.25 to 3.0 ^m) solar flux. The instrument 

achieves decoupling of the direct and diffuse components of downwelling solar flux by 

including an oscillating shadow ring. In this way the TDDR is superior to sun-tracking 

photometers which are both complex and difficult to maintain tracking accuracy. The 

TDDR was mounted next to the SSP recording nadir observations of solar reflection at 

cloud top. Several results presented for these retrievals were converted to equivalent fluxes 

for comparison against the TDDR measurements.

October 30th ARESE case

On October 30, 1995, the Egrett flew above a two-layer cloud field composed of thin 

cirrus at 10 km and a  thick lower-level stratus cloud between 1 and 2.5 km. Figure 5.45 

shows the flight path spanning the period 1700-1945 UTC between Lamont and Vici, OK. 

The high optical depth of the lower layer attenuated completely the CDL signal before 

reaching the surface. As a  result, rawinsonde data launched from the CART site were used 

to define an approximate cloud base for the lower cloud using the cloud condensation level 

(at roughly 1-km). Surface albedos for this case were derived in a similar fashion to those
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Figure 5.46: Optical depth retrievals and derived spectral flux comparisons with TDDR 
measurements for the ARESE October 26, 1995 cirrus case.

of the October 26 case. The TDDR instrument was again flown in a nadir orientation 

along side the SSP.

5.7.2 Retrieval results

Figures 5.46-5.47 summarize the retrieval results for the two ARESE flight legs consid­

ered. The top three-panel plot depicts the CDL-observed cloud profile, the corresponding 

spectral radiance (shown here at A =  0.497-/xm), and the retrieved values of cloud optical 

depth at this wavelength. Gaps in the SSP/retrieval data corresponded to portions of the 

flight leg where SSP data was unavailable. It was noted that in regions of higher optical
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Figure 5.47: Optical depth retrievals and derived spectral flux comparisons with TDDR 
measurements for the ARESE October 30, 1995 cirrus case.
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depth (e.g., r  > 5.0), the CDL did not penetrate the clouds completely (as indicated by 

the absence of a surface return). Because the CDL was designed for cloud altimetry (as 

opposed to cloud profiling) a more suitable choice of active sensor for use in this retrieval 

would have been the millimetric radar. Knowledge of correct cloud top altitude, how­

ever, remains superior to having no a priori information whatsoever. The high measured 

reflectances during the 30th case were dominated by the optically thick lower cloud. At 

these large optical depths, sensitivity to changes in the optical properties is very weak. 

Shown in the lower, single-panel plots on each figure are two curves-one corresponding to 

a two-stream flux model (which accepted as input the retrieved cloud optical properties), 

and the second corresponding to actual measurements of the spectral flux as observed by 

the Total-Direct-Diffuse Radiometer (TDDR) instrument. This exercise may be regarded 

as an independent validation of the SSP-measurements and retrieval. While good agree­

ment was observed for these visible-wavelength spectral flux comparisons with the TDDR 

owing to the similarity condition, uncertainty in the assumption on particle size would 

manifest in the near- and thermal-IR (where cloud absorption becomes a strong function 

of the particle size distribution).

5.7.3 ARESE case summary

The ARESE case studies illustrate the versatility of the retrieval developed for this 

research by applying it to an observing system other than GOES-8/9 satellites. The optical 

depth retrievals on cirrus and cirrus with low-level cloud were converted to hemispheric 

upwelling flux and validated against independent TDDR measurements. The agreement 

between retrieved and observed fluxes indicates that either the assumption on particle 

size was not a strong factor in the retrieval, or that the forward model tuned the optical 

depth accordingly to accommodate for the fixed effective radius. Based on simulations 

conducted with a variety of effective radii, the latter mechanism also appeared to play a 

non-negligible factor in these retrievals. Despite the generally small magnitude of visible 

reflection variation with particle size, these differences are not negligible. As a result, a 

slightly different optical depth will be retrieved for a given effective radius constraint.
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The retrieval itself is not to blame for these differences, for it is only being “told” that 

the true effective radius was a specific value with no uncertainty (in order to constrain the 

forward model at this value) attached. As a result, all variability in reflectivity observa­

tions must be accounted for by variance in the cloud optical depth. The model has no way 

of knowing the origin of that a priori data and must therefore take the information at face 

value. When these parameters are in turn used as input to a 2-stream model, the resultant 

fluxes are identical for all the r, reg pairs arising from different constraining values of reff. 

This is illustrates the similarity condition for cloud reflection, which describes the infinite 

possibilities of optical properties which yield the same measured cloud reflection. This 

is why we seek to constrain our solution with measurements at water-absorbing window 

bandwidths situated at near- and thermal-IR wavelengths whenever possible.

5.8 SUCCESS 4/20/06 and 4/27/96 Retrievals

Retrieval case studies presented in this section were conducted for two flights con­

ducted during the Sub-sonic Aircraft and Cloud Effects Special Study (SUCCESS). The 

data were collected during April and May of 1996 near the ARM CART site. As a piggy­

back mission in connection with SUCCESS, ARM funded the deployment of the SSP, 

TDDR and CDL instruments. Several cases of cirrus and low-level cloud layers were en­

countered over the course of the flights. Retrievals from two of the cirrus days are shown 

here.

5.8.1 Overview

SUCCESS flight tracks are shown for two legs on April 20th and 27th in Figure 5.49. 

Both flight patterns were highly irregular with multiple overflights of the CART site 

facility. Co-location with satellite pixels for such cases is difficult due to the highly variable 

position of the aircraft, the advection of cloud, and the temporal resolution of the satellite 

imagery. Whenever possible, it is desirable to have all instruments operating upon the 

same platform to eliminate the uncertainty of co-location. As in the ARESE cases, the SSP, 

TDDR, and CDL were mounted together on the base of the aircraft to record simultaneous
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Figure 5.48: Flight track for SUCCESS April 20, 1996 cirrus case. 
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Figure 5.49: Flight track for SUCCESS April 27, 1996 cirrus case.
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observations of the same cloud fields. The same problem with SSP insensitivity to the near- 

IR precluded the retrieval of particle size and necessitated again the a priori constraint 

on effective radius at 30 nm. To account for the high forward and backscatter peaked 

scattering phase functions associated with most cirrus (especially at visible wavelengths), 

a tabulated ice-crystal phase function from Takano and Liao (1995) was employed with 

d-M scaling to expand it as a Legendre polynomial series with a reasonable number (here, 

65) of ^-expansion terms.

5.8.2 R etrieval results

Figures 5.50-5.51 summarize the observations and optical depth retrievals performed 

for the SUCCESS flight legs described above in similar fashion to those presented for 

the ARESE case. Again, the optically thinner clouds (r < 5) were penetrated entirely 

by the CDL on the 20th case, while optically thicker clouds were devoid of CDL surface 

returns on the 27th. Using these retrieved optical depths along with the assumed particle 

size, 0.5 /im spectral fluxes computations were compared to TDDR measurements for 

both cases. The results are shown in the lower single-panels of Figures 5.50-5.51. A 

slight underestimate of the reflected spectral flux may be related to an underestimate of 

the surface reflectance spectrum or lower-atmosphere aerosol content for these cases as 

simulated in the 2-stream model. Surface albedos for the SUCCESS cirrus retrievals were 

computed from a different day (over the same area) when clear skies prevailed. The bias 

was observed predominantly in the lower-reflectance portions of cloud. An important point 

to also keep in mind when considering comparisons with the TDDR is that the retrieval- 

fluxes are based on a plane-parallel cloud whose properties everywhere are described by 

those retrieved at nadir. The TDDR, on the other hand, observes the true cloud field which 

includes horizontal heterogeneity. It might be expected that for a heterogeneous field, then, 

the distribution of over- and under-estimates between the model and TDDR observations 

would be nearly equal. This suggests that a possible forward model bias (introduced in 

the vector of unretrieved parameters) existed in these SUCCESS cases. This emphasizes 

the importance of correct surface albedo specification in the forward model, especially
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Figure 5.50: Optical depth retrievals and derived spectral flux comparisons with TDDR 
measurements for the SUCCESS April 20, 1996 cirrus case.
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Figure 5.51: Optical depth retrievals and derived spectral flux comparisons with TDDR 
measurements for the SUCCESS April 27, 1996 cirrus case.
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when dealing with day-time retrievals over land surfaces (where vegetation in particular 

displays high spectral variability across visible and near-infrared wavelengths).

5.8.3 SUCCESS case summary

The SUCCESS cirrus cases, while presenting results very similar to those of ARESE, 

provided additional cirrus retrieval data to be included in an ensemble-case assessment 

of results derived from the new retrieval method. The optical properties were used as 

input to a 2-stream model and fluxes compared against those observed by the TDDR. 

An underestimate error observed in these flux comparisons was due most likely to the 

error associated with the assignment of surface albedo. This speaks to why retrieval- 

oriented experiments gravitate toward cases over the ocean where the background surface 

albedo is more uniform, small in magnitude, and relatively spectrally flat compared to 

heterogeneous land surfaces.

5.9 ARM-UAV 4/30/99 Kauai Retrieval

The ARM-UAV flight series, conducted during April-May, 1999, consisted of two air­

craft and a  large array of instruments. On April 30, the UAV (Altus II) flew the SSP 

(oriented nadir) at high altitude (near 16 km) above tropical cirrus while the Twin Ot­

ter flew the ACR (oriented in the zenith) at lower altitudes (near 3 km). The O tter’s 

altitude and heading was selected to match as closely as possible the track of the UAV 

(formation flying) such that the same clouds were sampled simultaneously by all instru­

ments. Included on the Altus-II payload were the CDL and TDDR instruments, and a 

second TDDR flew aboard the Otter. A second SSP was added to the Otter during these 

experiments, but was not installed in time for the preferred cirrus studies examined here.

5.9.1 Overview

The primary objective of the April 30 (S99-4) flight was to collect cirrus data. The 

cirrus at the onset of the experiment occurred between 11.0 and 13.5 km and were optically 

thin. Over the course of the afternoon, the layer thickened both geometrically to a range 

between 7.0 and 14.0 km. The Altus took off at 1915 Z and landed at 0236 Z. This
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retrieval used observations made between 2030 and 0030 (May 1) (or 1030-0230 local 

military time). Although a Lagrangian (i.e., following the same air parcel in time) sample 

was not made, it could be inferred from multiple track legs that the large-scale cloud 

structure was evolving from a single layer near 12.5 to 14 km toward a two-layer structure 

(with a lower cloud forming near 7 to 9 km) and finally to a thick, single layered cloud 

spanning the full range from 7 to 14 km. GOES-10 imagery loops revealed the cirrus 

layer, which was tied synoptically to an approaching baroclinic wave, advected into the 

IOP region from the W/SW and deepened (as inferred by colder cloud tops) over time. 

Identified from rawinsonde observations was a very deep, dry layer below 7 km, defining 

clearly the ACR-observed base of the cirrus layer.

The varying altitude of the Twin Otter aircraft necessitated sample-by-sample range- 

correction of the cloud radar returns. This was done by shifting upward the data by an 

integral number of range gates corresponding to the aircraft altitude. The empirical rela­

tionships from Sassen & Liao (1996) and Platt (1997) were used for radar-reflectivity-based 

estimates of water content, extinction (from which optical depth was derived), and parti­

cle size. Cloud heights were determined from reflectivity thresholding/stability techniques 

(no SNR data were available) as described earlier. Also available were ECMWF reanal­

ysis shortrange forecasts to support the forward model profile requirements. The UAV 

departed from the airfield on the Western coast of Kauai and headed West to a position 

near (22.1° N, 160.8° W). Prom this point, multiple legs of the same North-East/South- 

East (up to roughly 22.8° N,159.9° W) line were flown with the Twin Otter, which flew 

in co-location at an altitude of 3 km. For comparisons with the ACR, only points within 

±l-m inute and ±4 km (with respect to the ground track) were considered as being “co­

located” observations (i.e., all realignment maneuvers and en route portions of the flight 

legs were discarded in Otter/Altus comparisons).

As an additional source of independent retrieval information, imager data from GOES- 

10 were obtained from CIRA for this case and pixel information extracted along the Al­

tus flight track. Three-way intercomparison between SSP, ACR, and GOES-10 required 

co-location of the two aircraft and satellite imagery in both space and time. A tempo­

ral/spatial requirement of ±2 minutes, 4 km was enforced between the Altus and Twin
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Otter (using aircraft navigation files). Although chosen somewhat arbitrarily, the thresh­

olds decided upon were considered as sufficient for advection speeds and horizontal scales 

typical of cirrus. GOES-10 imagery (Ch. 1-5) was collected at 15 to 30 minute inter­

vals throughout the duration of the Altus/Twin-Otter formation flights. Similar to the 

ARM-SWIOP case, the retrieval compared at run-time the time-stamped aircraft obser­

vations to the GOES image scan times in order to utilize observations from the closest 

temporal match in the imagery (minimizing errors due to between-scan cloud advection). 

Clearsky scenes were used to adjust the forward model ocean surface albedo to match the 

observations.

5.9.2 Retrieval results

An example of ACR-derived retrieval products from a NE/SW leg of the Kauai 

04/30/99 cirrus flights is shown in Figure 5.52. The upper-left panel depicts the flight 

tracks for both the Twin Otter and Altus-II, with the light-shaded portion of the track 

corresponding to temporal and spatial aircraft co-location as described above. The in­

scribed dashed-line boxes define areas analyzed by ECMWF specifically for this case to 

provide profile information for the forward model (the examination of model cloud prod­

ucts included as part of these data is a subject of the ensuing chapters). The upper-right 

plot shows ACR profiles of reflectivity and ice water content and effective particle radii 

computed as a function of the reflectivity according to the empirical parameterizations 

of Sassen and Liao (1996) and Platt (1997). In the lower-left plot, extinction coefficients 

at a visible wavelength (again using Sassen and Liao, 1996, not shown) were integrated 

through the depth of the cloud profiles as defined by the cloud-edge detection algorithm 

to obtain cloud optical depths. The lower-right panel is an example of a cumulative fre­

quency in altitude diagram (CFAD) based on the entire leg of radar data shown. CFADs 

contain a  great wealth of information about cloud microphysics and bulk properties of the 

internal structure that are often less obvious when observing the cloud in time series. For 

example, the increase of reflectivity toward cloud base suggests particle growth is followed 

by a  sharp decrease owing to evaporation in a dry layer below the level indicated. In 

mixed-phase clouds, the melting level is often clearly evident in CFADs as marked spike
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Figure 5.53: ARM-UAV Kauai cirrus optical depths as retrieved independently by 
GOES-10, the SSP, and from empirical radar relationships applied to the ACR (r: Sassen 
and Liao, 1996; reff: Platt, 1997). Retrievals correspond to the periods where the Altus 
and Twin O tter were co-located.

in the maximum reflectivity. Such ensemble cloud statistics also are useful in comparing 

to model-fields of water and ice content (after converting empirically from model parame­

ters to equivalent radar reflectivities or vice-versa). The data are also useful, for example, 

in Department of Defense (DoD) applications where target detectability through cloudy 

slant-paths as probed with laser optics must considered.

The retrievals of optical depth and effective radii for the co-located Kauai data are 

shown in Figure 5.53 for all three observing systems. Uncertainties associated with these 

parameters (not shown) are of the same order as cirrus case study retrievals presented 

earlier. For the GOES and SSP physical retrievals, a  hollow-column ice crystal mor­

phology phase function (with associated asymmetry parameter and single-scatter albedos 

as a function of wavelength and effective size) from the tabulated data of Yang et al. 

(1998) was employed as a x-expansion in the forward model. This lowers the uncertainty 

associated with the phase function (compared to a  double Henyey-Greenstein approxi­

mation), however uncertainty still exists among the variants of crystal shapes possible 

in cirrus. Retrieved optical depths using these ice phase functions tend generally to be
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smaller than their best-fit double Henyey-Greenstein counterparts, owing to their rela­

tively strong backscatter peaks at visible wavelengths (allowing for a smaller estimate of 

r  to produce the same observed solar backscatter). The optical depths for the physical 

retrievals were found to be similar, with some underestimation by GOES owing to sub­

pixel variability (e.g., a partially-filled pixel yielding a lower value of average reflectivity 

compared to the more localized footprint by the SSP). The radar-only empirical (Sassen 

and Liao, 1996) retrieval of r  was consistently lower than those of the solar reflection 

based methods. Comments regarding this under-bias are reserved for the discussion of 

the CloudSat/PICASSO observing system to follow. Effective radii between the physi­

cal and empirical method (Platt, 1997) differed significantly when comparing against the 

column-mean radar-derived effective radii.

Shown in the lower panel of Figure 5.53 are effective radii retrieved by the the GOES- 

10 and empirical radar methods. Because the upper limit on the spectral range of the 

SSP was 1.1 pm, no cloud particle information was available. The radar relationship 

calculates an effective radius for each gate based on the reflectivity, and so a column 

mean effective radius was computed for comparison against the single GOES-10 values. 

These comprise the points that extend well above 100 pm, in considerable disagreement 

with the GOES results with maximum reff near 60 pm. The large differences were due 

to contributions to the mean radar-derived reflectivity near cloud base. The point to 

remember with retrievals based on solar reflection is that the reflection measured generally 

is not a function of a cloud-averaged mean r eff, but rather of some value closer to the cloud 

top. The degree to which solar radiation will penetrate the cloud top is a function of the 

water/ice absorption at the wavelength in question. The 1.65 pm water vapor window 

channel, while offering sensitivity to particle size, has weaker absorption than at 3.9 pm. 

As a result, reflection measured at the former wavelength is representative of a deeper 

level (i.e., more penetration) within the cloud, whereas the measurement at 3.9 pm is 

more representative of particles closer to the cloud top. A study by

Nakajima and King (1990) investigate this property for the case of marine stratocu- 

mulus observed during the First ISCCP Regional Experiment (FIRE) conducted off the
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San Diego coast in July 1987. They show that for marine stratocumulus (where particle 

size increases with height in the cloud) the effective radius retrieved from solar reflection 

at 3.9 fim is roughly 90% of the cloud top reff when r  > 5.0. To compensate for this 

effect, a new radar-derived effective radius comprising a mean of the uppermost 0.5 km 

of cloud was computed. These data fell much closer to the GOES-10 retrievals. Discrep­

ancies that persisted for the optically thinnest clouds were be explained in part by the 

lack of radar sensitivity to a majority of the profile (thereby computing a mean based on 

the larger particles that were detected while missing the smaller component). The subject 

of detectability is therefore key when assessing the utility of active sensors. As will be 

shown for this case, the same cloud may appear very different when observed by different 

instruments.

5.9.3 Application to CloudSat Algorithm Development

While the retrievals presented in this chapter place a strong emphasis on the how 

active sensors complement existing passive sensor techniques, the use of active sensor 

data to progress other active sensor applications should not go unconsidered. With the 

pending launch of the first civilian millimetric radar (CloudSat) in 2003, there is much 

to learned in terms of what clouds/cloud-properties it will be able to detect. More im­

portantly from the perspective of the science goals to be drafted in the ATBD, questions 

regarding what level of information will be missed and the associated radiative implica­

tions must be addressed. A means to addressing some of these questions involves the 

use of airborne/surface cloud radar observations as an antecedent data source (i.e., an 

observation-based model of CloudSat).

Figure 5.54 illustrates this thought process as applied to data available from various 

DoE/ARM IOPs conducted over the last several years which include active sensor observa­

tions. In the diagram, the closed loop depicts the current, pre-launch period during which 

time algorithm development may be achieved by recasting antecedent data into a “virtual 

CloudSat platform” by averaging and thresholding techniques. Results from these exer­

cises will help ascertain where clouds are missed, for what reasons, and the implications of 

these shortcomings to applications such as model assimilation. Once the satellite becomes
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Figure 5.54: Conceptual cartoon illustrating the developmental stage of CloudSat algo­
rithms using active-sensor antecedent data collected from existing lOPs.

operational in 2003, all nodes shown in Figure 5.54 switch to the outer loop as indicated 

by transition arrows, where the developed algorithms are applied to actual CloudSat data 

to produce end-products (i.e., level 1 and higher data products). In the operational phase, 

the role of surface IOPs change from developmental to validation oriented.

While discussed here in terms of DoE/ARM, in principle the source of these an­

tecedent data is entirely arbitrary. Smoothed and degraded to an equivalent orbit-altitude 

footprint (e.g., 3 km after shot-averaging for CloudSat) and vertical resolution (e.g., 0.5 

km for CloudSat), optical properties derived from the simulated CloudSat data can be 

compared against results from the original full-resolution data. Further, passive satellite 

retrievals employing a priori active cloud heights (as outlined in many of the case studies 

covered in this chapter) can be used to validate and improve upon existing radar retrieval 

parameterizations. In this way, multiple components of existing active sensor data are 

applied non-incestuously to the development of future active remote sensor platforms.

The ACR reflectivity for an earlier leg of the 04/30/99 Kauai flight were rebinned to 

CloudSat resolution (shown in the left panel of Figure 5.55. The result was a  smoothed 

field of area-averaged reflectivity. As expected, the largest departures with respect to the 

full resolution ACR profile occurred in regions of high spatial heterogeneity (e.g., multi­

level cloud and near cloud edges), leading to an underestimate of radar-derived cloud 

optical depth (right panel of Figure 5.55) in those regions. The most notable effects for
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Figure 5.55: Rebinning/reflectivity-averaging of Kauai ACR data to CloudSat resolution 
(0.5-km vertical and 3.0-km horizontal, left panel), equivalent CloudSat-derived visible 
optical depths (right panel).

this particular flight leg were observed for the portion of the leg between 22.3 and 22.5 

UTC, where two layers of intermittent optically-thin cirrus often fell below the -28 dBZ 

threshold after smoothing to CloudSat spatial resolution.

Three flight legs of cirrus data were analyzed for this portion of the ARM-UAV 

Kauai IOP. For each leg, radar reflectivity (dBZ) and optical depth were tallied at both 

full (ACR) and at CloudSat spatial resolution. These data were assembled to compute 

ensemble PDFs of these quantities. The results for both ACR (thresholded at a nominal 

sensitivity of -28 dBZe) and CloudSat (computed from spatial averaging of the thresholded 

ACR data) resolutions are shown in Figure 5.56. The negative shift in the CloudSat 

reflectivity distribution was attributed to loss of information near cloud edges sharp inner- 

cloud gradients of reflectivity (i.e., smoothed ACR reflectivities falling below the -28 dBZe 

minimum sensitivity threshold. How this loss translated to differences in the distribution 

of CloudSat-derived cloud optical depth is shown in the lower panel PDF in Figure 5.56. 

The inset figure provides a  zoom-in of the PDF curves evaluated at the lowest optical 

depths and shows an enhanced distribution for the CloudSat resolution curve (owing to 

the degrading of cloud reflectivity in the averaging process). Because the reflectivities 

corresponding to these very low r  occurred below the -28 dBZe threshold, most of these 

clouds will be missed altogether on the actual CloudSat platform. Repeating the exercise 

for a range of minimum detectable signals (MDS) enables the determination of baseline
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MDS corresponding to a specific retrievability goal (e.g., at what MDS are cirrus with 

r  < 0.1 lost?) as what might be quoted within the algorithm theoretical basis document 

(ATBD).

The original CloudSat proposal included as part of its observing system a cloud lidar 

similar to that used in LITE. Due to budget constraints, this component was omitted 

from the final draft of the accepted proposal, but was mitigated in part by the decision for 

CloudSat to formation fly with PICASSO-CENA. The two active instruments (cloud radar 

and lidar) are by no means redundant. While the radar has the capability to penetrate and 

provide detailed cross-sections through optically thick clouds, it suffers from insensitivity 

to optically thin clouds and aerosol. Because the lidar utilizes a visible-wavelength active 

signal, the size parameters associated with smaller particles are again large, yielding an 

appreciable backscatter return from these constituents. The drawback to the lidar is that 

the signal is quickly attenuated in optically thick media. Fortunately, nature has conspired 

to form its most optically thin clouds in the upper troposphere, such that a spaceborne 

lidar can measure them above the problematic heavy-attenuators residing below. The dual 

cloud radar/lidar system captures information at both optical limits, thereby providing 

an ideal system for observing the cloud profile.
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Figure 5.57: ARM-UAV Kauai observations of cirrus clouds by the CDL and the ACR. 
Note differences in sensitivity between the two instruments. Co-location times are indi­
cated between the two panels.

Figure 5.57 exemplifies this concept for the Kauai cirrus case study presented above. 

The cloud Udar data is shown in the upper panel, and the corresponding cloud radar data 

is provided in the lower panel (co-location between the two aircraft as defined by the 

space/time criteria outlined above is shown in-between these panels as a segmented line). 

At first glance, the two images appear almost as entirely different cloud structures. In 

the CDL data, a  sharp upper boundary near 13 km is observed, and fades to a variable 

and at times indistinguishable base. We recall from previous retrieval case studies (e.g., 

ARESE, SUCCESS) that the lidar beam often suffers complete attenuation in optically 

thicker regions of cloud; a property that correlates with the occasional disappearance of 

the strong surface return. The cloud radar, on the other hand, portrays this same series of 

cirrus as having an equally sharp base near 7 km with a tapering-off of the signal toward an 

ill-defined cloud top altitude varying between 10 and 12 km. Cirrus climatology provides 

us with a  clue as to why such marked differences exist between the two observing systems. 

At the level of formation (cloud top) cirrus particles generally are small, growing larger 

and larger as they sediment toward the base. The sharp cut-off corresponds to a  very 

dry layer (observed from sounding) below this level. In the framework of the radar/lidar
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system, the radar will more readily see the larger (lower) particles and the lidar will see 

the smaller (upper) particles. The lidar signal is completely attenuated by the larger 

particles near cloud base, while the radar completely transmits through the very small 

upper-cirrus particle (yielding zero backscatter at the respective detectors for entirely 

contrasting reasons).

5.9.4 Kauai case summary

Tropical cirrus were examined with aircraft/spaceborne radiometers in conjunction 

with airborne active instruments. Important considerations for interpreting cloud effective 

radii as retrieved by passive instruments in the presence of a vertically varying profile (as 

most often is the case for clouds in our atmosphere) was illustrated. The ARM-UAV 

program presents the intriguing capability of extensive spatial and temporal observations 

with a multi-sensor payload. These Kauai retrievals showcased the utility of multi-platform 

active sensors in both the improvement/enhancement of existing retrieval methods and 

development of future remote sensing applications.

5.10 CAVEX 6/30/99 Monterey Retrieval

The Monterey Coastal Stratus Experiment (MCSE), funded by the Office of Naval 

research, involved a month-long survey of marine stratus off the California coastline during 

June, 1999. The experiments flew the MAS instrument aboard the high-altitude NASA 

ER-2 aircraft, recording multispectral radiance imagery of the cloud decks below. A piggy­

back to this experiment supported by the DoE ARM/UAV program was the CloudSat 

Antecedent Validation Experiment (CAVEX). It included a second aircraft (the DoE Twin 

Otter) equipped with the UMass/JPL ACR oriented in the nadir. As most retrieval case 

studies examined in this research focused on cirrus (active sensor cloud height information 

is more crucial for cirrus, while marine stratus cloud temperatures are very close to the 

underlying ocean surface temperature), the stratus experiment provided an important 

opportunity to assess the retrieval’s performance on liquid water clouds.

On June 30, 1999, a widespread 300 m thick layer of quasi-uniform low-level marine 

stratus (advection fog) was present along the Northern California coastline. This layer was
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Figure 5.58: Radar estimation of marine stratocumulus cloud heights for the June 30, 
1999 Monterey Coastal Stratus Experiment.

overflown by both MAS and the cloud radar. The observed radar reflectivity and derived 

cloud boundaries for this case are shown in Figure 5.58. Also flown aboard the ER-2 was 

the Solar Spectral Flux Radiometer (SSFR; Pilewskie et al., 1998) instrument measuring 

downwelling spectral flux. This data was used to make minor corrections to the forward 

model’s upper-atmospheric aerosol profile. The model atmosphere essentially was “tuned” 

to match the SSFR spectral measurements. MAS channels centered at wavelengths of 

0.56, 1.61, 2.13, and 3.91 /xm were used in the observation vector, and a bi-spectral grid 

approach was applied to obtain sensitivity to both optical depth and effective radius.

5.10.1 Retrieval results

Retrieved optical depth and effective radii for the CAVEX case study are presented 

in Figure 5.59. Visible (0.556 /tm) optical depths (upper panel) for these clouds typically 

were on the order of 4.0, with effective radii (lower panel) between 10 and 13 /xm. The 

effective radii were consistent with in situ samples taken on on similar clouds from pre­

vious days (due to an on-board computer failure on June 30, the aircraft carrying the 

in situ instruments unfortunately did not fly). Depicted on the same figure are the re­

trievals conducted without the SSFR downwelling solar flux corrections. The main effect
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Figure 5.59: MAS retrievals of cloud optical depth and effective radius for marine stra- 
tocumulus off the coast of Monterey, CA on June 30, 1999 (including SSFR downwelling 
flux corrections).

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



199

of the corrections was a slight lowering in the retrieved optical depths. This is explained 

physically by noting that without account for the additional attenuation by the upper 

atmosphere in the model, a larger downwelling solar flux will be incident upon the cloud 

top. In this way, a  lower cloud optical depth is required in the forward model to produce 

the same reflection measured by MAS. The very slight increase in retrieved effective radius 

follows this same argument, as smaller reff are associated with smaller g according to Mie 

theory. This translates to a stronger component of scatter in the back-hemisphere which 

produces a correspondingly higher cloud reflectivity. With a stronger downwelling solar 

flux (without the SSFR correction), the forward model does not need to make the cloud 

as reflective in order to match the observations, and the retrieved particle sizes are slightly 

(at most, 0.5 fim) larger as a result. This exercise reinforces the tenet that every addi­

tional piece of a priori information that can serve as an additional constrain the retrieval 

should be included in the forward model whenever available.

5.10.2 CAVEX case summary

This MCSE/CAVEX case study examined marine stratocumuius deck observed by 

MAS. SSFR data were introduced to constrain the model aerosol/rayleigh scatter contri­

butions. The versatility of this retrieval in terms of its ability to handle measurements 

from these different remote sensing observing systems has again been demonstrated. Re­

trieved particle size were consistent with size distributions observed often in pristine mar­

itime stratocumuius. While for the case of solar-reflection channel retrievals of shallow 

boundary layer clouds the active sensor cloud profiles do not play an important role in 

constraining the forward model, they can continue to serve as a useful validation tool in 

independent estimation of radiometer-retrieved properties.

5.11 Ensemble retrieval statistics

Gathering the results from all single-layer cirrus retrievals afforded the opportunity for 

a quantitative, generalized uncertainty comparison between active+passive and passive- 

only retrieval approaches. Shown in Figures 5.60-5.61 are frequency distributions (prob­

ability density functions, or PDFs) of retrieved parameter percentage error for all clouds
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Figure 5.60: Frequency distribution of error comparison between active+passive and pas­
sive-only retrievals for optical depth (top) and effective radius (bottom). Case 1: IR-only 
retrievals, all clouds.
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Figure 5.61: Case 2: Solar-reflection retrievals, all clouds.
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using IR-only (e.g., Prabhakara et al., 1988) and solar-reflection retrieval methods (e.g., 

King et al., 1992). In all plots to follow in this discussion, the “active only” (solid) curve 

corresponds to retrievals using a priori cloud height constraints from active sensors. The 

“10.7 fim” (dashed) curve summarizes uncertainties arising from the placement of clouds 

in the atmosphere based on a temperature sounding and the brightness temperature as 

measured by GOES Ch. 4. Finally, the “Szejwach” curve (dashed-dot) provides a best- 

attempt by passive-only techniques comparable in accuracy to what can be provided from 

C02-slicing. Together, the passive only curves define the range of accuracy available to 

retrievals without active sensor contributions. While these distributions were very similar 

for the reflection-based retrievals (see Figure 5.61), significant departures were observed 

in the emission-based (night-time) method (Figure 5.60. In the case of solar reflection, 

the main penalty for cloud misplacement arose from the relatively minor effects of the 

aerosol loading and the Rayleigh scattering profile. On the other hand, emission-based 

retrievals were especially susceptible to errors associated with optically thin clouds (whose 

low emissivities translate to significant underestimates of cloud height).

To examine the details of the ensemble frequency distributions, the PDFs were re­

computed for the categories of “optically thin” ( r  < 1.0) and “optically thick” (r > 1.0) 

clouds. The selection of these thresholds, while arbitrary, corresponded roughly to the 

transition between single and multiple-scattering regimes (with errors associated with the 

scattering phase function and cloud height placement are strongest in the former). The re­

sults for emissive and reflective retrievals of optically thin clouds are shown in Figures 5.62 

and 5.63, respectively.

In Figure 5.62, distributions of optical depth uncertainty narrow in variance about 

roughly the same mean values, while the effective radii distributions shift toward higher 

error. This shift is most dramatic in the a priori cloud height retrieval, indicating that even 

with correct placement of these optically thin clouds, considerable uncertainty remains 

due to the high uncertainty associated with the scattering of the ice poly-dispersions (the 

effects of this uncertainty is strongest for low scattering orders, or small optical depths).

In Figure 5.63, significant differences with respect to the ensemble cloud distributions 

are apparent due to the placement of cloud using the passive-only method. Here, the
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small scattering effects of the aerosol/rayleigh profile become significant with respect to 

the magnitude of cloud optical depth. As in the thermal retrievals, the distributions of 

effective radii are observed also to shift significantly toward higher error due to single­

scatter phase function uncertainty. Contributions by the thin clouds explains the weak 

bi-modal appearance of the effective radii uncertainty PDFs for both the thermal and 

reflective retrieval cases.

Error PDFs for emissive and reflective retrievals of optically thick clouds are shown 

in Figures 5.64 and 5.65, respectively. These distributions resemble closely the ensemble 

distributions with the bimodal component (introduced by the optically thin clouds) re­

moved. It is clear from Figure 5.65 confirms that for single-layer cirrus little is gained from 

adding a priori cloud height information. This will not be true for the more general case 

of multi-layered cloud profiles (in which case the active sensor will again provide a supe­

rior day-time retrieval by detecting the cloud layers missed by passive-only techniques). 

Quantification of the multi-layer problem is a strong function of the cloud profile and the 

subject of ongoing research.

Finally, the relative improvement to the retrieved parameter uncertainties are shown 

in Figures 5.66-5.67 as a function of the difference between active and passive-only esti­

mates of mean cloud height. Relative differences in uncertainties were small, as would be 

expected, in all cases where A Z m  is small. In the IR-only retrievals, these uncertainties 

grew rapidly with increasing AZcid. While these difference appeared to grow monotoni- 

cally for optical depth, a rapid increase (corresponding to a low sensitivity to particle size 

for optically thick clouds as A Z cid -* 0.0) followed by gradual decrease with increasing 

AZcid was observed for effective radii in Figure 5.66. Because of weaker sensitivity of 

cloud optical properties at larger particle sizes, the relative error differences computed for 

many of the thin cirrus retrievals (large AZcid) did not grow (and in some cases, decrease) 

with increasing AZcid- The reflection-based retrievals exhibited lower relative uncertain­

ties that grew with increasing AZcid at a rate following the increase of Rayleigh scatter 

toward the surface. Similar to the emissive retrievals was a slight trend toward lower reg 

relative uncertainty with increasing AZc|d-
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Figure 5.64: Frequency distribution of error comparison between active+passive and pas­
sive-only retrievals for optical depth (top) and effective radius (bottom). Case 1: IR-only 
retrievals, only clouds with r  > 1.0.
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Figure 5.65: Case 2: Solar-reflection retrievals, only clouds with r  > 1.0.
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Figure 5.66: Differential percent-error between active+passive and passive-only retrievals 
plotted as a function of the difference between active and passive-only estimates of cloud 
height. Case 1: IR-only retrievals
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Figure 5.67: Case 2: Solar-reflection retrievals
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5.12 Sum m ary

Presented in this chapter were several retrieval case studies employing active sensor 

information (from both surface/airborne cloud radar and surface/airborne/spaceborne li- 

dar) as an a priori constraint to passive instrument measurements (e.g.,cloud reflection 

and emission by GOES, SSP, and MAS). The main emphasis of these cases were night­

time retrievals of cirrus using the forward model and inversion theory described in Chapter 

4. Cirrus play a very important greenhouse role in the climate-feedback system. Being 

optically thin, these clouds often are difficult to detect and range in the vertical by pas­

sive instruments. As a result, improved retrievals of their optical properties are desired 

throughout the modeling and measurement communities alike. Not surprisingly, the most 

significant improvements to retrieval uncertainties by this new method were shown to 

occur for cirrus in night-time retrieval situations. Perhaps more surprisingly was the mag­

nitude of this improvement with respect to CO2 slicing-equivalent methods as illustrated 

in the ensemble results (e.g., greater than 20% for r eff and 10-20% for optically thin cirrus 

at night). Extrapolating to global scale observations (e.g., as will be provided by the 

CloudSat/PICASSO-CENA tandem) we stand poised to learn a great deal more about 

cirrus in terms of both their distribution and radiative impact in our atmosphere.

The Rodgers (1976) inversion approach provided a  decomposition of the uncertainty 

and diagnostics for retrieval performance. Retrievals were performed both with and with­

out cloud profile information to examine the changes in retrieved optical depth and ef­

fective particle radius uncertainties. The constraints were shown to yield marked im­

provements in these quantities, particularly for the night-time (or IR-only) cases. The 

component of uncertainty owing to the scattering phase function dominated, as the struc­

ture of this parameter is highly variable and difficult to ascertain from measurement at a 

single viewing angle. It should be noted here that while the retrievals presented here were 

based on GOES imagery, alternative instrumentation which enables the phase function 

uncertainty to be further constrained exists. The Polarization and Directionality of the 

Earth’s Reflectances (POLDER) is capable of observing pixels from 14 different viewing 

directions (each corresponding to a different scattering angle typically over the range from
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60° to 180°. This enables a sampling of the phase function sufficient to rule-out particular 

habits (e.g., hexagonal plates and columns) as being dominant. Doutriaux-Boucher et al. 

[2000] use these data to assess the sensitivity of retrieved cirrus optical thicknesses to a 

priori phase function assumption. The Along Track Scanning Radiometer (ATSR-2) (e.g., 

Baran et al. [1999a]) instrument provides dual-viewing which Baran et al. [1999b] apply 

in a similar way to POLDER in constraining the phase function of cirrus (in terms of 

identifying a “dominant crystal habit”). Such multi-directional imagery is not available 

to the GOES platform, necessitating an a priori assumption on the crystal habit.

Retrieval products derived from this new method provide a confident assessment 

of cloud radiative forcing than what could be provided by a passive-only retrieval with 

inherently larger uncertainties attached. Wherever possible, independent estimates of the 

cloud optical properties were computed and compared to those retrieved for validation. 

Discrepancies that existed between the two sets of results, however, were often difficult 

to interpret due to differences in sample size between the two observing systems and/or 

the empirical foundation of the latter method. This appeals to the desirable situation of 

a multi-sensor observing system where co-location and sampling issues are deterministic.
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C hapter 6

NWP CLOUD COVER VALIDATIONS

6.1 Introduction

Historically, numerical weather prediction (NWP) and climate modeling have evolved 

as two separate and distinct disciplines in atmospheric science. The recognition of the lat­

ter as being a logical extension of the former has been stymied in practice by an inadequate 

representation of cloud, and hence cloud radiative feedbacks, in GCMs (see Cess et al., 

1990). Clouds play an integral dual role in the dynamic climate system; acting not only 

in passive response (e.g., growth and dissipation in response to the atmospheric circula­

tion) but also as physical drivers (in the context of radiative diabatic heating responsible 

for these circulations). Representing closure of the hydrological cycle, the formation and 

dissipation of cloud may be regarded as the most readily-observable signature of the un­

derlying moisture and circulation fields. The level of approximation to which a NWP 

model can reproduce the observed cloudy/clear field, then, is a very important indirect 

indicator of its ability to characterize atmospheric circulation on time and spatial scales 

appropriate to discussions of climate and climate variability. Proper treatment of clouds 

in both capacities requires incorporating them into the model at the most fundamental 

level. This has stood as a formidable challenge to the improvement of forecasting skill, 

and by extension, the validity of climatology studies that consider model data. To date, 

the cloud modeling and cloud measurement communities have stood as largely disjoint 

entities, and it is likely that the focus and development of both disciplines have suffered 

for it.

Understanding the complex, non-linear way in which clouds affect the E arth’s climate 

system hinges upon a  better understanding of cloud spatial, temporal, and microphysical
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properties/distributions on the global scale. Discussion to this point has centered pri­

marily on how passive-sensor cloud property retrievals benefit from the inclusion of active 

senor cloud profile data. This chapter considers spaceborne, airborne, and surface-based 

active sensors in the validation and development of global NWP models. Advances in the 

parameterization of clouds in global circulation models (GCMs) are contingent upon our 

ability to validate them on a global level. The relevant goals sought by this research are 

outlined as follows: 1) to assess the current level of cloud-/rae<ton forecasting skill in the 

state-of-the-art among contemporary NWP models, and 2) to employ the retrieval scheme 

outlined in previous chapters to extend this assessment to model cloud-radiative properties 

in the context of liquid/ice water contents. The realistic treatment of clouds in terms of 

their non-linear radiative feedback processes requires that the model represent correctly 

both the spatial and bulk-microphysical properties. In this research, ECMWF prognostic 

cloud forecasts were matched against active sensor observations on both global (LITE) 

and local (e.g., ARM IOPs) scales. Results from the former represent a first-look at NWP 

global forecast performance using active data from the space platform; an exercise which 

one day might lead to the assimilation of such data into model initialization fields at the 

operational level.

6.2 Background

The intent of this study was to examine differences between cloud distributions as 

observed from an active remote sensor and those predicted in short-range (e.g., 24 to 

30 hour) ECMWF forecasts matched to the observations. The choice to use ECMWF 

was based largely upon the sophisticated nature of their cloud scheme and encouraging 

results of comparisons with surface radar observations (Mace et al., 1998). Lau and 

Crane (1995) use ISCCP cloud data and ECMWF analyses to examine the spatial and 

temporal variability of cloud, and Klein and Jakob (1998) extend the study to include 

a direct comparison between ECMWF composite simulations of frontal clouds with the 

ISCCP data. While ISCCP data are based on operational weather satellites and therefore 

provide global coverage, little information about the distribution of cloud in the vertical.
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The material presented in this dissertation differs significantly from previous studies in the 

spatial scale at which high resolution cloud profile information were available for validating 

the cloud forecasts.

6.3 Model and Observational Data

6.3.1 ECMWF model data

The ECMWF global spectral model provided global data at triangular truncation of 

wavenumber 319, with 31 vertical model levels defined by hybrid coordinates (T319L31). 

The data were output on a reduced Gaussian grid (i.e., a variable number of longitudinal 

points as a function of latitude, with the maximum number at the equator decreasing 

toward either pole). This grid was then interpolated to a regular I degree (equal angle, 

corresponding roughly to 110 x 110 km grid boxes) resolution for co-location with LITE 

orbits. Higher resolution was available at 0.5 degrees (60 km) but was not warranted, as 

the model fields were relatively smooth (A. C. M. Beljaars, personal communication). Flux 

levels, which straddle the model levels, defined the interfaces between adjacent profile bins. 

Profile heights for a given gridbox were calculated by adding the model surface elevation 

as an offset to these flux levels (converted from pressure to height via the hypsometric 

equation).

An important step toward the physical treatment of cloudiness in GCMs was made 

by ECMWF when it adopted a prognostic cloud scheme into its integrated forecasting 

system (IFS). In contrast to diagnostic approaches, where clouds are considered essen­

tially as by-products of instantaneous environmental vectors of state, prognostic schemes 

represent clouds as evolving variables within the Earth-atmosphere system. The consider­

able increase to model complexity is offset by the newfound physical representativeness of 

model clouds and their impact on traceability in the model hydrological cycle. Introduced 

by Tiedke (1993) with revisions by Jakob (1994), the prognostic cloud parameterization 

is based on gridbox budget equations for cloud fraction a and cloud condensate (water +  

ice) L Following the notation of Jakob and Klein (1998),

=  Aa +  5a — Da (6*1)
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QL̂ At + St-Di, (6.2)

where A , 5, and D  are advection, source, and dissipation terms, respectively. Cloud for­

mation is connected to processes of synoptic ascent, horizontal transport of cloud water 

by convective systems, diabatic cooling (e.g., stratiform clouds), and turbulence in the 

boundary-layer. The sink term is comprised of turbulent mixing of cloud air with subsat­

urated environmental air, adiabatic/diabatic heating, and loss by precipitation. As com­

plex parameterizations for precipitation based on evolution of droplet spectra remain too 

computationally expensive for contemporary resources, a simple parameterization based 

on Sundqvist (1988) was first adopted; applied to both water and ice.

The revisions by Jakob (1994) include on extension of the scheme to handle mixed- 

phase thermodynamics by introducing a temperature-dependent liquid water condensate 

fraction. The precipitation process for ice, which when compared with observations sug­

gested an over-efficient release of precipitation, was recast as a function of the mean fall 

speed of ice crystals according to Heymsfield and Donner (1990). As observations also 

indicated that the original scheme failed to dissipate low level clouds fast enough and 

produced spurious rain from maritime low level clouds, a modification to the cloud top 

entrainment that included the mixing invoked by cloud top radiative cooling was also in­

troduced. The benefits of these revisions led to their implementation in the new ECMWF 

reanalysis system.

Cloud generated in a model grid box is assumed to extend vertically (and uniformly) 

over the entire model layer depth and similarly over the horizontal extent of the grid box. 

Jakob and Klein (1994) conduct an exploratory study on the effects that vertical varia­

tion in cloud fraction on the sub-grid scale have on the parameterization of microphysical 

processes. Their technique involves partitioning horizontally each model grid box into an 

array of smaller boxes each assigned a  cloud fraction of either zero or unity according to 

the total grid box cloud fraction and the maximum-random overlap (see Morcrette and 

Fouquart, 1986) assumption for cloud fraction used in the radiation parameterization. 

Each sub-grid box is solved individually using the original, unaltered microphysical pa­

rameterization, and the averaged products are compared to the original full-box runs. The
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results point to an overestimation of evaporation (precipitation spread out over the entire 

grid box). Jakob and Klein (1994) note that a balance between the sophistication of cloud 

microphysical parameterizations with cloud microphysics (e.g., cloud/precipitation frac­

tions and overlap) should be sought in GCMs. Toward development of an understanding 

of this balance, they state further that a necessary step is the validation of the vertical 

cloud variation produced by the parameterization. The work of Mace et al. (1998) is 

mentioned in this context, but adding that

The study is however limited to cloud occurrence statistics at one loca­

tion and therefore does not cover the variety of cloud situations encountered 

globally.

It is here where the LITE data employed in this research, and active sensors on the space 

platform in general, can serve to bridge the gap that exists currently between what the 

modeling community requires and the the measurement community can provide. A specific 

goal of this research was to exemplify the utility of near-instantaneous synoptic-scale active 

sensor data in the arena of numerical weather prediction.

6.3.2 Observation data: LITE cloud profiles

A total of 66 orbits comprising the night-time-only subset of the LITE database 

were used in these comparisons. The data and derived cloud heights were processed at 

the NASA Langley Research Center (LaRC) and obtained from the Distributed Active 

Archive Center (DAAC). Again, because of solar contamination effects, day-time orbits 

were discarded (with a millimetric radar as is proposed for CloudSat, similar profile data 

will be available for both day-time and night-time orbits). Even so, the active-sensor 

night-time sampling was exotic compared to contemporary active datasets, and afforded 

the first opportunity for global validation of the 3-D cloud field produced by a single NWP 

forecast.

Associated with the LITE data are caveats that warrant further consideration here. 

Some lidar observations may miss the lower portions of optically-thick ( r  >  10.0) clouds 

(including cloud base) due to complete attenuation of the beam. In these circumstances, all
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LETS o r b i t  150

Figure 6.1: Examples of iidar pulse attenuation (Top) and pulse stretching (Bottom) 
caveats associated with some LITE cloud profiles.

clouds that occur at or below the level of complete attenuation are unreported (Figure 6.1, 

top panel). This effect is observed most often in liquid-phase clouds (and optically-thick 

marine stratus and deep convection, in particular). Because of high forward-scattering 

characteristic of most ice crystal dispersions, the LITE beam penetrates all but the most 

optically-thick cirrus. This point is illustrated graphically in the work of Platt and Winker 

(1996) in their analysis of changes in the LITE multiple scattering return using a real-time 

variable detector field of view annulus.

Another lidar phenomenon which leads to reports of false cloud base altitude is termed 

“pulse stretching” (Winker and Poole, 1995; Figure 6.1, bottom panel). This is an lidar 

data acquisition artifact that results in backscatter that is not representative of true 

return at the level in question. The misranged information results from in-cloud multiple 

scattering (MS) of the lidar photons. The time required for multiply-scattered photons 

to scatter within the cloud before returning to the detector manifests in a temporal delay 

of the energy return. Because a single-scatter assumption is imposed necessarily (i.e., all 

returns are assumed to have interacted with only one pulse volume within the cloud), the 

temporal delay associated with MS photons is processed as a  cloud return that is often 

ranged to greater distances away (on the order of kilometers in some instances) from the
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instrument. This results in an ambiguous far-boundary to the cloud profile which fades 

with range. These stretched returns occur predominantly in water clouds while markedly 

less so in cirrus, owing again to differences in cloud optical properties between the two 

cloud types. Miller and Stephens (1998) investigate the relationships between these optical 

properties and the magnitude of pulse stretching as modeled for marine stratocumuius 

and cirrus in the context of LITE. Their findings indicate that pulse stretching becomes 

significant in the former beyond r  > 5.0, while making a minimal contribution to returns 

in the latter cloud class. Both pulse stretching and loss due to pulse attenuation are 

functions of the instrument power, sensitivity, and field-of-view. Until further hardware 

advances are made, limitations on all these factors will require the consideration of both 

pulse stretching and attenuation effects for all applications of spaceborne lidar.

Due to these lidar caveats, erroneous “false alarms” (pulse attenuation resulting 

in a  clearsky observations in the presence of correctly-forecasted model cloudiness) and 

“misses” (pulse stretching adding false cloud observations below the true cloud base and 

penalizing the model for its potentially correct clearsky forecast) in these comparisons 

are possible in lower-level clouds and areas of deep convection. These classifications are 

discussed in more detail below. Presently there exists no remedy to these problems other 

than to include them in the discussion of the intercomparison uncertainties and filter them 

from the statistics calculations (discussed below) wherever possible. Even with these defi­

ciencies, however, these LITE data far exceed the capabilities of current satellite observing 

systems for detecting the fine-scale structure of cloud profiles.

6.3.3 Observation data: ACR and CDL cloud profiles

While the global-scale validation of forecast cloud distribution afforded by LITE was 

very useful in assessing the spatial forecasting of meso- and synoptic-scale cloud struc­

tures, the high gain setting of LITE data meant that no independent retrievals of cloud 

optical properties could be performed (cloud signals were saturated). To answer the ques­

tion of forecasted cloud content, additional cases offering active data over the range of 

tens of kilometers (e.g., ARM IOPs) were also examined. Unlike LITE, many of these 

cases also provided independent radiance, flux, and radar/lidar reflectivity data useful in

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



215

Model Param # Symbol Description Units
129 Z Geopotential (Surface) m2/s2
130 levT Level Temperatures K
131 U Zonal Wind Velocity m/s
132 V Meridional Wind Velocity m/s
133 Q Specific Humidity kg/kg
135 W Vertical Wind Velocity Pa/s
152 LNSP Log Surface Pressure In(hPa)
235 SKT Skin (surface) Temperature K
246 CLWC Cloud Liquid Water Content kg/kg
247 CIWC Cloud Liquid Water Content kg/kg
248 CF Cloud Fraction [0-1]

Table 6.1: Model fields available to the LITE/ECMWF correlative study

determining the cloud content and optical properties. In most of these cases, either the 

ACR or CDL was used as the active sensor for cloud heights and reflectivity-derived cloud 

properties. Together with passive observations from satellites and/or the SSP, these active 

data were employed in the same fashion as LITE to provided retrievals of optical depth 

from measurements of spectral cloud reflectance.

6.4 Forecasted Cloud Cover Validation

Short-range (24 to 30 hours) model forecasts were provided by ECMWF to validate 

within 30 minutes of specified LITE night-time orbit overpasses. The argument for using 

this forecast range is as follows: to test the prognostic cloud generation, short range fore­

casts were desired in order to have the synoptics reasonably accurate, while also avoiding 

the spin-up period of the model fields from initialization. Normally, a  forecast forecast 

range on the order of 12-hrs would be selected, but for these LITE cases no initial cloud 

fields were available. As such a minimum of 24 hours (from experimentation, ECMWF 

clouds do not take longer than 24 hours to spin-up) was chosen for the LITE forecasts. In 

the IFS, the cloud field from the previous first-guess forecast is separated from the other 

model variables (which undergo changes by analysis and initialization) and is passed as ini­

tial conditions to the next forecast where it adjusts rapidly to the new synoptic conditions 

(Jakob, 1999).

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



216

LITE: Futf Resolution

u i i u u a « u u a 7 M M U  
2-0 IXt Oow *mbvt

Figure 6.2: Recasting of high-resolution LITE (Orbit 123) data to coarser ECMWF res­
olution. Averaged hybrid ECMWF vertical levels are indicated as horizontal lines in the 
lower panel.

ECMWF grid boxes coinciding with the flight track were identified and the model 

parameters and surface elevation extracted. The resultant profiles to be compared with the 

LITE observations were thereby composed of adjacent model grid boxes, with a variable 

amount of lidar shots contained in each. The fields contained in these ‘‘model flight 

tracks” and their associated units are listed in Table 6.1. The field of interest to this 

particular exercise was the prognostic cloud fraction (CF) parameter which varies from 0 

to 1 (completely clear to completely overcast, respectively) at a given level within a  model 

gridbox.

In order to compare model CF to observations, the high-resolution LITE data first 

was recast to the coarser vertical and horizontal resolution of the model grid. Model 

hybrid flux levels, specified in pressure coordinates, were converted to equivalent altitudes 

by computing the layer geometric thickness (in km) between rj-levels i and t +  1 via the 

hypsometric equation:

A Z  =
Hsln(Pj)/ln{Pi+i)

1000 (6.3)

where P, is the pressure (mb) at level i  (Pi > fYt-i), and B a is a  scale height given by

H , = B T /g (6.4)
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Figure 6.3: Sampling accommodations 1: The weighting of LITE-derived cloud fraction 
according to profile density.

where R  is the gas constant for dry air (287.04 J  K-1 kg-1), g is the global average of 

gravity at mean sea level (9.80655 m s-2), and T  is the model mean temperature of the 

layer. The surface geopotential height (another model field) provides the lower boundary 

condition.

In an attempt to reconcile the differences between LITE’S 2-dimensional slice and 

the 3-dimensional model grid-box profile, a pseudo-cloud-fraction parameter for the LITE 

data (CFl i t e ) was computed at each level by normalizing the number of cloud hits found 

at that level by the total number of profiles in the grid box:

CFLITE(g,z) =
$prof (?)

Y2  L*te»z)
i = l

/#prof(g)» (6*5)

where # prof is the number of LITE profiles contained in the current ECMWF horizontal 

gridbox g at model level z, and L is a binary flag designating cloud detection by the lidar 

(equal to 1 if a cloud was detected) at level z. In this way, an active sensor slice cloud 

fraction parameter between 0 and 1 was computed for each grid box at the model grid 

resolution.

To further account for the sampling differences between LITE and ECMWF, a weight­

ing scheme which considered both the density of LITE profile information (Eq. 6.8) and
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Figure 6.4: Sampling accommodations 2: Motivation for the weighting of false alarm 
statistics.

the likelihood of sampling uncertainty was introduced. To motivate the usage of such a 

weighting scheme, a hypothetical example of two LITE tracks through the same ECMWF 

pixel (at an arbitrary level) is shown in Figure 6.3. While it is clear that the case in the 

left panel cannot represent the full cloud fraction of the box, it is argued statistically to be 

more representative than cases such as the example in the right panel. The statistics were 

weighted by the density of observation data within each grid and at all levels considered.

False alarm contributions were weighted ( W) by cloud fraction in the following way. A 

model C F e c m w f =  1*0 and observed 0.0 < C F l i t e  < 1-0 produces a false alarm penalty 

of magnitude B =  1.0 -  C F li te *  In  this way, a full false alarm penalty was incurred 

whenever C F l i t e  =  0.0. Similarly, a C F e c m w f >  0.0 coinciding with C F l i t e  =  0.0 

was assigned a false alarm value equivalent to C F ecm w f- The motivation for the latter 

weighting is presented in Figure 6.4, which shows an example of a  “false negative” in the 

LITE observations. In this way, a  small CF which may have existed within the grid box 

but outside the LITE orbit cross section does not incur the full false alarm penalty. No 

weighting actions were taken for cloudy/clear hits or for misses.

For a quantitative assessment of model performance from LITE observations, a  statis­

tical analysis similar to that of Mace et al. (1998) was performed. The analysis involved
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Cloud Cover Action
Model Observed Unweighted Weighted
> 0 > 0 A =  A +  1 A =  A +  1, B =  B +  (1 - C F Ut e )
> 0 =  0 B =  B + 1 B =  B +  C F e cm w f
=  0 > 0 C =  C +  1 C =  C +  1
=  0 =  0 D =  D +  1 D =  D +  1

Table 6.2: ECMWF/LITE Cloud Cover statistics rules for weighted and unweighted 
schemes. The “+  1” indicates an increment in the hits/misses/false-alarms fields as out­
lined in Equation 6.7.

looping over all the gridboxes and levels for a single orbit and tallying the agreements 

and disagreements between the model forecast and rebinned LITE observations. These 

statistics were then combined to yield ensemble-orbit diagnostic information for impor­

tant aspects of the cloud forecast. The following parameters characterize the statistical 

analysis:

A — cloud hit, (6.6)

B = false alarm,

C = cloud miss,

D = clearsky hit, (6.7)

where (4 , C, D) define agreements/disagreements between the model and rebinned obser­

vations and B classifies forecasts of cloud when the observations reported clear sky. As 

discussed above, because the amount of LITE cloud profile information in a model grid 

box varied according to the orbit path of intersection, the parameters were computed as

N
[.A, B, C, D]t  =  £  Pi • [Ait Bu Ct, A ]  • [1 (6.8)

i=0

where N  is the number of ECMWF grid boxes spanned by the LITE orbit and Pi is the 

fraction of LITE profiles in the i itl grid box.

For every model grid box and level, elements of Equation 6.7 were tallied according to 

the presence/lack of clouds in the model and observed data. A summary of the rules and
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component assignments are given in Table 6.2 for both the unweighted and false-alarm- 

weighted versions of the statistics. It is noted that while the false alarm score benefits (i.e., 

is reduced) in the C F e c m w f  > 0, C F l i t e  =  0 case, this is compensated for in part by the 

introduction of additional false alarm contributions to the C F e c m w f  > 0, C F l i t e  >  0 

case. The weighting scheme, though inexact, provided perhaps a more fair comparison 

between the model and observations than the hard-line unweighted method. Both versions 

of the computed statistics are included in Appendix B.

Using the ensemble-track hit/miss/false-alarm data, the statistical definitions for hit 

rate (HR), threat score (TS), probability of detection (POD), and false alarm rate (FAR) 

follow from Wilks (1995) as

HR is the fraction of correctly-forecasted (cloudy or clearsky) grid boxes, while TS ex­

cludes the clear sky component and concentrates only on the cloud component. The ratio

offers a  metric for cloud over-forecasting in the model. A perfect forecast would therefore 

entail HR =  TS =  POD =  1.0 and FAR = 0.0 (i.e., no misses or false alarms). A diagnos­

tic flag in the Level II LITE data denoted whether or not a surface return was detected 

in the LITE profile. If the flag indicated no surface return (i.e., complete attenuation of 

the lidar pulse) then statistics were not computed for levels below the lowest cloud level 

detected in the LITE profile. Otherwise, CF statistics were computed at all levels ex­

cept those where LITE detected cloud below the surface (e.g., pulse stretching in marine 

stratocumuius).

6.4.1 Spatial distribution results

An example of the ECMWF/LITE comparisons is shown for LITE orbit 124 in Fig­

ure 6.5. These comparisons were the very first of their kind, afforded by spaceborne active 

sensor data which someday will become commonplace on the space platform. The ground

HR A + B + C + D' TS A + B + C '

(6.9)

of cloud hits to the total number of observed clouds is given by the POD, and the FAR
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Figure 6.5: Cloud fraction comparison for LITE orbit 124 (September 16,1994, 14:25-15:00 
UTC, spanning the tropical western Pacific warm pool).

track of the orbit shown begins in central Russia and traverses North-Eastern China, 

South Korea, the tropical western Pacific (TWP) Warm Pool, and South-Eastward across 

New Zealand. The coarse appearance of the LITE data is due to the rebinning procedure 

followed to match the horizontal and vertical resolution of the model. The remarkable 

agreement between the observed and forecast cloud fields on the synoptic scale gave cause 

for considerable excitement (and disbelief) when they were first produced. Qualitatively, 

the vertical extent and placement of deep convection in the Inter-Tropical Convergence 

Zone (ITCZ), migratory mid-latitude disturbances, and subsidence zones appear to be 

in good agreement with the observations for this case. The other 65 orbit comparisons 

included in Appendix B indicate that this level of agreement indeed was not an event of 

chance. That these 24-hour forecasts included no cloud assimilation data whatsoever is a 

testament to the level of accuracy that exists in the temperature, pressure, moisture, and 

vertical motion fields in the ECMWF forecasting product.
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Orbit % « p p HR TS POD PAR
0TB 6.334 0.334 6.666 (6 .661) 6.633 6.466 (6 .666) 0.784 0.546 (0.710) 6.673 O.161 (6.117) 6.U7
083 0.303 0.314 0.880 (0.940) 0.646 0.649 (o.834) 6.884 0.690 (o.BOs) 0.948 0.083 (o.063) 6.071
083 0.333 6.16V 0.794 (0.833) 6.616 0.364 (o.5S8) 6.656 0.423 (o.64o) 6.766 0.283 jo .20 l) 0.183
113 0.374 6.176 0.834 (0.897) 6 .61I 6.546 (b.Vll) 0.775 6 .5 i 2 (0 .796) 6.676 6.165 (0.130) 0.119
116 0.166 0.338 0.851 (o.8Bl) 6.633 0.307 (0.733) 0.844 0.643 (0.800) 0.903 0.084 (0.072) 0.063
13d 0.433 6.471 0.838 (0.879) 0.961 0.646 (o.779) 0.845 0.726 (0.877) 0.938 6.146 (b .ils ) 0.133
134 6.476 0.313 0.867 (o.903) 0.931 0.648 (o.78b) 0.880 0.726 (0.880) 0.660 0.142 (0.120) 6.116
138 0.114 0.333 0.877 (0 .9 is) o .g ls 0.408 (0.634) 0.728 0.418 (0.642) 0.783 6.667 (0.044) 0.046
13d 0 . 1B1 0.191 0.666 (6 .6 u ) 0.933 0.473 (0.642) 0.730 0.562 (0.760) 0.866 0.247 (0.194) 0.178
131 0.338 0.369 0.873 (0 .9 is) 0.940 0.878 (o.765) 0.61V 0.633 (0.847) 0.653 0.166 (0 . 112) 0.126
134 0.314 0.166 0.846 (0.881) 6.693 0.849 (o.707) 0.769 0.637 (0.807) 0.884 0.183 (0.149) 0.143
143 0 .2 l 6 0.374 0.864 (o.6 l l ) 0 .0l 8 0.526 (o.72b) 0.800 0.569 (o.7Bo) 6.6e6 0.137 (0.09s) 6.666
148 0.324 0.188 0.887 (o.93o) 0.944 6.476 (6.666) 0.666 6.V47 (O S 5 T 0.920 6 . I 16 (O .lll) 0.148
140 0.36B 0.341 0.863 jo.884) 6.967 0.371 (6.V61) 0.794 0.663 (0.811) 0.927 6 . l 6 l (0.163) 0.133
180 0.393 6.11s 6.646 (6.666) 0.899 6.666 (6.V66) 0.814 6.381 (S.iiST 0.933 6.136 (6.116) 0.129

TOT 0.389 0.384 0.889 (0.89V) 0.916 0.383 (0.721) 0.766 6 .6I 1 (6 .606) 6.900 0.161 (0.139) 0 .ll4

Table 6.3: Performance statistics computed for a  subset of the LITE orbit cases. Paren­
thetical figures are allowances for ( ): ±1 bin in the horizontal and vertical, and [ ]: ±1 
bin in the horizontal and ±2 bins in the vertical. See text for explanation of statistical 
fields. (From Miller et al., 1999)

Table 6.3 presents tabulated statistical results for a subset (15) of the LITE orbits 

considered in this study (taken from Miller et al., 1999). The columns indicate the 

ensemble fraction of the data occupied by any amount of cloud, and the remaining columns 

contain the statistical figures outlined above. To address the possibility of a false alarm 

being in fact a  “near-hit” (i.e., either the LITE flight track missed cloud that was within 

the model box according to Figure 6.4, or the model shifted slightly the cloud structure 

in either the horizontal or vertical), a window of acceptance (in the form of ±  grid boxes) 

was applied to the intercomparisons and the statistics were re-computed. The results are 

included in Table 6.3 as parenthetical figures. The improvement in statistical performance 

reflects the strong correlation observed by the naked eye in Figure 6.5 and indicates that, 

to within the specified margins of error (e.g., ±1 model bins in the vertical as indicated in 

Figure 6.2), the model forecasts the spatial distribution of observed cloud fields reasonably.

6.4.2 Ensemble statistics from LITE

The ensemble of LITE orbits amounts to only ten days of tenuous (with respect to the 

surface area of the globe) sampling, and therefore cannot be applied to cloud climatology 

studies. However, the composite data may still prove useful in identifying areas of potential 

model bias (e.g., underestimation of cloud at a given height range, overestimation of a  

certain class of cloud, regional affects). In the case of a prognostic cloud scheme, these
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statistics are especially helpful, as biases speak directly to the mishandling of specific and 

identifiable physical processes/forcing tied to cloud water budget equations at both small 

and large spatial scales.

Combining the cloud information for all 66 LITE orbits processed provided a quasi- 

global validation database. Statistics computed from the ensemble-orbit data allowed for 

identification of possible model biases. Before comparing to LITE observations, model 

cloud fraction along the LITE flight tracks were gathered in 4 km height bins and prob­

ability density functions (PDFs) were computed for low (0-4 km), middle (4-8 km), high 

(8-12 km), and clouds above 12 km. These PDFs are shown in Figure 6.6. From the struc­

ture of the curves, several general statements about the model cloudiness can be made. 

First, the tendancy in cloud fraction is toward either mostly clear or mostly cloudy, with 

a relative minimum of “partial cloudiness” near CF =  0.5. This tendancy is consistant 

with the observation that the presence/absence of cloud is most often associated with the 

atmospheric circulations responsible for encouraging/ inhibiting cloud development (such 

that statistically-speaking clouds occur in quantity or not at all). The structure of the 

PDF holds for all levels of cloud, but is most prevalent for the high clouds. Because cirrus 

clouds often are associated with organized synoptic-scale circulations (e.g., the ITCZ, mid­

latitude cyclones and jet streams) and their coverage when present tends to be large with 

respect to the model grid resolution. With the exception of widespread decks of marine 

stratocumuius, clouds inhabiting the lower troposphere are more variable in shape, size 

and distribution. This is observed in the PDFs by relatively greater values at lower cloud 

fraction at the expense of lower values at greater cloud fraction.

Figure 6.7 shows model and LITE-derived mean and variance of cloud fraction along 

the LITE orbits. For the computation of LITE pseudo-cloud-fraction, the parameters 

computed by Equation 6.5 were used. Because of sampling coarseness, cloud fraction re­

ported by LITE was heavy-side biased (i.e., toward 1.0 when clouds were encountered in 

a model gridbox). Because of the tendancy of clouds to cluster, when LITE encounters 

a cloud there is a better chance that adjacent lidar shots in the gridbox slice will also be 

cloudy. These results were composed only of profiles where non-zero cloud fraction was en­

countered. Given the small (typically «  10, ranging from 1-20) number of lidar shots that
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Figure 6.6: Probability density functions of model cloud fraction along LITE orbits as a 
function of grouped cloud heights.
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Figure 6.7: ECMWF ensemble mean and variance of cloud fraction along LITE orbits.
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occur within a  single gridbox, the clumping-nature of clouds explains the heavy-side bias. 

The approximation, albeit inexact, was nonetheless a step above assuming a persistant CF 

of unity. Further, the shape of the LITE-derived CF is argued to be representative of the 

true CF in a  statistical sense. The variance of cloud fraction parameters was computed as 

a function of height according to

SCF (*) =  aFZT D CF*(Z) -  C F (Z))2' (6’1°)
1  i = l

where N  is the total number of profiles (all orbits) at model level z and C F is the mean 

cloud fraction at that level. Corroborating Figure 6.6, the maximum mean cloud fraction 

was observed to peak near 0.5 for 10 km cirrus, a  local minimum of 0.2 existed at mid­

levels (near 5 km), and cloud fraction again increased for the lowest clouds (capturing 

marine stratus segments of the orbits). The LITE pseudo-CF, while biased toward unity 

as discussed above, revealed a structure very similar to that of the model results. It was 

concluded from this exercise that the NWP model generated, at least to first order, realistic 

cloud distribution characteristics (to the extent that the LITE pseudo cloud fractions were 

representative of the grid-averaged cloud fraction statistics).

An idea of where the model tends to generate clouds in the profile compared to 

observations is given in the probability density functions of Figure 6.8. It is important to 

recognize that the curves do not contain information on how much cloud occurred at a 

given level, they do indicate where in the profile clouds were found most frequently. The 

“kink” feature in the LITE data near 4-km is likely due to the aggregate effects of pulse 

attenuation (below which level cloud returns are lost). This skews the observation data 

and results in stronger values of PDF for the high clouds. Repeating the exercise using 

a cloud radar (e.g., CloudSat) would not encounter the significant losses owing to pulse 

extension, but may not detect a portion of the upper-level cirrus below the sensitivity 

of the instrument (e.g., -28 dBZ). Combining data from the formation-flying CloudSat 

and PICASSO/CENA (the latter carrying a 532 nm lidar) satellites would mitigate both 

loss-related issues.

Statistics that offer a comparison of the frequency of cloud generated by the model 

verses that observed is given in Figure 6.9. In the top panel, ECMWF (dashed) and
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Figure 6.8: Probability density function of model vs. observed cloud height along LITE 
orbits.

LITE (solid) cloud occurrence frequencies are plotted against height. For these curves, 

the magnitudes of cloud fraction (model or pseudo-estimate) were not considered. If any 

cloud was detected at that level the count tally of clouds detected was incremented by one. 

The final count at each level was then normalized by the total number of model columns 

for all orbits considered (cloudy+clear), resulting in a percent cloud occurrence at each 

level in the atmosphere. Differences between the observed and model curves are shown in 

the lower panel of Figure 6.9.

Three regimes of interest in this figure are the strong negative difference for clouds 

layers less than 9-10 km in altitude, a region between 10 and 16 km where differences are 

small (or even slightly positive), and a region above 16 km where again the differences 

become negative. Although at first perhaps counterintuitive, the area of greatest concern 

to the ECMWF model may in fact be the regime between 10 and 16 km where “agree­

ment” between the model and observations is nominally the best. To make sense of this 

statement, recall that for these curves, any amount of cloud contributes a full count to
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Figure 6.9: Top panel: percentage of time a model layer is occupied by cloud. Bottom 
panel: corresponding difference between observations and model

the tally a t a given level. Because the ECMWF gridbox spans a  massive area with respect 

to the small cross section of the LITE observations, the chances of the model reporting a 

finite cloud fraction are inherently much greater than for LITE (not to be confused with 

the discussion above regarding heavy-side biases in LITE-derived pseudo cloud fraction). 

The expected result is for the model frequency curve to exceed LITE at all levels. A 

red-flag is thus raised whenever the statistics indicate LITE observations very close to the 

model and certainly when exceeding it. If this bias is valid, it suggests that either the 

model does not generate enough cirrus by way of deep convection or synoptic-scale forcing 

(e.g., jet streaks), or these cirrus are dissipated too quickly by model sink terms in the 

prognostic equations.

A counter-argument to the interpretation of low LITE-ECMWF frequency differences 

being indicative of a  biasing problem can be made by considering the climatology of upper- 

level cloud distributions. Either generated widely by synoptic-scale forcing or spread-out 

from local sources of convection by strong upper-level winds, cirrus tend to span greater
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horizontal distances compared to lower tropospheric/boundary-layer clouds. These more 

uniform cloud fields offer a greater probability of detection by the LITE cross section and 

hence a better agreement between observations and a correct model forecast. The trend 

toward ECMWF > LITE (the negative regime below 10-km in the lower panel of Fig­

ure 6.9 with decreasing altitude corroborates this hypothesis, as lower-level cloudiness is 

tends to be more sporadic (e.g., fair weather cumulus)-decreasing the probability of LITE 

detection (again, exceptions to this low-cloud generalization being stratus and organized 

storm systems) of a  representative fraction in a  given model gridbox. The largest negative 

differences in this regime were also contributed to by the lidar pulse attenuation problem 

(this is not an issue for the upper-level cirrus). Curiously, the differences are again con­

siderably negative a t levels near 17 km. If the argument for agreement between 10 and 16 

km is valid, then the bias would indicate either an overproduction or over-residency time 

for very high model cloudiness. Considering the increase of tropopause height toward the 

Equator, it may be concluded that the majority of these statistical ~  17 km cloud fraction 

disagreements occurred for tropical cirrus lofted high into the atmosphere by deep ITCZ 

convection.

Cloud fraction statistics for the ensemble of LITE orbits were computed as a weighted 

(by number of LITE profiles contained in each orbit segment) average of the individual 

orbit statistics. To provide a more detailed analysis in terms of cloud distributions in the 

vertical and in zones of different synoptic-scale forcing, the statistics were recomputed as 

a function of cloud heights and latitudinal zones. Specifically, low (0-4 km), middle (4-8 

km) and high (above 8 km) cloud comparison statistics were computed using the rebinned 

LITE and model height field. Zonal statistics were computed for the Tropics (defined for 

orbit between the tropics of Cancer (23.5 N) and Capricorn (23.5 S)) and Extra-Tropics 

(all orbits outside of the Ttopics). As synoptic-scale forcing generally is much weaker in the 

Ttopics than in the Extra-Tropics (the extent of most baroclinic waves), this demarcation 

was of particular interest to ECMWF for assessment of the prognostic scheme (the older 

diagnostic scheme was reputed to perform worse in regions of weak forcing).

Results for the ensemble LITE statistics are shown in Figure 6.10. As expected from 

visual inspection of the case-by-case model and observed cloud fields (see Appendix B),
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Figure 6.10: Ensemble-orbit statistics as defined in 6.9 for the ECMWF/LITE comparisons 
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Figure 6.11: Differential statistics computed for comparison of the ECMWF prognostic 
(now implemented) and older diagnostic cloud parameterization schemes.

the statistics indicated that the model forecasts in general produce reasonable results with 

respect to the observations. For the ensemble cloud-fraction-weighted figures (white bars), 

hit rates were near 90%, threat scores exceeded 70%, probabilities of detection approached 

80%, and false alarm rates were below 15% for all zones. Statistics as a  function of cloud 

height show slightly better performance for lower-level clouds in all zones. Having never 

before been validated at these spatial scales and vertical resolution, these results have 

been regarded by ECMWF as very encouraging, and this research has helped to spawn 

new interest in the assimilation of global active sensor data in NWP models.

A comparison between the prognostic and older diagnostic scheme was carried out for 

a 15 orbit subset of the LITE database. The differences between prognostic and diagnostic 

computed statistics are shown in Figure 6.11. The statistics were computed with cloud 

fraction weighting and a ±-1 bin window of acceptance in the horizontal and vertical di­

mensions. A general improvement in threat score was observed for the prognostic scheme, 

with the exception of low (0-4 km) cloudiness. The most significant improvement afforded
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by the prognostic scheme (at least for the orbits considered) was for mid-level cloudiness. 

As expected, Ttopical cloud forecasts (weak synoptic-scale forcing) improved significantly 

over the diagnostic scheme. Interestingly, the diagnostic scheme out-performed the prog­

nostic scheme in the forecasting of low-level cloudiness for all zones. Because the higher 

threat scores and probabilities of detection are not offset by correspondingly higher false 

alarm rates, this was not simply a matter of the diagnostic scheme generating a greater 

amount of low-level cloud. One possible explanation is that the prognostic scheme is not 

being constrained sufficiently with relative humidity and strength of inversion in the sur­

face layers. An increase in model vertical resolution in the region of the planetary boundary 

layer (PBL) may also serve to remedy any numerical components to this problem.

6.5 A Collection of Local Case Studies

In addition to the validation of multiple grid boxes for a single forecast (the LITE 

study), multiple forecasts time steps for a single grid location were performed for numerous 

airborne/surface campaigns (the non-LITE retrieval cases presented in Chapter 5) that 

were associated with limited spatial extent. The main advantage of the local platform 

was the presence of a larger array of remote sensing devices equipped to complement the 

active sensor data. Also, these cases allowed for a temporal analysis of the model forecasts 

(e.g., the advection of a cloud field into the region of observation). These local cases 

enlisted the Diagnostiques des Domaines Horizontaux (diagnostics for horizontal domains, 

or “DDH”) ECMWF model architecture to provide forecasts over specified points/areas 

matched to the flight tracks or ground station. For convenience, the DDH case studies 

chosen corresponded to several of the retrieval cases presented in Chapter 5. A collection 

of results for these studies is included here.

Similar to the problems encountered with LITE, an unavoidable source of uncertainty 

existed in the assessment of cloud-fraction forecast performance due to sampling differences 

between the model fields and active-sensor observations. While the model cloud data 

are volumetric (spanning an entire grid box) quantities, the active data comprise a two- 

dimensional cross section (along the aircraft flight track) within this volume. A direct
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comparison between model/observation cloud fraction is thus ill-posed, as the distribution 

of actual cloud within the volume encompassed by the model grid box is unknown (in 

some cases, the flight tracks loop back on themselves and thus sample a greater horizontal 

extent of the ECMWF volume, but even in this case additional uncertainties arise owing 

to cloud advection over the duration of the flight). As such, the same caveats associated 

with ECMWF/LITE false alarms, etc., applied also to the local DDH case studies. In 

the LITE study, one could make the argument that the large quantity of samples in the 

ensemble of orbits approached a  reasonable sample set for statistical analysis. The same 

cannot be said of the DDH cases, where at most only a few gridboxes were applicable 

for any given case (with several time steps spanning the duration of the experiments). 

The poor sampling issues would thereby be amplified by the sparse number of points 

considered, leading to a possible misrepresentation of model performance. Considering 

these problems, no observation-based “pseudo cloud fractions” were computed for these 

local case studies. The emphasis instead was placed on evaluating the temporal evolution 

of cloud distribution (e.g., multi-layer cloud evolution/dissipation) at a  fixed location 

(within the confines a single model grid-box volume).

6.5.1 ARESE 10/26/95 and 10/30/95

Single-box DDH forecasts (encompassing the Egrett flight track) centered near the 

SGP CART site (36.5-N,97.5-W) were produced by ECMWF for the local ARESE cases. 

Initialized at 00-UTC, forecast time steps between 17 and 20 hours at 20 minute temporal 

resolution were extracted for the comparisons. Generated were model fields of cloud 

fraction (0-1 fraction), specific liquid water content (kg/kg) and specific ice water content 

(kg/kg), along with profiles of temperature, pressure, and humidity at 31 hybrid flux levels. 

In order to obtain a one-to-one comparison between model and observations, the CDL data 

were binned to the temporal resolution of the model (spatial resolution is embedded in the 

specification of the DDH field; chosen either for a  single-grid point or fields averaged over 

a specified area). Figure 6.12 illustrates the procedure of rebinning airborne CDL data 

to DDH resolution for this case study (cases to follow omit this example, and readers are 

referred to Chapter 5 for the depiction of the cloud fields at active-sensor resolution).
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Figure 6.12: CDL observations rebinned to ECMWF vertical resolution.

Comparisons between model and observed cloudiness for both ARESE cases are shown 

in Figures 6.13-6.14. The onset of cloudiness near 8 km in the 26th case was captured at 

the 20 minute DDH resolution, along with a  sparse distribution of lower-level cloud that 

was not observed at the CART site location (but may have existed somewhere within 

the surrounding domain). The 30th demonstrated accurate forecasting in both height and 

thickness for a two-layer cloud system during the 3 hour observation period. Because 

the lower cloud layer was optically thick, the CDL could not penetrate it fully. The 

base altitude was therefore approximated from rawinsonde observations (Figure 6.15, with 

observed cloud shaded).

6.5.2 SUCCESS 4/20/96 and 4/27/96

The SUCCESS flights conducted during April, 1996 (retrievals discussed in the pre­

ceding chapter) provided excellent case studies of continental cirrus near the ARM SGP 

CART site. Airborne CDL data were binned to the DDH resolution and cloud fraction 

comparisons are shown in Figure 6.16. On the 20th case, the forecasts predicted accurately 

the presence and longevity of the observed 7 to 11 km cirrus. Model cloud thickening (or 

higher occurrence of cloud) toward 1900 Z was also in agreement with the suggested trend 

in the observations (toward a  persistent presence of cloud between 7 and 11 km), although
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Figure 6.14: Comparison between CDL (rebinned to model resolution) and ECMWF cloud 
fraction forecast for ARESE 10/30/95.
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ARESE Sounding Data: Oct 30, 1996
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Figure 6.15: Rawinsonde data used to approximate lower cloud layer base for ARESE 
10/30/95. Shaded is the observed location of the lower cloud layer.
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Figure 6.16: Comparison between CDL (rebinned to model resolution) and ECMWF cloud 
fraction forecast for SUCCESS 4/20/96.
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Figure 6.17: Comparison between CDL (rebinned to model resolution) and ECMWF cloud 
fraction forecast for SUCCESS 4/27/96.
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Figure 6.18: Full-resolution CDL data for comparison to Figure 6.17.
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sampling uncertainty again rendered difficult this interpretation. The comparisons for 

4/27/96 (Figure 6.17) indicate a correct forecast of cirrus, but the model cloud was sev­

eral kilometers thicker than that indicated by the CDL. It should be noted, however, that 

the CDL return was completely attenuated for observations between 1800 and 2000 Z, 

such that the true cloud base was unretrievable. If the cirrus morphology was consistent 

with that of the Kauai ARM-UAV 4/30/99 case the true cloud base likely extended several 

kilometers below the CDL-indicated base, thereby achieving better agreement with the 

forecasted boundaries. Toward the end of the period (e.g., near 1900 Z) the forecast be­

gan to dissipate and split the cloud into two distinct layers with broken cloud in between. 

Observations at full resolution (shown in Figure 6.18 corroborate this trend. The change 

toward optically thinner model clouds (e.g., near 1900 Z in Figure 6.17) corresponds closely 

with the first appearance of a lower cloud layer near 6 km and the first indications of a 

surface return in the lidar data.

6.5.3 CLEX-1 and PACRIM

The CLEX-1 and PACRIM (CLEX-2) experiments, flying the ACR on the DC-8 

aircraft, were considered as part of the same Summer Synthetic Aperture Radar (SAR) 

flight series. The cloud reflectivity data were binned to model resolution and the com­

parisons with ECMWF 24 hour forecasts are shown in Figures 6.19-6.20. In CLEX-1 

the model failed to forecast any of the observed cirrus over the entire duration of obser­

vations. That these cirrus were associated with an MCS may explain in part the poor 

forecast performance, as the complex mesoscale circulations set up by buoyancy and pres­

sure perturbations associated with MCSs are not accounted for in the model. Because the 

ACR was oriented in the zenith for the PACRIM case, no active data were available for 

the atmosphere below aircraft altitude (below 9 km). The forecast of the tropical cirrus 

layer lagged the observations by roughly one-half hour and overestimated height by sev­

eral kilometers. These cases represent a small subset of the many areas of existing model 

deficiency that can be identified and explored through the use of active sensor cloud data 

on both the synoptic- and mesoscales.
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Figure 6.19: Comparison between CDL (rebinned to model resolution) and ECMWF cloud 
fraction forecast for CLEX 6/22/96.
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Figure 6.20: Comparison between CDL (rebinned to model resolution) and ECMWF cloud 
fraction forecast for PACRIM 11/01/96.
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Figiu-e 6.21: Comparison between CDL (rebinned to model resolution) and ECMWF cloud 
fraction forecast for ARM-SWIOP 9/(26-27)/97.

6.5.4 ARMSWIOP

DDH forecasts compared against CDL ground-based observations from the ARM­

SWIOP are shown in Figure 6.21. While the level of cloud was found to be in agreement 

with the lidar observations, the more interesting feature of this comparison is the fore­

casted gap between 2200 and 2400 Z. Examination of the satellite and radar imagery (see 

Figure 5.38 from Chapter 5) revealed that this gap did in fact exist in the observations 

(in the satellite image of Figure 5.38, the region just to the North-West of the CART site 

as the flow advected South-Eastward along the direction designated by the virtual flight 

track line). The rebinning of observations to DDH resolution effectively fills-in the gap due 

to the presence of an intermittent cloud. The timing between the forecast and observed 

gap was remarkably close, indicating that the forecasted synoptic-scale flow was correct 

in the 24 hour forecast. The ability to validate model flow fields as illustrated here is one 

obvious advantage of these field observations.

6.5.5 ARM-UAV Kauai 4/30/99

The ARM-UAV Kauai 4/30/99 flight provided an opportunity to examine not only 

cloud location (as observed by both CDL and ACR) and microphysics (as retrieved from
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GQES-10 Ch. 2 00002 990501GQES-10 Ch. 2 22002 990430
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Figure 6.22: GOES-10 Ch. 2 (3.9-^m imagery of the Hawaiian archipelago during the 
ARM-UAV spring flight series 4/30/99 experiment. Two-hour interval imagery reveals an 
deck of cirrus that advected into the region over 2200-0000Z.

radar, SSP, and GOES-10) but also the model’s temporal coherence with the observed 

cloud advection. Because the flight tracks looped back and forth across a single South- 

West/North-East segment confined within the ECMWF analysis area, the observations 

could be considered to first order as a stationary measurement of cloud evolution within the 

model grid-box (and a better sample than the single-point measurement as in the ARM- 

SWIOP). Figure 6.22 shows GOES-10 imagery a t a two-hour interval collected during 

the 4/30/99 UAV experimental flights. Indicated in the 2200 Z image is the Hawaiian 

archipelago, the ECMWF forecasted area, and the cirrus deck that advected into the area 

from the West/SouthWest. At 2200 Z the Twin-Otter, heading South-West along the 

prescribed formation flight track with the Altus-II, returned to base for refueling. Prior 

to this time, few cirrus were observed (top panel of Figure 6.22), and while heading back 

to the Kauai airfield first encountered the leading edge of the cirrus shield. By 2400 Z, the 

Twin-Otter (having again taken to the air) observed a thick well-established cirrus layer 

(bottom panel of Figure 6.22).

The model/observation comparisons over the full span of Twin-Otter flight data are 

shown in Figure 6.23. The ACR observations were left at full resolution in the figure to 

capture the evolution of the cloud field. The model forecasts a cloud layer at roughly 

the correct altitude, but over-forecasts the amount of cloud at the onset and then begins 

to produce a  cloud between 13 and 14 km th a t was not observed by either the ACR or 

CDL. It should be noted in referring to the earlier image (2200 Z) in Figure 6.22 that
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Figure 6.23: Comparison between ACR (given at full resolution to show changes in cloud 
field over time) and ECMWF prognostic cloud fraction forecast for ARM-UAV 4/30/99.

a finite amount of cloud did exist in the model area at this time (the flight track was 

on the Northern edge of the box and hence observed only intermittent cirrus). Although 

more difficult to discern in the grey-tone version of Figure 6.23, a notable increase in 

the forecasted cloud fraction was observed in the model layers between 7 and 8 km (CF: 

0.05 -> 0.20 and 0.66 -> 0.82), possibly representing the advection of the observed thicker 

cloud deck into the region. By 2400 Z the model cloud fraction had increased to unity in 

two adjacent layers corresponding to the observed cloud level, and values of specific ice 

water content (not shown) increased by 25% from 0.08 to 0.1 kg/kg throughout the depth 

of the cloud.

6.5.6 CAVEX Monterey 6/30/99

In a recent assessment of global cloud cover in the ECMWF reanalysis product using 

ISCCP data, Jakob (1999) notes several areas of model cloud bias tied cloud class and 

geographic region. Among the findings is an underestimation of stratocumulus cloud off 

the western coasts of the subtropical continents by 15%. The CAVEX retrieval outlined in 

Chapter 5 was included in this research specifically to address this aspect of the prognostic 

cloud scheme. Shown in Figure 6.24 are comparisons of model and radar derived cloud
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Figure 6.24: Comparison between radar (rebinned to model resolution) and ECMWF 
cloud fraction forecast for CAVEX 6/30/99. See text for details of coastal and ocean 
sectors.

fraction for a short segment of the 6/30/99 CAVEX flight. The observations were made 

at (38.75 N, 124.5 W). The center panel of Figure 6.24 shows the model forecast for this 

location (labeled “coastal sector”), and the lower panel corresponds to a sector further 

to the West (38.75 N, 129.5 W) (labeled “ocean sector”). While the coastal sector failed 

to forecast the observed marine stratus, the presence of this synoptic-scale feature in the 

model was verified by the off-shore sector. These findings were consistent with Jakob 

(1999) and point to possible deficiencies in the prognostic scheme in situations of weak 

synoptic-scale forcing (in the case of Monterey marine stratocumulus, weak subsidence 

associated with the stationary high pressure system over the Pacific Ocean). Increases 

in model vertical resolution have yielded some improvements, indicating that numerical 

problems are also at play (C. Jakob, personal communication).

6.0 Summary

This chapter explored the application of active sensors to the validation and assess­

ment of forecasts employing the ECMWF prognostic cloud scheme. The opportunity for 

global active sensor validations of a NWP model was demonstrated using LITE data.
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The sixty-six night-time orbits provided a  wealth of data from which various forecast per­

formance statistics were computed. A great deal of information is present in any given 

LITE orbit, and a more detailed statistical analysis of cloud structure in connection to the 

synoptic and/or mesoscale forcing remains to be addressed. Short-range cloud fraction 

forecast performance of ECMWF (with focus on both spatial and temporal coherence) 

has also been investigated using a collection of field case studies and the DDH model 

format. Because only a few cases were considered here, no general statements regard­

ing forecasting tendencies were warranted. Emphasized instead is that opportunities for 

this nature of comparison do exist and should be explored further in the context of the 

TRMM, CloudSat, and PICASSO-CENA missions among others to transpire within the 

next decade.

While by no means suggesting that the problem of parameterized cloud treatment in 

NWP models has been resolved by virtue of the findings presented in this research, the 

model/observation results were considered nonetheless as an encouraging commentary on 

our current ability to represent the three-dimensional distribution of cloud in GCMs. This 

raises important questions regarding to what extent certain aspects of the ECMWF re­

analysis may provide useful information to current research activities-either in the context 

of an ancillary data source or as a plenary tool. As an example of the latter, the mis­

sion coordinators for CLEX-5 have considered employing ECMWF short-range forecasts 

of cloud fraction as guidance for when to mobilize and where to deploy research aircraft 

dedicated to their field observation campaigns. By the same token, plans for future CLEX 

IOPs include observational sampling geared toward minimizing sampling ambiguities in 

comparisons against forecasted fields at available model resolution. As a better aware­

ness between the two communities evolves, so also will the quality and utility of results 

stemming from future IOPs.
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NWP CLOUD MICROPHYSICS VALIDATIONS

7.1 Introduction

While the results of Chapter 6 embodied a necessary condition, the correct placement 

of cloud in the atmosphere is not a  sufficient criterion for the correct modeling of cloud 

radiative and hydrological feedback processes. How a cloud interacts with radiation is 

also determined by its optical properties, which in turn are related directly to its physical 

makeup (e.g., cloud phase, the size distribution of droplets/crystals, the water/ice mass 

of cloud material, etc.), geometry, distribution, and position in the vertical. Therefore, a 

thorough model validation requires the examination of both cloud spatial distribution and 

properties of the clouds themselves. In addressing this latter condition of “cloud content,” 

this chapter attempted to tie together the two main concepts of the dissertation; the multi­

sensor approach to cloud property retrievals and NWP cloud parameterization validation, 

by appealing to results derived from the the former in addressing the latter. By doing so, 

the framework is established for better understanding the relationships between detailed 

(e.g., multi-layered) cloud structure and the atmospheric circulation; this, in the context of 

models empowered with the additional information provided by space-borne active sensor 

data.

One method of addressing the cloud content requirement involves the matching of 

forecasted fields to equivalent parameters derived from physical cloud property retrievals. 

The apparent skill displayed by ECMWF forecasts of cloud distribution (e.g., the LITE 

comparisons) begs the question “To what extent are model cloud microphysical properties 

representative of real clouds?” W ith global active sensor data, we can begin to address 

this question in a  non-statistical manner. That is, because the model clouds correspond
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to specific active sensor observations, the optical properties of the clouds may be ex­

amined on a case-by-case basis as opposed to the more traditional ensemble comparison 

delineated by cloud class (e.g., cirrus, cumulus, stratus, etc.). While questions regarding 

model climatology are deferred more appropriately to the latter genre of analysis, the 

non-statistical method provides detailed insight (e.g., biases tied to specific geographic 

locations or synoptic conditions that go on to affect the global model cloud climatology) 

that may otherwise be lost amidst the ensemble data.

To compile a database from single-point forecasts sufficient for use in statistical anal­

ysis (comparable to what was done with the LITE data), an extended (e.g., months of 

data) observation period is required. Rather than examining further the cloud spatial 

distribution forecasting performance (while being cautious to clarify that the LITE study 

is not considered here as exhaustive in this capacity), the emphasis of these cases was 

placed instead on cloud optical properties as defined by water/ice content, optical depth 

and effective particle radius. There exist several possible metrics from which to chose, 

some of which will be more definitive for model validation than others. For this research, 

cloud optical depth (which is a proxy for cloud water content and hence related to model 

prognostic parameters) was emphasized as much for convenience as for its impact on the 

distribution of radiation.

7.2 Recasting of Observational/Model Parameters to Comparable Fields

Comparison between model fields and retrieved optical properties required conversion 

to equivalent parameters (e.g., retrieved optical depth and particle size converted to model 

fields of liquid/ice water content, model cloud parameters converted to equivalent cloud 

radar reflectivity, etc.). Generally, these conversions are based upon either physical rela­

tionships derived from theory and modeling or empirical relationships using a statistical 

database (e.g., a best-fit to a  dispersion of observational data). Both methods may be used 

to obtain useful information so long as the approximations, uncertainties, and limitations 

implicit to each method are understood. Summarized in this section are the approaches 

taken in this analysis toward the comparison of model and retrieved cloud property fields.
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7.2.1 Physically-based conversions

Whenever possible, it is best to avoid empirical relationships in favor of physically 

traceable relationships (since the former seldom are universally applicable, and uncer­

tainties are poorly quantifiable). Following Stephens (1978), we derive here from first 

principles a relationship between optical depth, effective particle radius, and liquid water 

path. Beginning with the explicit definition for optical depth:

roo
= f  [  n (r)7 rr2Qextdrdz, 

JAz J 0
T

lAz JO

we consider the case where the size parameter x = 2 irr/\ is large (i.e., particles that 

are large with respect to the wavelength of incident radiation). This assumption holds 

in general for most cloud particles within the optical (0.3 to 14 ^m) portion of the spec­

trum. In this “extinction paradox” regime (so-called because the extinction efficiency Qexl 

approaches a constant value of 2.0 as opposed to the more intuitive value of unity) the 

extinction efficiency falls out of the integral as a constant, and applying the definition for 

effective radius
_  fo° n(r)nr3dr 

r eff joo n (r j7rr2^r  ’

the expression for optical depth may then be rewritten as

r°° n(r)vr3dr
- » /  r

JAz Jo
dz . (7.1)

r eff
Introducing reciprocal constants (i.e., multiplying by a selected form of unity)

3 f  n(r)(4nr3p/3)dr
= 2 f  f  r

4 p  J a z  Jo
-dz,

r eff
enables the integral over particle size to be expressed as a function of the height-dependent 

liquid (ice) water content w (z)

2 f  w{z)
 ̂ '-dz. (7.2)
eff

Integration over the entire depth of the cloud (Az) yields the liquid (ice) water path W , 

and invoking the assumption that r e£  is constant with height results in a final simplified 

expression for the cloud optical depth:

3W
r = 5 — . 7.3

2preg
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This relationship may be used to convert model fields of cloud water and parameterized 

particle sizes to equivalent optical depths. Conversely, the retrieved values of r  and r ĝ  

may be converted to a model-equivalent liquid water path by solving Equation 7.3 for W

Model liquid/ice water contents were computed from the specific (kg/kg) fields. In­

cloud LWC/IWC can be obtained by normalizing by model cloud fraction. Doing so, 

however, may lead to an over-bias of the model results for the case of a partly cloudy 

scene. In rebinning the observations to model resolution, both cloudy and clear regions of 

the Sight track (for example) are averaged, thereby embedding the “pseudo cloud fraction” 

within the observed fields. In the ideal case where the pseudo and true cloud fractions 

coincide, the smoothed fields would in principle be equivalent to the smoothed model 

fields. As such, no cloud fraction normalizations were performed and the model fields 

were thereby considered statistically as representative of an arbitrary flight track within 

the gridbox. An alternative approach would be to consider only the cloudy portion of 

the observations in the rebinning to model resolution and then to compare against model 

fields normalized by the model cloud-fraction. While ostensibly this may provide a more 

straightforward cloud intercomparison by removing ambiguities arising from the cloud 

fraction, this filtering would render less meaningful the discussion of energetics in terms 

of model vs. observed fluxes. How best to apply non-traditional (e.g., active sensor) data 

to model validation/assimilation is one of the many difficult questions posed to this area 

of research that remains unresolved.

A fixed effective radius of 10.0 /xm for model water clouds over land, 13 jxm over 

the oceans, and a  temperature-dependent relationship for ice clouds were assumed by the 

ECMWF cloud parameterizations. The ice relationship is taken directly from Ou and Liou 

(1995), with imposed minimum and maximimum values of 40 and 130 /xm, respectively. A 

temperature-dependent parameterization for the water phase (Jakob, 1994) assumes that 

all condensate below -23° C is ice and everything above 0orc C is liquid. Between these 

temperatures the water fraction reflects a  compromise between the minimum observed
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Figure 7.1: ECMWF parameterizations for ice effective radii (/xm) and ice/liquid water 
fraction as a  function of temperature.

temperature of super-cooled water prior to homogeneous freezing and newer observations 

which indicate that liquid water is seldom present below -10° C. These parameterizations, 

which were employed to compute model equivalent optical depths, are shown together in 

Figure 7.1.

The physical relationship developed above is only as valid as the assumptions that 

Qext = 2 (the extinction paradox condition) is satisfied and the effective radius is constant 

throughout the cloud profile. The former (large particle) condition generally is satisfied 

for sub-micron wavelength solar radiation where scattering by cloud particles on the order 

of several microns in size (e.g., 27ir 3> A). The latter condition is less often observed 

in nature (e.g., profiles of effective radii in stratus grow with height under weak lifting 

conditions, while those in many cirrus are largest at cloud base due to sedimentation 

as was illustrated in the ARM-UAV Kauai 4/30/99 retrievals). The uncertainty is then 

proportional to the cloud profile variability. A cloud profiling radar may prove useful 

in obtaining a quantitative assessment of this uncertainty, but this topic has been left 

unexplored by this research.

7.2.2 Empirically-base conversions

The alternative method of comparison involves the conversion of radar reflectivity 

to physical/optical cloud properties through an empirical relationship (e.g., those listed

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



249

and described in Chapter 6). Similarly, inversions of the radar-reflectivity/water-content 

relationships can be applied to model water-content fields to compute model-equivalent 

reflectivities for direct comparison against radar observations (a topic that is explored in 

more detail further along). The conversion from profiles of model cloud liquid/ice water 

content to those of equivalent radar reflectivity may also prove useful in the simulation of 

a “virtual CloudSat” (to the extent that these model fields can be shown as representative 

of Nature-the question addressed in this chapter). Uncertainties associated with these 

empirically-based approaches are tied directly to the representativeness of the cloud data 

used to compute the fit. As these uncertainties are often large and highly variable from 

cloud to cloud, the physically based method is the desirable alternative whenever available, 

with the empirical products serving as a low-weighted source of independent validation 

data.

7.2.3 Optical property comparison protocols

The same sampling problems encountered in the model/observation comparisons of 

cloud fraction were present also in those for cloud optical properties. The model reports 

cloud liquid/ice water content at a given level as a single value spread out (diluted) over the 

entire model layer. To convert this quantity to the “in-cloud” equivalent value, the water 

content was normalized by the cloud fraction at that level (such that a cloud fraction of 

unity will result in no change while a smaller cloud fraction will increase the water content 

within now-undiluted cloud). The conversion to optical depth following Equation 7.3 is 

then performed. The physical retrievals must also be converted to model resolution. Each 

retrieval point corresponds to a single column along the flight track (or in the case of DDH, 

time), and it is usually the case that clouds with variable heights and optical depths exist 

within the same model gridbox or DDH time slot.

There are two smoothing issues at hand: first, the optical depth within a single 

column must be smoothed to model vertical resolution, and second, these partitioned 

columns must be combined to form a horizontally-averaged column. The resultant data 

are of the same resolution as the model in both the vertical and horizontal (or time, in the 

case of DDH) dimensions. The first step was accomplished by normalizing the retrieved
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optical depth by the true cloud thickness (as determined by active sensor measurements) to 

obtain the corresponding extinction coefficient. A loop over the model levels determined in 

which layers the full-resolution cloud fell. For these layers, the optical depth was computed 

by multiplying the extinction coefficient by the fractional occupation of the cloud within 

the layer. For example, if a model layer resided between 4 and 5 km and the true cloud 

spanned 3 to 4.7 km with an extinction coefficient of 1.0/km, then the optical depth 

assigned to that model layer would be (4.7-4.0 km) x 1.0/km =  0.7. If the cloud spanned 

the model layer completely, the full layer thickness was used in computing r .  The retrieval 

was thereby smoothed to model vertical resolution with no information lost in the process. 

To complete the rebinning, all retrieval columns within a the model horizontal grid (time) 

span were assembled and the optical properties at each level averaged together to yield 

a final retrieved quantity. It is noted that by this smoothing method the “pseudo cloud 

fraction” used in the cloud fraction comparisons of Chapter 6 is implicit to these optical 

property comparisons.

By the method described above, liquid/ice water contents may be compared one-to- 

one at the model resolution. In principle, comparisons of column-integrated optical depth 

do not require the first rebinning (i.e., to model vertical resolution step), but carrying out 

the full procedure will reduce to an equivalent average r  if done correctly. The vertical 

resolution rebinning allows for discrimination of cloud layers in a  multi-layer case. The 

main assumption implicit to the procedure is that extinction is constant with profile. As 

discussed earlier, this generally is not the case. As presented and applied to the case 

studies of Chapter 5, the passive/active retrievals provide a single value representative 

of the column-integrated cloud optical depth. For this reason, comparisons of column- 

integrated optical depth (which by its very definition circumvents the caveat of vertical 

inhomogeneity) were emphasized for these assessments of forecasted cloud properties.

7.2.4 Sampling considerations

As with the cloud fraction comparisons, the problem of point (or flight track) observa­

tions versus three-dimensional area model fields existed in the cloud property comparisons 

as well. In the case of a broken cloud field in which a  distribution of cloud optical depths
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(for example) exist, there is no reason to expect that the point/track observation will cor­

respond to the areal mean value of the gridbox. It is, however, expected to fall somewhere 

within the distribution of optical depths characterizing all clouds within the gridbox. To 

compare the data in a statistical sense, then, it is perhaps more useful to discuss the 

agreement/disagreement in terms of parameter distributions. This requires a synthetic 

increase of the model resolution while adhering to physics and maintaining conservation 

of the coarse field parameters.

To compute a distribution of model cloud optical depths from a single, 31 level model 

gridbox (each level characterized by prognostic cloud fraction and ice/liquid water content 

parameters), a technique following Jakob and Klein (1999) was applied to the ECMWF 

forecast grid. In this method, each gridbox was assumed to be composed of 100 “pixels”. 

Maximum/random overlap of cloud in adjacent layers was considered, and each pixel was 

assigned an integer value of either completely clear or completely cloudy (the total number 

of cloudy pixels divided by 100 yields the original cloud fraction for the gridbox/level in 

question). The optical depth at a  given pixel was then computed by summing over the 

total column, with contributions dependent on whether the pixels were 0 or 1 in that 

sub-column. The result was a distribution (between 1 and 100 elements) of optical depths 

whose mean value was the same as that computed in the original, un-pixelized column.

Because maximum-random overlap was enforced, the pixel optical depths are more 

realistic than a purely random distribution of cloudy/clear pixels. The pixel field of 

optical depths should not, however, be interpreted as applicable to a one-to-one comparison 

along a  flight track, since no information is available on where in the horizontal domain 

these overlapped clouds occur. The result is used instead for statistical validation-the 

observations should fall somewhere within the model spread. Further, compiling these 

distributions over a time series or extended flight track allows for a statistical distribution 

of observations to be assembled for comparison against the model. It is this latter mode 

(with a  large database classified by cloud type, synoptic situation, geographic location, 

etc.) that holds perhaps the greatest promise for unambiguous identification of model 

biases by active observing systems.
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7.2.5 Flux comparisons

A 2-stream radiative transfer model based on the method described by Stephens 

et al. (2000) was employed to calculate the broadband shortwave (0.2- to 4.0-^im) and 

longwave (4.5 —► oo n m) fluxes at the surface and top-of-atmosphere. Required as input 

were profiles of temperature, pressure, relative humidity, cloud specific liquid/ice water 

content, cloud fraction, and the solar zenith angle. The model-resolution averaged values 

of the retrieved cloud liquid/ice water contents (as converted from r  and reff according to 

Equation 7.3) were used for these flux calculations. Boundary (surface and TOA) fluxes 

were computed for model and observation fields to provide a quantitative measure of the 

differences in bulk energetics arising from errors in the model cloud optical properties. 

Because many of the profile data (especially in the case of LITE) were not available 

as independent measurements, ECMWF data were used. As a result, only the relative 

differences between model and observed fluxes (arising from differences in cloud water 

contents) were emphasized, as opposed to direct validations against flux observations.

7.3 Selected Case Studies

Presented in this section are model/retrieval cloud property comparisons selected 

from the retrieval case study results of Chapter 5. While all cases were processed and are 

included in the ensemble results, only three representative examples were included here in 

the interest of space. Also examined was the impact of cloud optical property model dis­

crepancies on the transfer of atmospheric radiation (i.e., in terms of boundary fluxes and 

cloud radiative forcing). While clearly insufficient in quantity to identify decisively areas 

of model biases in the parameterization of global cloudiness, these data may contribute 

toward addressing these questions in connection with data resources from ARM, Cloud- 

Sat, and antecedent CloudSat algorithm-development programs. These efforts are geared 

toward providing a better handle on model energetics and possible areas of deficiency in 

the currently implemented cloud scheme.
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Figure 7.2: Comparison between optical depths derived from GOES measurements and 
those converted from model cloud water forecasts for LITE Orbit 149.
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Figure 7.3: Corresponding PDF of retrieved and modeled cloud optical depths.
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Figure 7.4: Corresponding two-stream boundary fluxes derived from forecasted and ob­
served profiles of LITE Orbit 149 cloud liquid/ice water contents, along with modeled 
clearsky values for reference.

7.3.1 LITE Orbit 148 (Atlantic) 9/19/94

After rebinning observations to model resolution and implementing the requisite field- 

conversions as outlined above, retrieved cloud optical depths were compared against co­

incident model forecasted clouds. The comparison for LITE Orbit 149 is shown in Fig­

ure 7.2, and the corresponding PDF is given in Figure 7.3. By omitting any additional 

model clouds that were not observed as well as those observed but not forecasted, the 

comparison effectively filters out the false alarm and miss contributions to the ensuing 

flux analysis. This was argued to yield a better direct comparison of the cloud and cloud 

optical properties of interest here (whereas issues of cloud distribution discrepancies were 

the subject of the previous chapter). The trends captured in Figure 7.2 are truly striking 

when considering that the spatial, temporal, and optical coherence were all constraining 

simultaneously this forecast comparison. The model cirrus encountered between 3.81 and 

3.86 Z exhibited a slight over-bias with respect to the retrievals (this can also be inferred in 

a  general sense when exmaining Figure 7.3. The region of large r  near 3.75 Z corresponded 

to a deep convective system (refer back to Figure 5.1 in Chapter 5). LITE experienced 

full attenuation in this cloud, and the night-time retrievals, as discussed in Chapter 4,
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saturate near r  =  10.0 (i.e., the cloud brightness temperature approaches that of its am­

bient environmental temperature and no further sensitivity to increases in r  is available). 

The true optical depth for this cloud system was likely much higher than indicated, and 

the close correspondence between model and observations for this cloud is probably more 

coincidental than meaningful (although constraining the ECMWF cloud to the apparent 

depth observed by LITE will yield a better approximation to the GOES retrieval, which 

effectively was retrieving properties near the cloud-top).

The corresponding TOA upwelling and surface downwelling fluxes (longwave only for 

this night-time case) as modeled from the profiles of cloud mean liquid/ice water content 

are shown in Figure 7.4. Shown for reference is the clearsky flux (computed from the same 

two-stream model, temperature/ humidity profiles, and solar zenith angles but with cloud 

liquid/ice water contents set to zero), with variability owing to the changing along-track 

surface/atmospheric temperature data. Clouds with higher optical depths correspond to 

decreases in the TOA upwelling longwave and increases in downwelling surface fluxes with 

respect to clearsky values. In the lowest panel are along-track difference curves. The 

most notable differences were observed for TOA outgoing radiation, where the presence 

of cloud was often observed to prevent over 50% of the upwelling emissions from escaping 

to space. The effect on the downwelling surface flux was not as great for these upper- 

tropospheric clouds (since the broadband quantity is dominated by water vapor in the 

lower troposphere). The largest differences were observed in the vicinity of the deep 

convective cloud and arose due to a  slight mislocation of the forecasted cloud field

7.3.2 ARESE (SGP) 10/30/95

The model and rebinned retrieved cloud optical depths for the ARESE 10/30/95 

case are shown together in Figure 7.5. The column optical depth was dominated by the 

lower-level stratus cloud. Error bars on the retrieval curves are on the order of 10%, 

while the bars on the model curve represent the l-<7 of the subgrid distribution of model 

optical depths described above. The corresponding comparison of cloud water content 

(in the form of a column-integrated water path) is given in Figure 7.6. It was observed 

that the water path curves were in closer agreement than the optical depths. This was
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Figure 7.5: Comparison between optical depths derived from SSP measurements and those 
converted from model cloud water forecasts for ARESE 10/30/95.

1000

£«a.
wV«*
2
3»

5
S
5e
Tc
S
3

100

to L

ARESE 10/30/95
*  -  M odel

• - SSP R e trie v e !

4 -

+ *

i
4
1
1

•M

1 7 .0 T 7 .5 1 8 .0  1 8 .5
Time UTC

'9 . 0 1 9 .5

Figure 7.6: Comparison between water paths derived from SSP measurements and model 
forecasts for ARESE 10/30/95.
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due to differences in the retrieved and model-assumed effective particle radii, which relate 

optical depth and water path according to Equation 7.3. While the model and observed r  

remained within an order of magnitude, the discrepancies could by no means be considered 

as negligible. The radiative implications of these differences on the boundary fluxes of the 

atmospheric column (as measurable from surface and satellite-based instruments) must 

also be considered.

Figure 7.7 summarizes the shortwave and longwave flux comparisons for ARESE 

10/30/95. The discrepancies in model-observed longwave were small, since both lower- 

layer clouds were optically thick. Nearly 80% of the downwelling solar flux was blocked, 

and an estimated three-fold enhancement in shortwave albedo was computed for both 

model and retrieved clouds. The maximum shortwave transmission and reflection dis­

agreement between 30 and 60 W m~2 in the region of greatest r  differences near 17.5 Z. 

Shown in Figure 7.8 are differences in cloud radiative forcing:

C R F s w / lw =  ^TOA,sw/Lw(c ê a r) — ^ t o a ,s w / l.w  (Ĉ 0U(1 +  clear) (7.4)

(defined as the difference The net cloud forcing is the sum of the longwave and shortwave 

components. This is a direct measure of the effect of the presence of cloud on the sur­

face/atmosphere energy budget. As defined, longwave cloud forcing is a positive quantity 

(i.e., emission from clouds generally is lower than that of the underlying surface owing 

to colder cloud temperatures, making the clear-allsky flux difference positive) and the 

shortwave forcing is a negative quantity (i.e., clouds generally reflect a greater amount 

of solar radiation than the underlying surface, rendering this same difference negative). 

For the ARESE case, the net cloud forcing was dominated by the shortwave component, 

and the calculated differences (here, on the order of 20 W m~2) provide a metric for how 

cloud optical property differences translate to atmospheric energetics. These errors will 

propagate throughout the model as discrepancies in surface/atmospheric heating and lead 

ultimately to different circulation patterns and a divergence from Nature with time.
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Figure 7.7: Corresponding two-stream boundary fluxes derived from forecasted and ob­
served profiles of ARESE 10/30/95 cloud liquid/ice water contents, along with modeled 
clearsky values for reference.
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Figure 7.8: Differences between model and observed cloud radiative forcing derived from 
2-stream TOA cloudy and clearsky flux results.

7.3.3 ARM-UAV (Kauai) 4/30/99

As a final example of model/observed cloud property comparisons, the data from 

the ARM-UAV Kauai 4/30/99 experiment was examined (recalling from Chapter 6 that 

the model forecast of cloud performed quite well in a spatial sense). The optical depth 

comparisons presented in Figure 7.9 indicated that while the trend toward increasing cloud 

ice content with time was captured, the forecast underestimated persistently the amount 

of cloud ice. Because the retrieval data were patchy up until 2300 Z (the cirrus layer had 

not yet advected completely into the area and the Twin Otter made a refueling stop), 

the focus of discussion is on the period between 2300 and 2430. Over this period, the 

observed cloud optical depth was nearly an order of magnitude greater than the forecast. 

The model verses observed water path comparison is shown in Figure 7.10, and shows 

better agreement than optical depth. This was again explained by the values of model 

effective radii, which were twice as large on average (74 n m, verses 32 /im) than the 

retrieved quantities. Even with this improvement, however, the mean ice water paths over 

the focus period were much lower (a factor of 2) than observations.

The corresponding longwave and shortwave boundary fluxes are shown in Figure 7.11, 

and the cloud radiative forcing computed from these fluxes is given in Figure 7.12. Over
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Figure 7.9: Comparison between optical depths derived from GOES/SSP measurements 
and those converted from model cloud water forecasts for ARM-UAV Kauai 4/30/99.

r
i  r
J  f
£ ’ oo t-

KAUAI 4/30/99

M odel

G O ES/SSP R e trie v a l

10 -

21 22 23
Time UTC

2«

Figure 7.10: Comparison between water paths derived from GOES/SSP measurements 
and model forecasts for ARM-UAV 4/30/99.
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Figure 7.11: Corresponding two-stream boundary fluxes derived from forecasted and ob­
served profiles of ARM-UAV Kauai 4/30/99 cloud liquid/ice water contents, along with 
modeled clearsky values for reference.
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Figure 7.12: Differences between model and observed cloud radiative forcing derived from 
2-stream TOA cloudy and clearsky flux results.

the focus period of these comparisons, the model was observed to underestimate the TOA 

outgoing longwave between 20 and 60 W m ~2 (or roughly 11% of the clearsky value) 

while differences in downwelling longwave flux at the surface were minimal (similar to 

the cirrus of the LITE case). The strongest differences in the shortwave were found 

in the downwelling fluxes at the surface, where the averaged model underestimate was 

ssl0%. The CRF differences, shown in Figure 7.12, indicated model underestimates of 

forcing that increased with time. The divergence of agreement may have be due to an 

error in the available moisture, the strength of the synoptic-scale forcing, or the cloud 

scheme. Tying active sensor data together with other measurements capable of fully 

characterizing the system is therefore essential to isolating problems tied to the model 

cloud parameterization.

7.3.4 Ensemble results

Optical depth data from all retrieval case studies outlined in Chapters 5 and 6 were 

pooled together for a bulk comparison against the model forecasts. The top panel of 

Figure 7.13 is a  scatter diagram of r  with the 1:1 correspondence line indicated. Most of 

these case studies involved observations of cirrus with relatively low optical depths (e.g.,
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sponding PDF comparison for all case studies presented.
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r  < 5.0), and so and inset figure was included over this range. Probability density functions 

of optical depth for these same data are shown in the lower panel of Figure 7.13. The 

level of agreement, while showing significant room for improvement, does suggest that in 

a bulk sense the cloud optical properties produced in these shortrange forecasts fall within 

an order of magnitude with observed data. Considering the highly constrained nature 

of these comparisons, these results should not be interpreted as discouraging. Clearly, 

the problem at hand requires a great deal more data of this kind. Mace et al. (1999) 

begin to compile this scale of data in their characterization of cirrus from an entire year 

of continuous cloud radar data at the ARM-SGP site.

7.4 Relevant Applications

If model cloud water contents may be considered as representative of true cloud 

fields to first-order (and spatial distributions have already been demonstrated to satisfy 

this minimal criterion), the doors are opened to a large number of applications involving 

model reanalysis data. Treating the model forecast fields as virtual observations, for 

example, would allow for active sensor algorithm development activities (e.g., addressing 

cloud detectability issues in the context of the CloudSat/PICASSO ensemble system). 

Discussed briefly here are examples of studies that turn the problem around by generating 

from model forecasts of cloud distribution and content a global source of virtual active 

sensor data.

7.4.1 Model-derived active profiles: toward assessing the CloudSat observing 
system.

To date, the LITE database is our only source of global cloud profile information. The 

comparisons against shortrange forecasts in Chapter 5 indicated that global cloudiness tied 

to the atmospheric global circulation was being handled considerably well by the ECMWF 

cloud scheme. If the water content information contained in these realistically distributed 

clouds is also representative of true clouds to first order (the case studies shown in this 

chapter, while not demonstrating perfect agreement, would at least appear to support this 

criterion) then model-equivalent “LITE” profiles could be used as a head-start toward
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Figure 7.14: W-band radar reflectivity and 532 nm lidar backscatter simulated from a track 
of forecasted ECMWF cloud data (corresponding to LITE Orbit 047). The instruments 
are oriented in nadir mode.

understanding the utility and limitations of active data from space that has yet to become 

available.

As one example, model cloud water contents can be used to attenuate a radar or 

lidar pulse, thereby simulating the observable profile. This is demonstrated for a portion 

of LITE orbit 047 in Figure 7.14. The top panel shows liquid and ice water contents as 

provided by the model, the two center panels show the simulated radar reflectivity and lidar 

backscatter return (including in-cloud attenuation), and the lowest panel shows boundary 

fluxes computed from the same 2-stream model described above. Parameterizations for 

radar reflectivity and extinction for ice clouds were taken from Sassen and Liao (1996). 

For liquid-phase clouds, a  log-normal size distribution was assumed of the form:

N (r) = Nt ~In (’’/'•») -e 2  In2  a  , (7.5)
y/2n\nar

where Nt  is the droplet concentration (m m '3), a  is the distribution width parameter, r  

is the droplet radius and rg is the geometric mean radius of the distribution. Rom this 

relationship, the liquid water content, equivalent radar reflectivity, effective radius, and
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Figure 7.15: Z-LWC relationship corresponding to Equation 7.8 for varying effective radii. 
Shown for reference is the CloudSat -30 dBZe sensitivity threshold. (Developed with the 
assistance of R. Austin)

extinction coefficient are given by

LWC =  ^P^Vr^e(9/2)ln2<r (7.6)

ze =  64JVr r®el8ln2<r (7.7)

*eff
_  r ^g (5 /2 ) In3 a (7.8)

°e x t = 2irNTr2ge2la2<r, (7.9)

respectively, with a  as 1.3 approximated from several cloud distributions presented in 

Nicholls (1987). Solving Equation 7.7 for r* and substituting into Equation 7.8 yields a 

relationship between the radar reflectivity and the liquid water content in terms of the 

cloud effective radius. This relationship is shown for various values of reg in Figure 7.15. 

As physically expected, the reflectivity parameterized at a fixed value of liquid water 

content is higher for larger-sized particles.

Lidar backscatter (in (km-sr)_L) was computed according to

m  =  (7.io)
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Figure 7.16: Mean boundary fluxes shown as a function of mean cloud height for all LITE 
orbits using ECMWF prognostic fields.

where k is the water/ice fraction-weighted backscatter to extinction ratio and z is the 

range in the cloud. Attenuation of the signal involved the integration of the extinction to 

the depth of interest (r ') and the subsequent calculation of the two-way transmission

T =  e~2T'.  (7.11)

Extinction coefficients for ice and water clouds were weighted by the representative frac­

tions of each phase in the mixed-phase portions of the clouds:

<7ext = /liqffext(wat) +  (1 -  fllq)ffext(ice) (7.12)

No accommodations were made for attenuation due to water vapor and oxygen in this 

exercise. Li et al. (1999) demonstrate with colocated radar observations from aircraft and 

surface that the attenuation suffered by nadir-mode airborne (space-borne) cloud radars 

is significantly less than the surface-based counterparts.

Provided a  realistic profile of clouds, such model-derived quantities can prove very 

useful in assessing which clouds are the most radiatively important and in estimating the 

potential improvement to model fluxes provided by instruments of varying sensitivity. This 

point is illustrated further by Figure 7.16, where the mean values of upwelling TOA and
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downwelling surface longwave fluxes for all 66 night-time LITE orbits listed in Appendix 

B are shown as a function of the mean cloud height. These heights were computed by 

normalizing the profile of liquid/ice water contents by the integrated water path and 

assigning the cloud height according to the center of mass. This simple procedure was 

performed for all cloud profiles, including multi-layered clouds (where the center of mass 

could fall in a clearsky portion of the profile). Because of the crude nature of this exercise, 

only the general structure of Figure 7.16 should be considered. For upwelling TOA fluxes 

(top panel), the highest clouds tend to be optically thin, and therefore correspond to 

upwelling fluxes comparable to clearsky surface or low-cloud emissions. The strongest 

effect was found for mid-level clouds (which included deep convection with calculated 

centers of mass at mid-levels). This was intuitive, as clouds with a mid-troposphere center 

of mass are generally of the convective (optically thick) variety. A corresponding spike at 

mid-levels for the downwelling surface fluxes (lower panel of Figure 7.16) was also noted, 

with an additional peak associated with the insulator properties of upper-tropospheric 

cirrus. Low clouds, having temperatures close to those of the surface, were seen to influence 

minimally the surface downwelling longwave flux (with values comparable to the TOA 

longwave flux for the low and optically-thin high clouds in the upper panel of Figure 7.16). 

The local minima near 10-km may be attributable to cases where multiple cloud layers 

(e.g., cirrus overlying a lower tropospheric cloud), where a compromise between the small 

effects of lower clouds and larger effects of upper cloud is realized.

7.4.2 Model-based cloud detectability applications

An active area of research relevant to space-borne active remote sensing is determining 

at what level of precision clouds must be detected to ensure a desired level of accuracy 

in model atmospheric fluxes. Here, the model clouds can serve as a realistic test-bed 

for this assessment, provided again that the model cloud distribution and water content 

are realistic a t least to first order. Figure 7.17 depicts a portion of the forecasted LITE 

profile along Orbit 073 as detected by various thresholding levels of a  W-band radar and 

a 532 nm lidar. Attenuation of the active signals were considered as described above, 

and accounted for for an under-detection bias in the lowest cloud layers (corresponding to
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Figure 7.17:

deep convection) to varying degrees in both instruments. Thresholds for the radar were 

defined by reflectivity (in dBZe, and thresholds for the lidar instrument were taken from 

specifications for PICASSO. The radar detection (upper panel) indicated that optically 

thin, small-particle cirrus near the cloud tops were often missed (e.g., the 11 to 13 km 

cirrus near 10.65 Z, whereas these clouds were readily detected by the lidar. Conversely, 

the higher extinction associated with the lidar translated to a considerable under-detection 

of cloud that was captured by the radar.

The detection problem can be looked at in a statistical sense by computing the height- 

dependent frequency of cloud occurrence as detected by the instruments verses the that of 

true cloud field. This is illustrated in Figure 7.18, using an MDS of -26 dBZe for the radar 

and the PICASSO threshold for the lidar. In these simulations, the overall distribution 

of cloud heights estimated by the radar was superior to the lidar, owing to its ability to 

penetrate and hence detect more frequently the optically thick clouds residing at middle 

and lower levels. Figure 7.19 shows the fraction of cloud detected by each instrument 

with respect to the true (model field) distribution. An improvement in detection of the 

high-altitude cirrus was achieved by the lidar at the expense of underestimating severely 

the number of middle and lower-level clouds present. It would, however, be erroneous
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to conclude that the lidar is therefore an inferior instrument, especially when considering 

the global pervasiveness and radiative importance of optically thin (to sub-visual, e.g. 

r  «  0.02) cirrus clouds that often go undetected by the W-band radar. A balance between 

sensitivity and attenuation must always be considered in the context of the problem at 

hand.

7.5 Summary

This chapter called upon the retrieval materials presented earlier for the purpose of 

validating ECMWF cloud microphysics. While the composite cloud-cover/microphysics 

study presented over the last two chapters indeed scratches only the surface of the work 

that needs to be done in the area of model cloud validation (and ultimately, assimilation 

of these data into the model initialization fields), it offers an outline for proceeding toward 

a more extensive undertaking. Further, it sought to provide a flavor for the great wealth 

of potential validation data that exists already (e.g., within the ARM archives)-waiting 

to be exploited for these very purposes.

To compare between model and observed cloud properties, conversions between liq­

uid/ice water content, cloud optical depth, and radar reflectivity were performed after av­

eraging appropriately the observations to model spatial/temporal resolution. To account 

in part for sampling inconsistencies between the point/track and areal data, a technique 

following Jakob and Klein (1999) that enables distributions of prognostic cloud parame­

ters to be computed from a single gridbox and cloud fraction was used. To gain insight on 

differences between model and observed cloud radiative forcing, shortwave and longwave 

boundary fluxes were computed from profiles of model and retrieved cloud liquid/ice water 

contents input to a  2-stream radiative transfer code. The ensemble results were too sparse 

and variable to provide a meaningful assessment of biases. However, they demonstrated 

that the forecasted model fields of cloud liquid and ice water contents were, to first order, 

representative of retrieval-derived quantities.

Combining this result with the spatial results from Chapter 5 suggested that NWP 

reanalysis data may in fact provide more than simply diagnostic utility. Examples were
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presented where the model clouds was considered as virtual measurements for the purpose 

of studying detectability by hypothetical space-borne active sensors, thereby serving as 

an antecedent source of detailed global cloud water content profile data to CloudSat and 

Picasso algorithm development where none had existed. In turn, observations and prod­

ucts derived horn these future platforms will serve to improve upon the existing NWP 

cloud schemes. In this way, a symbiotic relationship is seen to emerge between model 

development and remote-sensing. This is argued to be the key relationship which must 

be cultivated now and reinforced into the future; serving to focus the best and brightest 

ideas of remote sensing and modeling upon a common interest.
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SUMMARY AND CONCLUSIONS

This dissertation, while ostensibly broad in scope, sought to address specific issues 

concerning the use of active remote sensors in the the atmospheric sciences. Namely, active 

sensor data were enlisted to improve our understanding of clouds in terms of their spatial 

and temporal distributions, their optical properties, and our ability to capture cloud and 

cloud processes in GCMs. The instruments themselves are not new, but then neither was 

the wheel when Henry Ford designed the first Model-T automobile. That is to say, it is 

how the technology is applied that matters most. This dissertation attempted in its own 

right to apply active sensors in a novel way: first, within a  retrieval method tailored to 

reveal their quantitative benefits to passive retrievals, and then for a global validation of 

NWP cloud cover.

Only now are we beginning to realize the ways our own actions (with the progeny of 

Henry Ford’s creation paying no small contribution here) can influence our environment 

in adverse and potentially harmful ways. The improvement of our grasp of the cloud 

link to the hydrological cycle and planetary energy balance is a  significant step toward 

understanding how tomorrow’s climate will behave in response to the external forcing we 

impose upon it today. A popular contemporary view on the subject of global warming 

is that the restoring (negative) feedback of clouds in response to greenhouse warming 

renders mute the entire topic. What has been overlooked altogether by this reasoning is 

the inherent link between changes in cloud cover changes and the atmospheric circulation. 

An infinite number of climate states may conspire to produce the same “globally-averaged 

temperature” coronated as the de facto metric of the greenhouse effect. Consequently, 

a constant globally-averaged temperature arising from cloud radiative responses may yet
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spell agricultural catastrophe in the wake of even minor shifts in climate circulations. That 

this hypothesis has been formulated during a time when no definitive understanding of 

even the most fundamental cloud distribution and optical responses to external forcing 

exists renders it remarkably short-sighted. Clearly, it has become our charge to act as 

responsible stewards to this planet, the place that our own descendents will call “home” for 

millennia to come. A more detailed depiction of the climate signal flow diagram, including 

those feedbacks attributed to cloud processes, is a necessary step toward assuring educated 

policy decisions in the future.

8.1 Summary and Results

A major component of this dissertation was the development of a technique for re­

trieval of cloud optical properties using actively-sensed cloud height estimates to com­

plement traditional passive radiometer (e.g., radiance, brightness temperature) measure­

ments. The forward model component of the retrieval, presented in Chapter 2, was founded 

on the interaction principle and doubling/adding theory for plane-parallel media, and was 

verified against independent Van de Hulst, DISORT and Monte Carlo benchmarks. It 

attempted to capture an extensive component of the physical atmosphere by including 

atmospheric gaseous absorption, aerosol, detector response functions, and a computa­

tionally efficient accommodation for highly-asymmetric scattering phase functions. This 

forward model was designed to be versatile, such that a wide array of instruments could 

be accommodated in a single retrieval.

The basic philosophy of retrieval theory (the combination of the forward model and 

the estimation problem) and application of these principles to the problem at hand was 

considered in Chapter 3. The estimation component of this problem, the rationale for using 

the optimal estimation theory of Rodgers (1976), and its advantages from the standpoint 

of providing important error-diagnostic parameters were also presented in detail. A strong 

point of this estimation approach is its explicit assignment of error for each measurement 

and component of the model uncertainty, thereby providing a valuable quantitative as­

sessment of the total retrieval uncertainty with all contributions accounted for. By virtue
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of the forward model, the general retrieval is adaptive; with the ability to assimilate a po­

tentially large number of instruments including active, passive, and model data. Having 

outlined the two main components of the retrieval, a description of their implementation 

from an operational perspective was provided as a guideline for reproduction of these 

retrievals.

A series of sensitivity studies were performed using the forward model described 

above. This discussion was intended to familiarize the reader with the basic tenets and 

considerations for cloud remote sensing in the scattering, absorbing, and emitting atmo­

sphere, provide a short literature background on what has already been done in the area 

of cloud retrievals, and specifically to illustrate which (and over what ranges) optical prop­

erties were retrievable using the forward model developed in the previous chapter. The 

passive instruments (e.g., GOGS Imager, SSP) used in the retrievals were introduced and 

cloud radiative properties specific to the spectral bandwidths of their detectors (channels) 

were discussed. Techniques for both day-time and night-time retrievals and the advantages 

and limitations inherent to both were presented as a launching point into the discussion 

of how accurate cloud boundary information from active sensors could lead to a signifi­

cant improvement in retrieval accuracy. The uncertainties tied to the forward model and 

the measurements were examined, and techniques for combining them into the Rodgers 

model/measurement error covariance matrix was outlined.

Eleven retrieval case studies using the retrieval method developed in Chapters 2-4 

were examined to demonstrate quantitatively the advantages of using active sensor cloud 

profile information in the retrieval of r and refr- A supplemental discussion of cloud height 

estimation using passive-only (and active) techniques was provided as background for the 

comparisons between retrievals with and without active cloud heights. The diversity of 

active sensor platforms employed, ranging from surface to satellite, illustrated the versa­

tility of the retrieval. A wide array of cases were processed in anticipation of applying 

their results to NWP model validations. In each case study, the retrieved values of r 

and reff were presented along with a breakdown of the errors incurred from the forward 

model, measurements and Kernel function sensitivity according the Rodgers parameters,
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and comparisons against the passive-only retrievals were also made. Whenever available, 

retrievals based on independent measurements and/or techniques were used as checks 

against the current method. In a brief excursus, active sensors deployed in field programs 

were shown to be of value as an antecedent source of information for space-borne cloud 

radar algorithm development.

Chapter 6 shifted gears to a discussion of active sensors applied to the validation of 

numerical weather prediction models. For this study, a collaborative effort with ECMWF 

was organized with the principle goal being comparisons of short-range forecasts against 

observations from the extensive LITE database. This represented a first opportunity to 

perform a validation of a single global forecast of cloud cover in the vertical using active 

remote sensor data. A statistical analysis similar to an analogous surface-based study done 

by Mace et al. (1998) was adopted for assessment of the along-track cloud cover forecasting 

performance. In addition to the full-track analysis, these statistics were subdivided into 

contributions from the Tropics, extra-Tropics, and low-, middle-, and high-cloud regimes. 

Care was taken when assembling these statistics to account for the limitations of the 

LITE data in terms of pulse stretching and particularly pulse attenuation. Owing to 

the ill-posed sampling problem arising from 2-D active sensor cross sections and 3-D 

model gridbox data, an attempt to mitigate in part these uncertainties was proposed. 

This involved computing a pseudo-cloud fraction for the LITE observations, weighting all 

statistics according to the density of LITE shots in the model gridboxes, and weighting 

of false alarm penalties by the model and pseudo- cloud fractions. The statistical results 

from both methods were presented to form a lower and upper bound on the overall model 

performance. In addition to “snap-shot” comparisons using LITE data, more traditional 

comparisons of multi-time ECMWF forecasts at a single model gridbox (DDH) were done 

for the field program case studies of Chapter 5. This rounded off the cloud cover study by 

providing an opportunity to asses the model’s ability to represent the evolution of cloud 

systems in both space and time over an extended period.

In an attempt to bring together the observational and modeling components of this 

research under the common theme of active sensor applications, Chapter 7 called upon
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the retrieval results of Chapter 5 and the cloud cover validations of Chapter 6 to complete 

the assessment of model cloud forecasts from the cloud-content perspective. As few GOES 

r, reg retrieval opportunities were available during 1994 (GOES-8 was not yet in opera­

tional mode and GOES-7 lacked the useful 3.9 /xm window channel) the study enlisted 

also results from the field program case studies presented in Chapter 5. The protocols 

for converting model and measurements to comparable fields was treated in terms of both 

physical and empirical approaches. The method of rebinning retrieved optical properties 

to model resolution was outlined, and the 2-D/3-D sampling problem was accounted for by 

computing sub-gridscale distributions of model cloud properties based on the grid-mean 

value and the model cloud fraction. Selected case studies were presented for comparisons of 

cloud optical depth, boundary fluxes (using a broadband shortwave/longwave 2-stream ra- 

diaitve transfer code), and cloud radiative forcing. These represented highly-constrained 

comparisons which tested the spatial, temporal, and microphysical components of the 

model forecast. Ensemble statistics for these comparisons were also presented. The find­

ings of the composite validation raised immediately the possibility of using these NWP 

globally-forecasted cloud products as a source of virtual observations to various research 

activities. This concept was exemplified by converting the model cloud fields matched 

to LITE orbits into equivalent fields of radar reflectivity and lidar backscatter. These in 

turn, under the assumption of realistic model cloud water contents, were used to address 

cloud detectability concerns in the context of the CloudSat mission. In this way, a clear 

link was formed between the interests of the modeling and measurement communities; an 

ideal which embodies the heart of this research.

The main results compiled over the course of this research are summarized as follows:

• An important product of this research (and presented in Miller et a/., 1999) was 

the development of a new cloud property retrieval method that applies active sensor 

cloud height data to a sophisticated and versatile forward model and an optimal 

estimation approach following Rodgers (1976). The latter provides retrieval perfor­

mance diagnostics which take account for the uncertainties tied to measurements,
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components of the forward model, and a priori information, providing a conve­

nient assessment of both the accuracy and quality of the information retrieved. The 

forward model was designed to be adaptive (with respect to observing system com­

ponents), with the ability to model a wide array of passive remote sensors operating 

throughout the optical spectrum. Specific examples applied to GOES, SSP, and 

MAS multi-spectral measurements were shown.

• By adding an additional constraint to the retrieval, the inclusion of active sensor in­

formation was shown to reduce considerably the uncertainties of cloud optical depth 

and effective radius. The most significant (> 20%) improvements were achieved 

for retrievals of thin cirrus at night, where IR-only methods often encounter the 

most difficulty in cloud height estimation. Daytime retrievals, which involve solar 

reflection measurements and rely less on the thermal properties of the cloud, were 

improved only minimally (correct placement in the Rayleigh and aerosol profile) by 

the active constraints. There remained considerable (25-50%) uncertainty in the ef­

fective radius retrievals, owing to corresponding uncertainties in the scattering phase 

function. This was especially true of optically thin (r < 1.0) clouds, where single­

scattering contributions are significant. Results were shown to be consistent with 

independent measurements and the general findings of previous investigators.

• The utility of active sensors operating on the space platform has been illustrated 

by the ECMWF/LITE cloud validation study (see also, Miller et al., 1999). Strong 

positive correlations between short-range forecasts of cloud cover using the Tiedke 

(1993) prognostic scheme and observations were demonstrated in 66 night-time orbits 

of LITE. Ensemble-orbit statistics place hit rates between 75 and 90%, threat scores 

between 45 and 75%, probabilities of detection at near 80%, and false alarm rates 

between 10 and 45%, with the best-case and worst-case bounds of these ranges 

determined by the weighted and non-weighted comparison approaches, respectively.

• Comparisons of model vs. retrieved cloud content (limited in scope by the case 

studies examined to primarily cirrus clouds), although agreeing typically within first
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order, suggested room for considerable improvement. These discrepancies imply 

that NWP models cannot yet capture the realistic radiative feedback roles of cloud 

in the atmosphere in a general sense. The level of agreement currently exhibited 

should nonetheless be regarded as encouraging, with strong prospects for improve­

ment through continued and more extensive active-sensor/modei validation activi­

ties. In particular, the research highlighted the immediate windfall of a space-borne 

active-instrument observing system to the validation and further development of 

cloud parameterizations in GCMs.

• The results indicated that ECMWF global forecasts of cloud have already achieved 

a level of realism which may allow for their limited application as a source of virtual 

observations to research.

No significant improvements to predictions of climate change can be realized without 

first closing the feedbacks which tie clouds to radiation, humidity, and the atmospheric 

circulation. The modeling community cannot approach this problem without the support 

of detailed observational cloud database. The needs of the modelers should thus serve as 

a guideline to remote sensing orchestrations, and the modeling community must in turn 

make a concerted effort to make optimal use of these data and communicate effectively 

the nature of additional observations needed-thereby driving the technological evolution 

of the remote sensing community. This is the symbiotic relationship that this research has 

sought to highlight, here in the context of the active sensor. As we enter the 21st century, 

a new observing platform suite that includes active sensors similar to those presented in 

this research will provide detailed information essential to meeting this objective. To gain 

an historical perspective on observations directed toward developing an understanding for 

the global cloud climatology, we recognize CloudSat as representing the leap from ISCCP 

(i.e., multi-spectral passive) based methods to a nadir active+passive system which con­

tains information on vertical structure. At this stage, some assumption on the horizontal 

extent of cloud outside the cross section must be made for application of these data in 

model assimilation or cloud climatology studies. The next step in this transition is the
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active/passive scanning system which will provide a true three-dimensional observation 

of clouds (and thereby resolving the sampling problems encountered in this research) as 

opposed to the CloudSat “cat-scan.” The enormous stream of observational data available 

for ingestion by global NWP models at this point will almost certainly shift the onus of 

progress back to the models and their ability to identify and assimilate the most impor­

tant information in a time-efficient way. There is little doubt that Lewis FYy Richardson 

(regarded as the father of modern-day numerical weather prediction) would have found 

this an enviable dilemma.

8.2 Future Work

In addressing points relevant to the fate of this particular research, it is first noted that 

despite efforts to include several important aspects of the observing system the handling 

of cloud in the forward model remains crude with respect to the real world. Here, work 

in progress includes the development of water/ice crystal phase function parameteriza- 

tions to better represent the complex behaviors of cloud scattering above and beyond that 

approximated by the double Henyey-Greenstein parameterization. With the availability 

of 3-dimensional active instrument profiles, areal (as opposed to flight track) retrievals 

will require the inclusion of horizontal transport either to capture cloud horizontal in­

homogeneity or quantify the errors attributed to the higher dimensional nature of the 

transport. With the the increasing number of proposed environmental satellites which 

include active sensors (both radar and lidar) as an integral component to their observing 

system payloads, consideration for improvements to cloud property retrievals is timely.

In connection to the active-sensor model validation materials, work in progress in­

cludes a collaborative agreement between CSU and the DAO at NASA/GSFC to conduct 

an exploratory assessment of the Goddard Earth Observing System v. 3 (GEOS-3) global 

model similar in scope to the ECMWF/LITE study, with an additional emphasis placed on 

ARM observations in the TWP and an eye toward developing techniques for future assimi­

lation of these active sensor data at the operational level. To better understand what other 

information (besides cloud profiles) exists in space-borne lidar, an unsolicited NASA pro­

posal (C.M.R. Platt, principle investigator) to develop/refine the retrieval of high cloud
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properties from LITE data is also currently underway. Finally, numerous experiments 

tied to the antecedent validation of algorithms to be implemented in the post-processing 

of CloudSat data have been proposed, and will offer additional opportunities to build upon 

the model/retrieval validation database presented in this dissertation.

In 1861, Admiral Robert FitzRoy (British naval officer and meteorologist) provided 

in his •‘storm warning service” the first synoptic forecasting tool for the maritime industry. 

Because of its limited coverage and sparse observational network, it suffered many failures 

and FitzRoy soon came under the public fire as a charlatan to his field. Overcome with 

grief by these brazen and increasingly personal beratements, a beleaguered FitzRoy chose 

to end his own life and all the misery that science had brought to it. The general public, 

of course, did not understand the revolutionary significance of that first step and where 

it might one day lead. Today, we all benefit from the initiative shown by FitzRoy and 

others who have assumed pro-active roles in our field. By virtue of increased observational 

technology and a growing bed of knowledge, we are now equipped to undertake yet another 

daunting challenge; one which will lead ultimately to an understanding of cloud processes 

sufficient to capture and model their dynamic influences on the climate system. The 

space-borne active sensor will play no small part in affording us this opportunity.
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Appendix A

SLADRT MODEL INPUT STRUCTURE

A .l Contents

Provided in this appendix is a brief documentation of the shortwave/longwave adding/doubling 

radiative transfer (SLADRT) model developed and applied as the forward model in the 

retrieval work of this research. The intention is to provide the reader with the funda­

mental information needed to understand the basic architecture and run the model under 

minimal duress. An overview of input formats and general instructions for running the 

executable are provided.

A.2 Sample Input Card

The foundation of SLADRT is a simple doubling/adding code which may be regarded 

for this discussion as a black box (refer to main text for details of theory). The complexity 

of SLADRT arises from the peripheral routines which set up the profile and provide the 

user with the freedom to run the code at various levels of complexity. Provided in Table A.l 

is a sample input card used by the SLADRT driver routine. The data provided are read 

sequentially and characterize completely (to varying levels of approximation) the surface 

and atmospheric constituents as well as the observing system. Because the model handles 

varying levels of profile complexity, several input formats are included with each designated 

by an index dictating the architecture of subsequent formatted reads. The following is 

a line-by-line description of the input fields and format options handled by SLADRT for 

this particular example (with references to other formats included).

• Line 0: Run descriptor comment
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Parameters Field Descriptor
Text String Run Descriptor Comments
4 8 6 4 gauss #  Upwellng Strms, #  Leg Coefls, #  Azms, Numorder, Quad
1 Surface Reflection Index
NY Gas Flag, Rayleigh Atmos Flag
00 1 Mono/Band Flag, TOA Flag; Normalized Flux Flag
1.375 Wavelength (um) -or- (Instrument#; Channel#)
00 Subtract-Solar Flag, Subtract-Thermal Flag
0 0 2 Profile Flag, Extension Flag, Profile #
0 1 1 1.0 Aerosol Flag, Model#, Vis Prof#, Total r
Y0 Output Flag, Outfile Format Index
rtcode.out Output name
N Bandweight Flag
bandfile.dat Bandweight File Name
1 0 #  Layers, Layer Format Index
1.0 1.0 0.0 0.0 0.0 279. Format-Dependent Layer Information
285 1.0 0.10 1013.25 SURFACE: T, Emissivity, Albedo, Pressure
0 #  Cloud Layers
1.0
2 Number of User-Specified Points
0 89.427 0.0 PtI: Level, Zenith, Azimuth
0 87.134 0.0 Pt2: (etc.)

Table A.l: Sample input card for SLADRT. See text for detail description of fields and 
options.

• Line 1: Specifying the number of streams in a single hemisphere (e.g., an entry of 

4 implies an 8-stream run); The number of Legendre expansion coefficients used for 

the integration; The number of azimuthal angles at which to compute the radiance 

field; The number of Fourier expansion coefficients (m > 0) to use in the azimuthal 

expansion (not applicable for longwave calculations).

•  Line 2: Surface reflection option: 0=No surface reflection, l=Lambertian reflector, 

2=Specular reflector

• Line 3: Flag (Y/N) for inclusion of correlated-K gaseous absorption (currently CK 

files are available only for specific GOES instrument and channel combinations); 

Flag (Y/N) for inclusion of a molecular (Rayleigh) scattering atmosphere (height 

and wavelength dependent)
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Index Description
1 Tropospheric
2 Mid-Latitude Summer
3 Mid-Latitude Winter
4 Sub-Arctic Summer
5 Sub-Arctic Winter
6 Arctic Summer
7 Arctic Winter

Table A.2: McClatchey atmospheric profile options.

Index Description
1 Tropospheric
2 Rural
3 Urban
4 Maritime

Table A.3: Aerosol model options.

• Line 4: Index 0 for monochromatic calculations or 1 for band calculations; Index 0 

for computation of radiances at all intermediate atmospheric levels specified or 1 for 

only TOA and surface boundary fields; Index 0 for un-normalized solar spectral flux 

or 1 for normalized to unity

• Line 5: If monochromatic calculations, then wavelength in microns; If band calcula­

tions, then Instrument index (e.g., GOES = 0) and Channel index

• Line 6: Index 0 to neglect the solar component from calculations or 1 to include it; 

Index 0 to neglect the thermal component from calculations or 1 to include it

• Line 7: Index 0 to not use a standard McClatchey profile or 1 to include (if 1, then 

the input lines containing the layer profile information are excluded from the input 

card); Index 0 to not extend the profile to 100-km (using McClatchey soundings) or 

1 to extend it; Index of McClatchey atmosphere to use (specified even if not actually 

using) according to Table A.2. NOTE: The extension to space option is currently 

only compatible with layer input format =  2
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Index BL TABL STR
1 50 50 None
2 5 23 Background
3 50 50 High Volcanic
4 5 23 High Volcanic

Table A.4: Aerosol horizontal visibility (in km) options. BL=boundary layer (0- to 2-km), 
TABL=troposphere above BL (2- to 10-km), STR=stratosphere.

Index Parameters
0 r(aer+gas+cld), u/0, gi, g2 , geff, T(K)
1 r(aer), r(gas), a/0(aer), g(aer), Z(top, km), Z(thickness, km), T(K)
2 (format line) #  absorbers, identi, uniti, (•••), identj, unit*, unitpres, unitr, unitz
3 absorberi, •••, absorber*, P, T, Z

Table A.5: SLADRT layer input formats.

• Line 8: Flag 0 for inclusion of aerosol information, 1 to omit; Index for aerosol model 

as listed in Table A.3; Index for visibility profile as listed in Table A.4; Total aerosol 

optical depth (default is 1.0). NOTE: The inclusion of aerosol requires water vapor 

profile information (which determines the size and hence optical properties of the 

aerosol). Therefore, the inclusion of aerosol is only valid for layer input format =  2

• Line 9: Flag (Y/N) for output of results to a dedicated file; Index 1 for abbreviated 

output format, 0 for full radiance field

• Line 10: Output file name (string)

• Line 11: Flag (Y/N) for instrument response function (applicable only for band 

calculations)

• Line 12: Instrument/channel-specific bandweights file (includes discretized solar 

spectral flux where applicable)

• Line 13: Index for number of layers (£, 0 and unlimited); Index for layer input 

format as outlined in Table A.5. For Layer input format =  2, a second line of input
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Index Absorber
1 h2o
2 o 3
3 C02
4 ch4
5 n2o

Table A.6: Gaseous absorber identification for layer input format 2.

Index Unit
1 Abundance (g/cm2-km)
2 Density (g/m3)
3 Dew point T (K)
4 Relative Humidity (%)
5 Mixing Ratio (g/kg)
6 Pressure (Atm-cm/km)
7 Number Density (per/cm3)

Table A.7: Gaseous absorber units for layer input format 2.

is required which describes the number of gaseous absorbers present, their units, and 

the units of pressure, temperature, and level heights for the ensuing layer records 

according to Tables A.6-A.8.

• Line 14: Formatted layer information (in the sample card case, a single layer of input 

format =  0 from line 12)

• Line 15: Surface parameters: temperature (K), emissivity (0.0-1.0), albedo (0.0-1.0), 

pressure (mb)

• Line 16: Number of cloud layers to insert in profile (> 0 and unlimited)

• Line 17: Formatted cloud information as specified in Table A.9. NOTE: the first 

value on each cloud record is that cloud’s format (such that multiple cloud formats 

may coexist if desired)

• Line 18: Number of user-specified points (unlimited) at which to output radiance 

field.
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Index Pressure Unit Temperature Unit
1 mb K
2 Atm C
3 N/A F

Table A.8: Pressure and Temperature units for layer input format 2.

Index Format
1 Z to p (k m ), Z b o t(k m ), r, u/0, gx, g 2 , geff
2 Z to p (k m ), Z b o t(k m ), r, reff, Mie file
3 Z top ( k m ) ,  Z b o t(k m ), r, u 0, x-expansion File

Table A.9: Cloud layer input formats. Further description of the Mie and x-expansion 
supplementary files are provided in the text.

• Line 19: Level number (TOA=0) observer zenith (degrees), and observer azimuth 

(degrees) for user-specified point #-1

• Line 20: Level number (TOA=0) observer zenith (degrees), and observer azimuth 

(degrees) for user-specified point #-2 (etc.)

The quadrature abscissas available to the forward model are Lobatto and Gaussian. 

For many retrievals (e.g., SSP) where the instrument is oriented in the nadir, the Lobatto 

quadrature (which includes a point at 0-degrees) is a convenient choice. Cubic splining 

of the calculated intensity field is used to obtain intensity values at points in between the 

discrete ordinates. To minimize errors associated with interpolation of the radiance field, 

the user angles should be as close as possible to an existing quadrature node. It is a simple 

modification to the code to include an additional quadrature point pair (i.e., one in each 

hemisphere) corresponding to the desired viewer zenith. The weights assigned to these 

added nodes are set to zero.

A.2.1 Comments on layer input formats

The layer input format selected reflects the level of complexity (or available infor­

mation) of a given run. Format “0” specifies ua,g  and r as consolidated terms (i.e.,
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gas, cloud, and aerosol together). This format was used for the most general and basic 

applications such as model validation against DISORT and Van de Hulst benchmarks. 

Format “1” allows for assignment of ui0,g and r in terms of its cloud, aerosol, gas, and 

Rayleigh components, thereby giving the user more control over the atmospheric profile. 

Format “2” changes the architecture from layers to levels (i.e., information at a discrete 

height/pressure-level in the atmosphere). Gaseous absorbers are specified individually. 

Detailed cloud information may be specified with the cloud layer format section of the 

input block (discussed in more detail below).

A.3 Computing Layer Optical Properties

The toteil optical depth of an atmospheric layer is obtained by adding the individual 

contributions from cloud, gas, aerosol and Rayleigh

T  =  Tc +  T g + T a + T r , (A.l)

where an empirical relationship from Paltridge and Platt [1976] describes the molecular 

(Rayleigh) optical depth as a function of edtitude

rr = o.0088A"4-15+0-2Ae-0-1188*-00011622. (A.2)

Here, z represents a level-height in the atmosphere and A denotes the spectral depen­

dence of molecular scatter. Figure A.l illustrates the A-4 dependence of the Rayleigh 

optical depth over the portion of the electromagnetic spectrum where its contributions 

are significant.

Combined layer single-scatter albedos are obtained by an extinction-weighted scaling 

according to

u /o  =  “ 0 ^  +  ^ ° T ° + “ ° . r T r ,  ( A . 3 )
Te +  T g + T a +  Tr

where generally (u/0,ff,a/o,r) are taken to be (0,1). The combined phase function is also 

scaled according to

P ( Q )  _  “ 0,cTCP c( € »  +  U o ,a T g P a (e )  +  CJ0,r Tr P r e  

Uo,cTc "1" Wo,oTa "F Wo,rTr

The “gas terms” are omitted from (A.3) and (A.4) because u0,gas — 0, with its bulk 

scattering properties accounted for in the Rayleigh extinction term.
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Specular Column Rayleigh Optical Depth
10

10

1

1

EUV , FUV . MUV, NUV VISIBLE NIR

— 410
0 .0  0 .2  0 .4  0 .6  0 .8  1 .0

W a v e l e n g th  ( /u rn)

Figure A.l: Spectral Rayleigh column optical depth. Indicated are Extreme-, Far-, Mid­
dle-, and Near- Ultra Violet, Visible, and Near-Infrared

A.4 Cloud Layer Formats

The cloud module SLADRT inserts cloud layers into an existing profile, combines the 

specified cloud properties with the existing optical properties and interpolates atmospheric 

profile parameters for the new profile levels accordingly. The three levels of complexity 

for cloud insertion, specified in the input as cloud input formats listed in table A.9, are as 

follows:

• 0: Cloud top/base heights, optical depth, single scatter albedo and double Henyey- 

Greenstein phase function parameters specified at input. Pro: A simple format for 

diagnostic runs. Con: Enables a wide variety of potentially unrealistic clouds to be 

simulated.
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• 1: Cloud top/base heights, optical depth, effective particle radius, and Mie look­

up table name. Pro: Can create diverse database of spectrally dependent cloud 

optical properties with varying size distributions, useful for retrieval applications. 

Con: Based on spherical particles (which compromises applicability to ice clouds), 

still uses a double Henyey-Greenstein approximation to the phase function with an 

effective asymmetry parameter taken from the look-up tables.

• 2: Cloud top/base heights, optical depth, single-scatter albedo, and Legendre expan­

sion coefficients (x) file name. Pro: Combined with the 5-M scaling method, enables 

realistic, highly asymmetric scattering phase functions (e.g., cirrus) to be modeled 

in a numerically efficient way. Con: Still requires more expansion terms than simple 

phase function geometries, limited to availability of phase function data.

For the retrievals of this research, cloud formats 1 and 2 were used, with an emphasis 

on format 2 for cirrus clouds. A large database of ray-tracing phase function data for 

rough/smooth aggregates, bullets, solid/hollow columns, dendrites, and plates has been 

compiled by Yang et al. (1998). These data include the phase function structure, singie- 

scatter albedo, asymmetry parameter and extinction at discrete wavelengths and 24 size 

distributions (each characterized by an effective radius). This offers a systematic way 

of varying the optical properties needed for iterative retrieval algorithms. A vertically 

inhomogeneous cloud can be approximated by stacking an arbitrary number of plane- 

parallel cloud layers together, each with its own optical makeup.

The Mie lookup tables were computed from a standard Mie-scattering code using a 

modified-gamma size distribution. The tables were computed for wavelengths spanning 

0.3- to 20.0-/im at a resolution of 0.05-/xm. Effective radii at each wavelength spanned 

2- to 302-^m at 4-^m intervals (75 records). Dispersion factors (characterizing the width 

of the size distributions) of 1, 2, and 4 were computed for both water and ice spheres. 

Computed at each wavelength and effective radii were the single-scatter albedo, asymmetry 

parameter, and extinction normalized to a water content of 1.0 g/m3. The asymmetry 

parameter was used to compute the Henyey-Greenstein phase function, and was used as
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the effective asymmetry parameter in the double Henyey-Greenstein parameterization as 

described in Chapter 2.

The x  Legendre expansion coefficients were computed from tabulated phase function 

data according to

Xi =  nPiriP iE ciliH W , (A.5)

where P(/i) is the tabulated, azimuthally symmetric phase function normalized by 47T 

(such that the integration over (x yields 2.0) and f^Ec(L^) are the Legendre polynomials 

for the Zth expansion coefficient. To achieve the fit in a reasonable number of terms, the 

forward peak of the scattering phase function was truncated and the residual accounted 

for by the S-M weight.

A.5 Running SLADRT

All source, object, and data files for SLADRT exist in separate directories. A makefile 

performs the compiling and linking of the source files. Diagnostic flags (which turn on/off 

various verbose statements in the subroutines) are also controlled by the makefile. The 

executable produced by a successful make is named “sladrt”, and the code is run at the 

command prompt by feeding to it an input file (here, “input”) according to

prompt >>  sladrt input

In its current form, SLADRT outputs to screen several intermediate computational results. 

These may be commented out in the source code or simply directed to a diagnostics text 

file by appending the above command as follows

prompt >>  sladrt input > diagnostics

For the retrieval work of this research (where SLADRT is called repetitively) an IDL 

interface was used to write the input files, spawn a call to SLADRT, and subsequently 

read the output file as described in the implementation architecture sub-section of Chapter 

3.
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A.6 Pitfalls

While much time, effort, and heartache has been dedicated to making SLADRT a 

robust and useful utility, the user inevitably will encounter previously unidentified prob­

lems with various input formats. Because the SLADRT interface allows for so many levels 

of input complexity, many potential areas of data incompatibility exist. Most of these 

problems center around the layer vs. level input architecture, and have been identified 

and treated whenever encountered. In the current version of SLADRT, gaseous absorption 

is handled only by the instrument/channel option (i.e., single wavelength computations, 

which would require the inclusion of a line-by-line gaseous absorber database, is not han­

dled), and operates exclusively in layer input format “2” mode (level absorber data). At 

its current status of robustness, SLADRT should be able to handle the needs of most ra­

diative transfer calculations. Due to the convoluted nature of SLADRT input interface to 

its radiative transfer black box, any modifications to this code may result in unpredictable 

results. It is strongly advised to maintain a back-up file directory and to check against 

benchmark runs throughout the revision process.
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Appendix B

ECMWF/LITE DATABASE

B.l Contents

This appendix contains a complete summary of ECMWF/LITE cloud profile compar­

isons for all 66 night-time LITE orbits. These data reveal details of model performance 

that are lost to the ensemble statistics plots. They also comprise a useful reference for 

future research which may seek to isolate a particular aspect of the model not addressed 

by the statistical analysis conducted in this research (e.g., forecast performance for clouds 

associated with a specific synoptic-scale situation or in the vicinity of a certain geogra­

phy/orography). When considering the many different cloud structures encountered in 

just a single LITE orbit, a case-by-case presentation of the fine-scale model forecast per­

formance at length was deemed both relevant to the scope of this research and worthwhile 

to interests beyond it.

B.2 Format

The data are shown both as qualitative comparisons plots of LITE observations 

against model forecasted cloud cover and statistical performance summaries for each orbit. 

Chapter 6 of this dissertation outlines the statistical approach adopted for the quantita­

tive comparisons. Presented there are the ensemble-orbit results based on these individual 

case data. The following is a brief review of the plotting format (applicable to all 66 LITE 

orbits).

B.2.1 Orbit and cloud cover qualitative comparisons

The first plot is composed of three panels. The upper left panel provides information 

about the STS-64 (LITE) orbit number, the date and time (universal), and the time-step
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(i.e., forecast length) of the model. Most forecasts for these comparisons were on the order 

of 24-hours (sufficient time for model spin-up and cloud development). The upper-right 

panel provides a graphical depiction of the orbit coverage with “Start” and “End” positions 

annotated. This is useful to quick-look browsing for cases that include ITCZ convection, 

for example. The lower plot presents the model cloud cover (top) corresponding (values 

between 0 for clear and unity for overcast) to the LITE observations (bottom). Here, 

the LITE data has been rebinned to the model resolution in both the horizontal and 

vertical, and a pseudo-cloud-fraction has been computed (see Chapter 6) which results 

in observed cloud fractions also ranging over (0,1). Statistics computed both with and 

without consideration of these pseudo-cloud-fractions are presented in this appendix. All 

surface returns have been filtered out from the LITE data (i.e., any colored pixel displayed 

corresponds to an observed cloud). Caveats associated with the LITE observations (e.g., 

pulse attenuation and pulse stretching) have not been removed from these plots, but have 

been filtered prior to computation of statistics.

B.2.2 Ensemble and spatially-partitioned statistics

The two bar-plots following the qualitative cloud cover comparisons present the statis­

tics computed according to Chapter 6 for the Hit Rate, Threat Score, Probability of De­

tection, and False Alarm Rate (each as an individual panel in these four-panel plots). As 

defined, all of these statistics vary between zero and one (as indicated on the abscissa. Each 

of the four panels is delineated into four horizontal sections to provide statistics for low 

(defined as 0-4 km), middle (4-8 km), high (above 8-km), and total column cloudiness. For 

each of these categories there are three horizontal bars demarcating the zonal-breakdown 

of statistics into categories of 1) total, 2) tropical (23.5S-23.5N Latitude), and 3) extra- 

tropical (the difference between 1 and 2) coverage. Finally, for each bar there are fight and 

shaded components corresponding to the statistics computed with and without consider­

ation of cloud fraction weighting, respectively For a given statistic, the smaller of the two 

values is over-plotted upon the larger such that it can be viewed. The weighting protocol 

does not alter the Probability of Detection statistics.
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The entire plot is produced twice to examine the statistical differences arising from 

allowing a  “window of acceptance” in the horizontal and vertical dimensions. The “±0 

Bin (H,V)n indicates that a one-to-one comparison at the resolution of the model was 

performed, while a “±1 Bin (H,V)” displays smoothed statistics computed by a  window 

of acceptance in both the vertical and horizontal of one bin/grid-box. The latter statistics 

were considered after noting visually that some comparisons possessed forecasted cloud 

structures very sim ilar to observations but offset slightly in space (such that the one-to- 

one statistical analysis produced very poor scores belying the apparently strong spatial 

coherence of the fields). For a fair comparison, both sets of statistics are shown for each 

case. The unweighted, no-window results may be regarded as a “glass is half-empty” 

presentation, while the weighted, ±1 Bin (H,V) assumes the “half-full” counterpart. The 

true model performance resides somewhere between these extremes.
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CASE: LITE Orbit 005
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Figure B .l: LITE Orbit 005 Cloud Cover Comparison.
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Figure B.2: LITE Orbit 005 Cloud Cover Statistics.
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CASE: LITE Orbit 006
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Figure B.3: LITE Orbit 006 Cloud Cover Comparison.
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Figure B.4: LITE Orbit 006 Cloud Cover Statistics.
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Figure B.5: LITE Orbit 013 Cloud Cover Comparison.
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Figure B.6: LITE Orbit 013 Cloud Cover Statistics.
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CASE: LITE Orbit 014
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Figure B.7: LITE Orbit 014 Cloud Cover Comparison.
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Figure B.8: LITE Orbit 014 Cloud Cover Statistics.
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CASE: LITE Orbit 015
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Figure B.9: LITE Orbit 015 Cloud Cover Comparison.
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Figure B.10: LITE Orbit 015 Cloud Cover Statistics.
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CASE: LITE Orbit 022
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Figure B .ll: LITE Orbit 022 Cloud Cover Comparison.
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Figure B.12: LITE Orbit 022 Cloud Cover Statistics.
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Figure B.13: LITE Orbit 023 Cloud Cover Comparison.
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Figure B.14: LITB Orbit 023 Cloud Cover Statistics.
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Figure B.15: LITE Orbit 024 Cloud Cover Comparison.
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Figure B.16: LITE Orbit 024 Cloud Cover Statistics.
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Figure B.17: LITE Orbit 027 Cloud Cover Comparison.
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Figure B.18: LITE Orbit 027 Cloud Cover Statistics.
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Figure B.19: LITE Orbit 032 Cloud Cover Comparison.
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Figure B.20: LITE Orbit 032 Cloud Cover Statistics.
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Figure B.21: LITE Orbit 033 Cloud Cover Comparison.
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Figure B.22: LITE Orbit 033 Cloud Cover Statistics.
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Figure B.23: LITE Orbit 034 Cloud Cover Comparison.
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Figure B.25: LITE Orbit 035 Cloud Cover Comparison.
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Figure B.26: LITE Orbit 035 Cloud Cover Statistics.
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Figure B.27: LITE Orbit 040 Cloud Cover Comparison.
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Figure B.29: LITE Orbit 045 Cloud Cover Comparison.
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Figure B.31: LITE Orbit 046 Cloud Cover Comparison.
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Figure B.32: LITE Orbit 046 Cloud Cover Statistics.

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



337

CASE: LITE Orbit 047 

DATE: 0 9 /1 2 /1 9 9 4  

TIME: 1 9 .0 -2 0 .5  Z 

FORECAST: 2 0 -H o u r

-JO.

L. ECMWF: Moaei Forecast 0.0 0.1 0.2 OJ 0.4 0.5 0.6 0.7 0.B 0.9 1.0 

Moaei ClouO Fraction

LITE: ECMWF Resolution 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

2 -0  Slice Cloua Fraction

-J

3.448 N 
64.73 W 
19.0

54.51 N 
7.411 W 
19.3

22.98 N 
88-26 Z 
19.7

30.506 S 
122.44 Z 
19.9

52.725 S 
143.49 W 
20.2

0.4787 S 
89.74 W 
20.5

Figure B.33: LITE Orbit 047 Cloud Cover Comparison.
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Figure B.34: LITE Orbit 047 Cloud Cover Statistics.
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Figure B.35: LITE Orbit 048 Cloud Cover Comparison.
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Figure B.36: LITE Orbit 048 Cloud Cover Statistics.
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Figure B.37: LITE Orbit 050 Cloud Cover Comparison.
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Figure B.38: LITE Orbit 050 Cloud Cover Statistics.
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Figure B.39: LITE Orbit 053 Cloud Cover Comparison.
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Figure B.40: LITE Orbit 053 Cloud Cover Statistics.
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Figure B.41: LITE Orbit 054 Cloud Cover Comparison.
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Figure B.42: LITE Orbit 054 Cloud Cover Statistics.
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Figure B.43: LITE Orbit 055 Cloud Cover Comparison.
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Figure B.44: LITE Orbit 055 Cloud Cover Statistics.
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CASE: LITE Orbit 060
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Figure B.45: LITE Orbit 060 Cloud Cover Comparison.
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Figure B.46: LITE Orbit 060 Cloud Cover Statistics.
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Figure B.47: LITE Orbit 066 Cloud Cover Comparison.
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Figure B.48: LITE Orbit 066 Cloud Cover Statistics.
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Figure B.49: LITE Orbit 071 Cloud Cover Comparison.
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Figure B.50: LITE Orbit 071 Cloud Cover Statistics.
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Figure B.51: LITE Orbit 072 Cloud Cover Comparison.
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Figure B.53: LITE Orbit 073 Cloud Cover Comparison.
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Figure B.54: LITE Orbit 073 Cloud Cover Statistics.
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Figure B.55: LITE Orbit 074 Cloud Cover Comparison.
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Figure B.56: LITE Orbit 074 Cloud Cover Statistics.
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Figure B.57: LITE Orbit 075 Cloud Cover Comparison.
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Figure B.58: LITE Orbit 075 Cloud Cover Statistics.
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Figure B.59: LITE Orbit 078 Cloud Cover Comparison.
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Figure B.60: LITE Orbit 078 Cloud Cover Statistics.
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Figure B.61: LITE Orbit 079 Cloud Cover Comparison.
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Figure B.62: LITE Orbit 079 Cloud Cover Statistics.
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Figure B.63: LITE Orbit 080 Cloud Cover Comparison.
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Figure B.64: LITE Orbit 080 Cloud Cover Statistics.
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Figure B.65: LITE Orbit 081 Cloud Cover Comparison.
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Figure B.66: LITE Orbit 081 Cloud Cover Statistics.
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Figure B.67: LITE Orbit 082 Cloud Cover Comparison.
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Figure B.68: LITE Orbit 082 Cloud Cover Statistics.
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Figure B.69: LITE Orbit 083 Cloud Cover Comparison.
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Figure B.70: LITE Orbit 083 Cloud Cover Statistics.
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Figure B.71: LITE Orbit 084 Cloud Cover Comparison.
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Figure B.72: LITE Orbit 084 Cloud Cover Statistics.
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Figure B.73: LITE Orbit 085 Cloud Cover Comparison.
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Figure B.74: LITE Orbit 085 Cloud Cover Statistics.
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Figure B.75: LITE Orbit 087 Cloud Cover Comparison.
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Figure B.76: LITE Orbit 087 Cloud Cover Statistics.
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Figure B.77: LITE Orbit 103 Cloud Cover Comparison.
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Figure B.78: LITE Orbit 103 Cloud Cover Statistics.
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CASE: LITE Orbit 104
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Figure B.79: LITE Orbit 104 Cloud Cover Comparison.
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Figure B.80: LITE Orbit 104 Cloud Cover Statistics.
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Figure B.81: LITE Orbit 105 Cloud Cover Comparison.
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Figure B.82: LITE Orbit 105 Cloud Cover Statistics.
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CASE: LITE Orbit 113
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Figure B.83: LITE Orbit 113 Cloud Cover Comparison.
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Figure B.84: LITE Orbit 113 Cloud Cover Statistics.
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Figure B.85: LITE Orbit 115 Cloud Cover Comparison.
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Figure B.86: LITE Orbit 115 Cloud Cover Statistics.
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Figure B.87: LITE Orbit 116 Cloud Cover Comparison.

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



392

►/- o at« (M,v) Hit Rote ■ Threot Score

TOTALTOTAL

0.0 0.2 0.4 0 .6 0 .8  1.0 0 .0  0 .2 0.4 0 .6  0.8 <0

ProboOility of D e te c tio n  F o lse  A lorm  R a te

total,

0.0 0.2 0.4 0.6 0 .8  1.0 0.0 0.2 0.4 0 .6  0 .8  1.0

. / -  t kb (m,v) Hit R o te  ■ ub^ m m *0 T h rea t S c o re

total total

0.0  0.2 0.4 0 .6  0 .8  t.O 0 .0  0 .2  0.4 0 .6  0 .8 t.Q

P robab ility  o f D e te c tio n  F o lse  A larm  R o te

total total

0.0 0.2 0 .4  0 .6 0 .8  t.O 0 .0  0 .2  0.4 0 .6  0 .8  t.O

Figure B.88: LITE Orbit 116 Cloud Cover Statistics.
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Figure B.89: LITE Orbit 118 Cloud Cover Comparison.
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Figure B.90: LITE Orbit 118 Cloud Cover Statistics.
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Figure B.91: LITE O rbit 119 Cloud Cover Comparison.

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



396

Threot Score

TOTAL! TOTAL I

Probability of Oetection Poise Alarm Rote

TOTALtotal;

Threat Score

total

Probability of Detection Folse Alorm Rote

total TOTAL

Figure B.92: LITE O rbit 119 Cloud Cover Statistics.
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Figure B.93: LITE O rbit 122 Cloud Cover Comparison.
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Figure B.94: LITE O rbit 122 Cloud Cover Statistics.
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Figure B.95: LITE O rbit 123 Cloud Cover Comparison.
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Figure B.96: LITE O rbit 123 Cloud Cover Statistics.
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Figure B.97: LITE O rbit 124 Cloud Cover Comparison.
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Figure B.98: LITE Orbit 124 Cloud Cover Statistics.
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Figure B.99: LITE O rbit 125 Cloud Cover Comparison.
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Figure B.100: LITE O rbit 125 Cloud Cover Statistics.
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Figure B.101: LITE Orbit 127 Cloud Cover Comparison.
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Figure B.102: LITE O rbit 127 Cloud Cover Statistics.
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Figure B.103: LITE O rbit 128 Cloud Cover Comparison.
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Figure B.105: LITE O rbit 129 Cloud Cover Comparison.
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Figure B.106: LITE Orbit 129 Cloud Cover Statistics.
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Figure B.107: LITE O rbit 131 Cloud Cover Comparison.
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Figure B.109: LITE Orbit 134 Cloud Cover Comparison.
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Figure B.110: LITE O rbit 134 Cloud Cover Statistics.
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Figure B.112: LITE O rbit 135 Cloud Cover Statistics.
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Figure B.113: LITE O rbit 136 Cloud Cover Comparison.
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Figure B.114: LITE Orbit 136 Cloud Cover Statistics.

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



419

CASE: LITE Orbit 137

DATE: 0 9 /1 7 /1 9 9 4

TIME: 9 .8 2 -1 0 .3  Z

FORECAST: 2 2 -H o u r

■30.. :ff:, . . 3 0 . r 7 a ) . . ' . ^ ^ v t5fl ..'8

-30..

25

20 L. ECMWF: Model F o rec a s t
in 2
<  .

I
EJt

5 -

» 10

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Uoaei Cloud Fraction

, I fcT-* y  -P * . »■ f r i ih

a io

5  5

lAT 43.33 H 
ION 177.89 W 

TIME (Z) 9.829

" LITE: ECMWF R esolution

P
0.0 0.1 0.2 0 3  0.4 0 3  0.6 0.7 a S  0.9 1.0 

2 - 0  Slice Cloud Fraction

I i
25.2S N 
189.48 W 
9.929

4.951 N 
146.49 W 
10.0

15312 S 
134.50 W 
10.1

43.067 S 
110.09 W 
10.2

50.973 S 
95.46 W
tO J

Figure B.115: LITE O rbit 137 Cloud Cover Comparison.
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Figure B.116: LITE Orbit 137 Cloud Cover Statistics.
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Figure B.117: LITE O rbit 141 Cloud Cover Comparison.
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Figure B.119: LITE O rbit 145 Cloud Cover Comparison.
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Figure B.120: LITE Orbit 145 Cloud Cover Statistics.
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Figure B.121: LITE Orbit 146 Cloud Cover Comparison.
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Figure B.122: LITE Orbit 146 Cloud Cover Statistics.
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Figure B.123: LITE Orbit 147 Cloud Cover Comparison.
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Figure B.124: LITE Orbit 147 Cloud Cover Statistics.
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Figure B.125: LITE Orbit 148 Cloud Cover Comparison.
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Figure B.126: LITE Orbit 148 Cloud Cover Statistics.
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Figure B.127: LITE Orbit 149 Cloud Cover Comparison.
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Figure B.128: LITE Orbit 149 Cloud Cover Statistics.
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Figure B.129: LITE Orbit 150 Cloud Cover Comparison.
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Figure B.130: LITE Orbit 150 Cloud Cover Statistics.
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Appendix C 

NOMENCLATURE AND ACRONYMS

•  ACR: Airborne Cloud Radar

• Adding Method: Combining atmospheric layers having different optical properties

• A priori Matrix (A): Retrieval matrix describing the retrieval dependence on the 

a priori estimate of x

•  ARM: Atmospheric Radiation Measurement program

• Asymmetry Parameter (g): Expected value of the scattering phase function

• ARM-SWIOP: ARM Shortwave IOP

• ARESE: ARM Enhanced Shortwave Experiment

•  ATBD: Algorithm Theoretical Basis Document

• AVHRR: Advanced Very High Resolution Radiometer

•  Azimuthal Asymmetry: Describing the variation of a  radiation field with respect 

to azimuth

•  Blackbody: Hypothetical body that absorbs and emits perfectly (e  =  1.0) at all 

wavelengths.

•  Brightness Temperature (T b): Observed temperature of an emissive scene de­

scribed in terms of the equivalent temperature of a blackbody emitter

•  Broadband: Describing a spectrally integrated quantity (either across the entire 

spectrum or as specified across an arbitrary spectral bandwidth)
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• BTD: Brightness Temperature Difference (either between two channels for a single 

scene, or the same channel at two different times)

•  CART: Cloud and Radiation Test-bed (ARM)

•  CAVEX: CloudSat Antecedent Validation Experiment

•  CDL: Cloud Detection Lidar

•  CERES: Clouds and the Earth’s Radiant Energy System

• CFAD: Cumulative Frequency in Altitude Diagram

• CIRA: Cooperative Institute for Research of the Atmosphere

• CK: Correlated-K distribution (technique for handling gaseous absorption across a 

spectral band interval)

•  CLEX: Complex Layered cloud Experiment

• CloudSat: Satellite carrying first civilian W-band cloud radar in space. To be 

launched in 2003.

•  CONUS: Referring to a sector of satellite imagery covering the CONtinental United 

States

•  CPR: Cloud Profiling Radar (millimetric)

•  CRF: Cloud Radiative Forcing (defined for the shortwave and longwave as the 

difference between clearsky and all-sky TOA broadband fluxes)

•  CSU: Colorado State University

•  DAAC: Distributed Active Archive Center

•  DAO: Data Assimilation Office

•  DDH: Diagnostiques des Domaines Horizontaux (Diagnostics for horizontal do­

mains, which can be points or areas)
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•  DMSP: Defense Meteorological Satellite Program

•  DoD: Department of Defense

•  DoE: Department of Energy

• Doubling Method: Combining atmospheric layers having identical optical prop­

erties

• Effective Radius: Ratio of the third moment (volume) to the second (area) mo­

ment of the cloud droplet size distribution (a proxy for the effective particle size of 

the distribution)

• Emissivity (e): Spectral quantity describing the level to which a material behaves 

as a blackbody (0-1)

• ECMWF: European Centre for Medium-range Weather Forecasts

• EOS: Earth Observing System

• ERBE: Earth Radiation Budget Experiment

•  ERBS: Earth Radiation Budget Satellite

•  ESSP: Earth System Science Pathfinder project

•  Estimation Problem: Technique of determining the optimal solution yielding best 

agreement between observations and model

•  Extinction: Describing the removal of energy along a path due to the processes of 

absorption or scattering.

•  Extinction Coefficient (<7ext): A measure of extinction strength per unit distance

•  FIRE: First ISCCP Regional Experiment

•  Forward Model: Numerical representation of the physical environment

•  GCM: General Circulation Model
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• GEO: Referring to geostationary satellite orbits

• GEOS: Goddard Earth Observing System

• GOES: Geostationary Observational Environmental Satellite

•  GSFC: Goddard Space Flight Center (NASA)

•  IDL: Interactive Data Language

• IFS: Integrated Forecasting System

• IOP: Intensive Observing Period

• Interaction Principle: Describing the boundary incident and exitant radiance 

fields accounting for multiple scattering

• Inversion Problem: Generation of virtual measurements of a system using an 

appropriate forward (radiative transfer) model

• IR: Referring to the infrared (roughly 3.0- to 14-/im) portion of the optical spectrum

• ISCCP: International Satellite Cloud Climatology Project

•  ITCZ: Inter-Tropical Convergence Zone

• Kernel Matrix (K): Describing the sensitivity of the forward model to perturba­

tions of the parameters being retrieved

•  IWC: Ice Water Content (kg/m3)

• IWP: Ice Water Path (kg/m2) (the ice water content integrated through the depth 

of the cloud)

•  JPL: Jet Propulsion Laboratory (NASA)

•  LaRC: NASA Langley Research Center

• LANL: Los Alamos National Laboratory
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• LEO: Referring to Low-Earth-Orbit satellite orbits

• LaR C : Langley Research Center (NASA)

• L idar: Light detection and ranging

•  LITE: Lidar In-space Technology Experiment

• LWC: Liquid Water Content (kg/m3)

• LWP: Liquid Water Path (kg/m2) (the liquid water content integrated through the 

depth of the cloud)

• MAS: MODIS Airborne Simulator

• MCC: Mesoscale Convective Complex

• MCSE: Monterey Coastal Stratus Experiment

• MDS: Minimum Detectable Signal

•  MODIS: Moderate-Resolution Imaging Spectroradiometer

• M onochrom atic: At a single wavelength.

• M on te  Carlo: A stochastic solution to the radiative transfer equation involving 

the physical tracing of photons through a medium

• MS: Multiple Scattering

• NASA: National Aeronautics and Space Administration

•  NESDIS: National Environmental Satellite Data, and Information Service (NOAA)

• NIR: Near Infrared, defined here as 0.7- to 4.0-/im

•  NOAA: National Oceanic and Atmospheric Administration

•  NWP: Numerical Weather Prediction

•  Optical Depth (r): Integrated extinction along a vertical path
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•  Optical Thickness: Integrated extinction along an arbitrary path

•  OSE: Office of Earth Science

•  PACRIM: The Pacific Rim Experiment (CLEX-2)

•  PBL: Planetary Boundary Layer (interface between the Earth’s surface and the free 

atmosphere)

•  PDF: Probability Density Function

•  PICASSO-CENA: Pathfinder Instruments for Cloud and Aerosol Spacebourne 

Observations/Climatologie Etendue des Nuages et des Aerosols

•  Phase: Referring to water at various states of molecular excitement (ice, liquid, or 

vapor) dependent upon temperature and pressure according to the Clausius Clapey- 

ron equation

•  Phase Function (P(@)): Describing the scattering behavior of radiation incident 

upon a cloud droplet distribution.

•  Plane Parallel: Describing a medium represented as an infinite slab whose optical 

properties are horizontally-homogeneous.

•  Radar: Radio Detection and Ranging

•  Radiometry: Radiation+Geometry, the art of measuring radiation in terms of 

directional intensity and flux normal to a plane

•  Rayleigh Scatter: Describing scatter of solar radiation by the molecular atmo­

sphere (primarily applicable to A < 1.0/im)

•  Ray-tracing: The method of ascertaining scattering properties of complex particle 

morphologies via Monte Carlo methods

• RTE: Radiative Transfer Equation

•  SAR: Synthetic Aperture Radar
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•  Scattering Angle (0 ) : Angle formed between the incident and scattered directions 

of a  photon trajectory.

•  SERCAA: Support of Environmental Requirements for Cloud Analysis and Archive 

(cirrus detection algorithm)

• SGP: Southern Great Plains (ARM)

•  Single Scatter Albedo (w0): Probability of extinction due to scattering

•  SLADRT: Shortwave/Longwave Adding/Doubling Radiative Transfer code

• SNL: Sandia National Laboratory

• SNR: Signal to Noise Ratio

• Spatial: Referring to the domain of physical space

• Spectral: Referring to a wavelength-dependent quantity

•  Solid Angle (fi): Measured in steradians, corresponding to the surface area of an 

opening on the unit sphere

•  Solar Zenith Angle (/*<>): Angle formed between solar direct beam and the local 

vertical

•  SSFR: Solar Spectral Flux Radiometer

•  SSP: Scanning Spectral Polarimeter

•  Streams: Defining specific ray directions in discrete-ordinate radiation transfer

•  SUCCESS: Subsonic Aircraft and Cloud Effects Special Study

•  TDDR: Total/Direct/Diffuse Radiometer

•  Temporal: Referring to the time domain

•  TOA: Top Of Atmosphere
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•  TRMM: Tropical Rainfall Measuring Mission

•  TWP: Tropical Western Pacific

• UAV: Unmanned Aerospace Vehicle (ARM)

• UMass: University of Massachusetts

• VAS: VISSR Atmospheric Sounder

• Virtual Measurement: Output of the forward model for a specified input state 

vector

•  Virtual Source: A source of radiation owing to scattering into the the direction of 

interest

•  VIS: Referring to the visible portion of the spectrum (0.4- to 0.7-/zm)

•  V ISSR: Visible and Infrared Spin-Scan Radiometer

•  Wavelength (A): Periodic distance of an electromagnetic wave

•  Wavenumber (t/): Number of periods of an electromagnetic wave found within a 

specified distance (conventionally, 1 centimeter)

•  WCRP: World Climate Research Program

•  Window: Referring to a  spectral bandwidth where the atmospheric constituents 

are relatively transparent to radiation

•  WMO: World Meteorological Organization
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