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ABSTRACT 

 

 

 

 

The plane-parallel hypothesis (PPH) used to approximate clouds in global climate models 

neglects the 3-D effects of clouds. Such effects can contribute as much as 20 Wm
-2

 to the 

downward longwave flux at the surface.  Several investigators have proposed accounting for 

longwave 3-D cloud effects by using information on the Probability of Clear Line of Sight 

(PCLoS) to modify the PPH approximation.  This study investigates the PCLoS at the 

Atmosphere Radiation Measurement (ARM) Program’s Tropical Western Pacific (TWP) 

site and its dependence on cloud properties.  PCLoS is determined for single-layer cumulus 

events over 2-hour intervals using Whole Sky Imager (WSI) data at the Nauru and Manus 

sites simultaneous to numerous observations of the location of cloud boundaries and the 

downward longwave flux.  The WSI PCLoS is compared to calculations from a set of 

PCLoS models using measured cloud field statistics as input (e.g., cloud fraction and aspect 

ratio).  A PCLoS climatology is also prepared for the observation periods at both sites, and 

the results are used to investigate the spatial variability of the PCLoS and effects on the 

downward longwave flux at the surface. Comparisons to similar data obtained at the ARM 

Southern Great Plains site will also be made. 
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CHAPTER 1 

INTRODUCTION 

 

1.1  Background and Previous Research 

 At any point in time clouds may cover more than 50% of the globe.  Their large 

spatial coverage and their significant radiative properties require that the statistical 

radiation effects of these clouds be identified for accurate climate analysis.  It has been 

known for several decades that one of the largest uncertainties in climate prediction is 

associated with the specification of statistical cloud radiative effects and radiative 

properties (Stokes and Schwartz 1994; Wielicki et al 1995).  That is, misrepresenting 

cloud properties may lead to errors in the radiative forcing (Cess et al. 1990).  Therefore, 

improving the treatment of clouds in GCMs is a necessary step for improving the 

accuracy of climate simulations.   

 In the earth radiation budget, the role of clouds may be broken down into two 

categories: solar and terrestrial.  Clouds act largely to reflect a fraction of the incoming 

solar radiation to space, increasing the earth albedo and cooling the system.  Conversely, 

clouds trap outgoing terrestrial radiation, warming the system.  The Earth Radiation 

Budget Experiment (ERBE) suggests that the global net forcing at the surface due to 

clouds is -13 Wm
-2 

(Ramanathan et al. 1989).  Note that an error in radiative forcing on 

the order of +10 Wm
-2

 at the ocean surface, if left unchecked by feedback mechanisms, 

could raise the sea-surface temperature 1
o
C in one year, assuming a 75 m deep ocean 

mixed layer (National Academy of Sciences 1982).  Therefore, cloud radiative forcing 

must be accurately quantified to a precision of a few Wm
-2

 to reduce uncertainties in 

climate prediction due to clouds. 

Currently, most GCMs estimate cloud effects on the upward and downward fluxes 

using a cloud amount weighted average of the overcast and clear sky fluxes, given as 

F
"#
= NF

cloud

"#
+ (1$ N)F

clear

"# .    (1.1) 

The absolute cloud fraction N is defined as fractional area of the vertical projection of 

clouds onto a normal surface.  F
cloud

"#  and F
clear

"#  refer to the fluxes from overcast and clear 

skies, respectively.  These quantities are generally calculated using a one-dimensional 
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radiative transfer model considering both the atmosphere and cloud layer to have 

horizontally homogeneous optical properties.  However, we know these assumptions to 

be unrealistic  (Ellingson 1982; Harshvardhan and Weinman 1982; Killen and Ellingson 

1994; Han and Ellingson 1999). 

Realistic cloud fields are dynamic, varying in space and time.  Individual clouds 

within the same field will have different optical, microphysical, thermodynamic, and 

morphological properties.  Plank (1969) investigated the size distributions of cumulus 

cloud fields over Florida using aerial photographs.  The study suggests that the number 

density of cumulus clouds decreases nearly exponentially with increasing cloud size.  The 

frequency distributions of height, horizontal size, and duration were investigated by 

Lopez (1977) and were suggested to follow a lognormal distribution.  Many investigators 

have studied the spacing between clouds, with at least one study finding that the spacing 

between clouds is linearly dependent on the effective radius of the clouds (Joseph and 

Cahalan 1990).  Lovejoy (1982) uncovered the fractal nature of realistic clouds.  The 

fractal nature of clouds is evident when viewing a cloud field as one entity. 

Clouds are three-dimensional, finite in size, and these characteristics lead to 

effects on the radiation field that are different from so-called flat plate clouds.  Ellingson 

(1982), following Avaste et al. (1974), modeled clouds as right-circular Poisson 

distributed cylinders, and showed that such clouds result in 1-4% more downward 

longwave irradiance (flux) at the surface and up to 8% less outgoing longwave radiation 

at the top of the atmosphere when cloud dimensions are considered.  Heidinger and Cox 

(1996) found an average longwave cloud forcing at the surface of 30 Wm
-2

 during the 

Atlantic Stratocumulus Transition Experiment (ASTEX).  They suggest that about one-

third of the cloud forcing can be attributed to finite cloud effects, i.e. emission from cloud 

sides.  The radiative forcing associated with the finite nature of clouds may be large 

enough to be climatologically significant (Harshvardhan and Wienman 1982; Heidinger 

and Cox 1996; Han and Ellingson 1999), however such effects are not accounted for in 

climate models. 

To model the effects of broken cloudiness, it is important to know something 

about the gross shape and spatial distribution of the clouds (Killen and Ellingson 1994). 

Harshvardhan and Weinman (1982) state that simple area weighting of overcast and 
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clear-sky radiance for broken-cloud field radiative simulations is highly erroneous when 

the aspect ratio of cloud elements is approximately 1.0 or larger, where the aspect ratio 

refers to the ratio of cloud thickness to cloud chord length.  A suggested addendum to Eq 

(1.1) is the use of an effective cloud fraction Ne in place of N (Ellingson 1982; 

Harshvardhan and Weinman 1982; Naber and Weinman 1984; Killen and Ellingson 

1994; Han and Ellingson 1999).  Ne is the flat plate absolute cloud fraction that generates 

the same flux as a given broken cloud field after accounting for all three-dimensional 

radiative effects.  For spectrally black clouds, the departures of Ne from N become most 

significant in the range of cloud fractions from 0.2 to 0.8 (Harshvandhan and Weinman 

1982; Killen and Ellingson 1994; Han and Ellingson 1999).  An advantage of using Ne to 

account for three-dimensional cloud effects is the simplicity.  Explicitly modeling three-

dimensional cloud effects requires techniques such as Monte Carlo simulations, which 

consume too much computer time to be useful in GCMs.   

The probability of clear line of sight (PCLoS) is a major component of Ne 

(Ellingson 1982; Harshvandhan and Weinman 1982).  Similar to the fractal view of 

clouds, the PCLoS is a property of a cloud field viewing a cloud field as a single entity.  

PCLoS is defined as the probability that a line of sight can pass through a cloud field 

without intersecting a cloud.  This quantity can be used to describe the three-dimensional 

properties of a cloud field.  For a given random cloud field PCLoS is a decreasing 

function of zenith angle.  The rate of the decrease is dependent upon the bulk geometry of 

the cloud field.  Clouds with large aspect ratios will cause the PCLoS to decrease more 

quickly than flatter clouds. 

Quantities related to PCLoS such as cloud-free line of sight (CFLoS), cloud-free 

field of view (CFFoV), and cloudy line of sight (CLoS) have been defined by Lund 

(1965; 1966), Lund and Shanklin (1972; 1973), and Lund and Grantham (1980).  

Sunshine data and weather observer cloud fraction were used as the first attempt to 

quantify these PCLoS related quantities.  The initial utility was in the evaluation of 

optical and infrared communication systems.  The first studies performed by Lund (1965; 

1966) determine climatological CFLoS and provided an empirical relationship.  

However, the climatological values do not provide information about 3D characteristics 
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of individual cloud fields.  More recent studies show the utility of PCLoS in describing 

the three-dimensional characteristics of a individual cloud fields. 

Analytic solutions were devised to model the PCLoS of individual cloud fields by 

assuming different cloud shapes and spatial distributions.  The first attempt to model the 

PCLoS of a cloud field was by Kauth and Penquite (1967) who derived an analytic model 

of PCLoS using randomly placed ellipsoidal clouds.  In addition, they provided an 

expression for semi-ellipsoidal clouds with flat bases as an approximation to real clouds.  

Ellingson (1982) derived a similar expression for the PCLoS modeling clouds as Poisson 

distributed right cylinders.  PCLoS models have also been derived for regularly 

distributed (Harshvandhan and Weinman 1982) and shifted regularly distributed cubiodal 

clouds (Naber and Weinman 1984).  The PCLoS for cloud fields that have a preferred 

regular distribution, i.e. cloud streets, is not necessarily a monotonically decreasing 

function of zenith angle.  Other models have been developed that prescribe the spatial 

distribution using a power law, Weibull, or exponential distribution (Killen and Ellingson 

1994; Han and Ellingson 1999; Ma 2004).   

Until recently, these models had not been tested using observational data.  Han 

and Ellingson (1999; 2000) were the first to test these models using data collected at the 

Atmospheric Radiation Measurement (ARM) Program Climate Research Facility 

(ACRF) in the Southern Great Plains (SGP) of the United States.  Han and Ellingson 

(1999) suggest that the cloud bulk geometrical shape, aspect ratio, size distribution, and 

side inclination angle are the primary factors affecting Ne, and the cloud spatial 

distribution was shown to be less significant.  Also, in the cloud fraction range between 

0.2 and 0.8, the range of greatest model sensitivity, Han and Ellingson (1999) show 

significant intermodel differences.   

Ma (2004) inferred cloud field properties from the instrumentation at the ACRF 

SGP.  Also, he used these cloud field statistics to test various PCLoS models using 

procedures similar to Han and Ellingson (2000).  Ma (2004) found that most models 

agree with observations of PCLoS within ±0.2 for zenith angles from 10
o
 to 80

o
.  Also, he 

found that models assuming a Poisson distribution for clouds performed better than those 

that explicitly define cloud spacing. 
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1.2  Study Objectives 

This study is related to the previous work of Han and Ellingson (1999; 2000) and 

Ma (2004).  The goal of this study is to investigate broken cloudiness in the tropics, in 

order to improve the parameterization of three-dimensional longwave radiative transfer 

through broken cloud fields in climate models.  We will quantify the single-layer 

cumulus cloud field statistics over the ARM Tropical Western Pacific (TWP) locale at 

two sites:  Manus Island (2.006° S and 147.425° E) and Nauru Island (0.521° S and 

166.916° E).  The instrumentation available at the ARM TWP sites is fixed at the ground.  

In order to extract the cloud field statistics over the two Island sites, the desired spatially 

averaged quantities, i.e. absolute cloud fraction, must be measured using a time series of 

observations.  This method relies on the mean wind to advect the cloud field over the 

sites, assuming frozen turbulence.  The frozen turbulence approximation assumes that the 

statistical properties of the cloud field do not change as the clouds are advected with the 

mean wind.  Ma (2004) developed and tested a cloud sampling strategy for this technique 

using simulations from a cloud resolving model.  For measuring N, Ma (2004) showed 

that a critical distance exists where two observations would become statistically 

independent and by using this he specified an effective number of observations.  The 

sampling technique is described in Chapter 3.  

The cloud field statistics will be used to test the PCLoS models over the TWP.  A 

discussion and derivation of PCLoS models that assume Poisson distributed cloud is 

presented in Chapter 2.  The PCLoS for these cloud fields will be measured using the 

Whole Sky Imager (WSI).  The WSI provides a hemispheric snapshot of radiances 

approximately once every ten minutes.  Using the radiance values, a cloud detection array 

can be derived.  Using the cloud detection array and integrating around rings of equal 

zenith angle, the PCLoS can be calculated.  The observed PCLoS will be compared with 

PCLoS model calculations for Poisson distributed clouds with different shapes: right 

cylinder, isosceles trapezoid, ellipsoid, semi-ellipse, and hemisphere.  These models are 

considered for two reasons: (1) Ma (2004) found that these models perform better than 

models that explicitly define the cloud spacing distribution and (2) these models are 

simple, because they require a maximum of two input parameters, absolute cloud fraction 
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and aspect ratio.  Also, this study will provide an empirical function for the observed 

PCLoS at the two sites. 

Observed and modeled PCLoS values will be used in Chapter 4 to calculate Ne for 

each case.  This quantity will be tested with Ne values calculated using pyrgeometer 

fluxes following an approach also discussed in Chapter 4.  Also using this data, we will 

quantify the finite cloud effects over the TWP and provide a relationship between N and 

Ne.  A summary and the conclusions of this study are given in Chapter 5. 
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CHAPTER 2 

PCLoS MODELS 

 

 The PCLoS is the probability that a line of sight will penetrate a cloud field without 

intersecting a cloud.  Three methods have been used to model the PCLoS:  (1) by 

specifying 1-N(θ), (2) by tracing a line of sight, and (3) by counting the fractional number 

of cloud pairs separated by a critical distance (Han and Ellingson 1999).  Here, N(θ) 

refers to the absolute cloud fraction as a function of zenith angle.  All of these methods 

consider the PCLoS to be azimuthally independent.  The first method may be applied in 

several ways using different cloud field descriptions, including specifying the cloud size 

and spacing probability density functions, assuming arbitrary cloud size and random 

spatial distribution, or regularly arranging clouds.  Method two uses specified 

distributions of the cloud size and the distance between a given beam of light and the 

nearest cloud at cloud base level.  The third method uses specified distributions of the 

cloud spacing measured as the distance between two neighboring cloud centers, and the 

cloud size defined as the largest radius of either cloud top or cloud bottom.  The 

following discussion will concentrate on method (1) because of its relevance to modeling 

clouds as Poisson distributed shapes. 

 Consider a cloud field in the x-z plane that consists of alternating clear and cloudy 

sky areas.  This cloud field can be described as containing a series of cloud elements.  

From Ma (2004), a cloud element, Fig. 2.1, is defined as a cloud and the associated clear 

area to the left of the cloud extending to the neighboring cloud edge. 

 Since a cloud element consists of only cloudy and clear sky, the respective lengths 

of each can be used to define the cloud fraction by considering a large number of cloud 

elements.  Using this description of a cloud field, the PCLoS can be defined as 

     P(") = (1# N)
s

c
(")

s 
,       (2.1) 

 



 8 

 

Fig 2.1. Illustrates the vertical cross section of an example cloud field.  A cloud element 

is described as a cloud and the clear space to the left of the cloud (Ma 2004). 

 

from Ma (2004).  In Eq (2.1) s
c
( ) refers to the average clear space of a sample of cloud 

elements considering a line of sight at angle θ, and s is the average clear space when θ=0.  

N refers again to the absolute cloud fraction, as in (1.1).  Therefore, a vertical line of sight 

will result in P(0) equal to (1-N).  The value of s
c
(") for a given cloud element and line 

of sight is dependent upon the view angle and the lengths of the cloudy and clear 

segments.  The mean of sc is given by applying the mathematical expectation 

    s
c
(") = s

c
(",s,h) p(s,h)dsdh##      (2.2) 

where p(s,h)dsdh is the joint probability density function, with s representing the cloud 

spacing and h representing the cloud height.  Further, by assuming that the random 

variables s and h are independent and considering h=βD following from Plank (1969), 

s
c
(") may be rewritten as Eq (2.3).  Here, β  represents the cloud aspect ratio. 

    sc (") = sc (",s,D) p(s)p(D)dsdD##     (2.3) 

 The cloud diameter D is D =h/β, and is used here to describe the cloud size.  The 

transformation to D is useful because cloud diameter is a simple quantity to measure 

using ARM instrumentation.  By substituting Eq (2.3) into Eq (2.1), a general formula for 

the PCLoS of a 2D cloud field, Eq (2.4). 

    P(") = (1# N)
1

s 
sc (",s,D) p(s)p(D)dsdD$$    (2.4) 

 This derivation for the PCLoS follows from the work of Ma (2004), and illustrates 

that the PCLoS is dependent upon the assumed size and spatial distribution of the clouds.  
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Any statistical distribution can be assumed for both p(s) and p(D).  A number of different 

cloud spatial and size distributions are suggested in the literature by many researchers 

(Plank 1969, Lopez 1977; Joseph and Cahalan 1990; Han and Ellingson 1999).  Ma 

(2004) presents analytic solutions for the PCLoS assuming other size and spatial 

distributions, such as the exponential, Weibull, and Power Law distributions.  This study 

investigates PCLoS models that assume Poisson distributed clouds.  This model type is 

selected for its simplicity.  Kauth and Penquite (1967) derive an analytic solution 

considering Poisson distributed clouds discussed further in Section 2.1. 

 

2.1 Poisson Distributed Models 

To derive a Poisson distributed PCLoS model, first let us consider spherical 

clouds randomly placed in a volume space with infinite horizontal dimensions but a 

bounded vertical dimension.  The first cloud placed in this volume will change the total 

area of the domain covered by cloud by the area of an individual cloud δa.  Next, let us 

repeat the random placement of individual clouds into this volume for a large number of 

iterations.  Once this process has continued for a certain time, cloud overlapping will 

occur.  Once overlapping begins, the change in the total cloud cover due to the addition 

of a new cloud element is given by (2.5). 

    "A
c
= "a#

A
c

A
"a    (2.5) 

In Eq (2.5), δAc refers to the change in the total cloud area, Ac is the total cloud area, and 

A is the total area of the domain.  By dividing Eq (2.5) by A, (2.5) can be expressed in 

terms of cloud fraction.  Considering the cloud fraction N(θ) to be a function of view 

angle θ and taking the limit as the change in cloud fraction due to the addition of another 

cloud δn approaches zero, an expression for the change in cloud fraction dN(θ) can be 

determined.  The probability of observing a cloud in the line of sight, N(θ), will be less 

than the sum of all clouds due to overlap and mutual shading.  The increment of N(θ) is 

given by Eq (2.6). 

   dN(") = dn(") # N(")dn(")    (2.6) 

From Eq (2.6), the incremental change in the probability of seeing a cloud in a 

line of sight at angle θ is equal to the incremental fractional area of a new cloud, term 1, 
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minus the average overlap or mutual shading between the previous clouds and the new 

cloud, term 2.  This equation is integrated to solve for N(θ), Eq (2.7), using the initial 

conditions N(0)=n(0)=0.   

    
dN(")

1# N(")
= dn(")

0

n(" )

$
0

N (" )

$     (2.7) 

Integration, Eq (2.7), results in an analytic solution for N(θ).  Substituting 1-P(θ) 

=N(θ) into the solution for N(θ) results in an analytic expression for the PCLoS (Kauth 

and Penquite 1967). 

    P(") = e#n(" )     (2.8) 

Consider P(θ) at a zenith angle of 0
o
.  The probability of seeing a cloud by from a 

vertical line of sight will be (1-N(0)), because cloud sides would not be visible.  

Considering that P(0)=(1-N(0)), an explicit solution can be found by letting 

f(θ)=n(θ)/n(0), Eq (2.9).   

    P(") = (1# N) f (" )    (2.9) 

Therefore, using the Poisson distribution results in an analytic solution that is dependent 

upon the absolute cloud fraction N, the view angle θ, and cloud shape f(θ).  From this 

point, N will only refer to N(0), the absolute cloud fraction. 

To explain the meaning of f(θ), one must consider the definition of n(θ), where 

n(θ) is the projection of a cloud onto a plane at the view angle θ.  This projected area is 

only dependent upon the shape of the cloud and θ.  Therefore, f(θ) may be defined as eqn 

(2.10), 

  f (") =
a(",r,h)p(r,h)drdh#
a(0,r,h)p(r,h)drdh#

   (2.10) 

where r is the radius of the cloud base, h is the cloud height, and a(θ,r,h) is the projection 

of a single cloud with properties of r and h (Ma 2004).  Also, p(r,h)drdh is the probability 

that a cloud will have a radius between r and r+dr and a height between h and h+dh.  A 

cloud may be modeled using a simple cloud shape only dependent upon r and h, i.e. right 

cylinders and ellipses.  Specifying these cloud shapes will simplify Eq (2.10); further, this 

study assumes a constant aspect ratio for a given cloud field, β=h/2r, resulting Eq (2.11). 
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   f (") =
a("�r)p(r)dr#
a(0�r)p(r)dr#

    (2.11) 

 

2.2 Cloud Shapes 

 

2.2.1 Ellipsoid, Semi-ellipsoid, and Hemisphere 

A PCLoS model assuming Poisson distributed clouds only requires the 

specification of N and the cloud shape.  In the literature, researchers have assumed a 

variety of different cloud shapes.  This study will model clouds as ellipsoids, semi-

ellipsoids, right circular cylinders, isosceles trapezoids, and hemispheres.  In order to 

apply different shapes to the Poisson distributed PCLoS models one must use Eq (2.11).  

Figure 2.2 illustrates a semi-ellipsoidal cloud, with a base length of d, and an associated 

spacing to the left of s.   

 

Fig 2.2. The semi-ellipsoidal cloud can be modeled by tracing a line of sight tangent to 

the cloud (Ma 2004). 

 

Considering a line of sight that is tangent to the cloud, the shadow area of the 

cloud for this line of sight is given by d+s-sc, where sc is the clear space when viewed at 

angle θ.  By considering the cloud to be centered on an x-y Cartesian plane, the equation 
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for the tangent line can be determined and used to define sc(θ).  Using sc(θ), the ratio 

a(θ)/a(0) can be defined, Eq (2.12).  

f (") =

d

2
( 1+ 4# 2 tan2" +1)p(d)dd$

d p(d)dd$
=
1

2
1+ 4# 2 tan2" +1 (2.12) 

Substituting (2.12) into (2.9) results in the PCLoS for semi-ellipsoidal clouds, (2.13). 

  P(") = (1# N)
1

2
1+4$ 2 tan 2" +1

   (2.13) 

Kauth and Penquite (1967) gave the 2D version of (2.13), however it turns out that the 

1D and 2D equations are the same. 

 Eq (2.13) allows the specification of β, however, a special case of the 2D semi-

ellipsoid model is when β=0.5.  Using β=0.5, the semi-ellipsoid model becomes a 

hemisphere (or a semi-circle for a 1D case), and the model equation is given by (2.14). 

    P(") = (1 N)
1

2
1+ tan

2� +1

   (2.14) 

Kauth and Penquite (1967) also gave an expression assuming an ellipsoidal cloud shape, 

Eq (2.15). 

    P(") = (1# N)
1+$ 2 tan 2"

   (2.15) 

 

2.2.2. Isosceles Trapezoid and Right Cylinder 

Ma (2004) was the first to model clouds as isosceles trapezoids.  Figure 2.3 

illustrates an isosceles trapezoid.  A unique aspect of this shape is the use of an 

inclination angle η.  From observations only ηmax can be inferred therefore the 

specification of η will follow Ma (2004) and assume η =0.74ηmax .  Considering a 

constant aspect ratio ηmax occurs when the top length of an isosceles trapezoid equals 

zero.  Therefore, ηmax may be calculated using the average aspect ratio of a cloud field: 

"
max

= tan
#1
(
1

2$
).  The weight used in determining η is determined using two similar 

models, in which the assumed cloud shape only varies by the inclination angle.   

Now, considering a line of sight with a view angle θ, results in and equation for 

f(θ), (2.16) and an expression for the PCLoS (2.17). 
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f (") =
d + d#(tan" + tan$)[ ]�(d)dd%

d �(d)dd%
=1+ #(tan" + tan$)   (2.16) 

P(") = (1# N)1+$ (tan" + tan% )    (2.17) 

 Avaste et al. (1974) and Ellingson (1982) both modeled clouds as right circular 

cylinders.  A right cylinder is a special case of a truncated cone (Ma 2004).  f(θ) for a 

right cylinder is given by (2.18). 

   f (") =1+
4

#
$ tan"      (2.18) 

Using (2.18), an expression for PCLoS assuming a right cylinder cloud shape is given by 

(2.19). 

   P(") = (1# N)
1+
4

$
% tan"

     (2.19) 

 

Fig 2.3.  Modeling clouds as isosceles trapezoids requires an additional parameter 

inclination angle η. The inclination angle refers to the slope of a cloud side (Ma 2004). 

 

 

2.2 Chapter Summary 

 Chapter 2 discusses the formulation of PCLoS models.  There are three methods 

that are used to derive expressions for the PCLoS:  (1) by specifying 1-N(θ), (2) by 

tracing a line of sight, and (3) by counting the fractional number of cloud pairs separated 

by a critical distance.  This study considers models that assume Poisson distributed 

clouds to specify cloud locations.   The advantage of this model types is the simplicity; a 
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maximum of two cloud field parameters are necessary to solve the equations: N and β.  

To derive a PCLoS model assuming Poisson distributed clouds one must assume a cloud 

shape and consider clouds randomly placed in a volume.  A variety of cloud shapes are 

considered in Chapter 2: ellipsoid, semi-ellipsoid, hemisphere, isosceles trapezoid, and 

right cylinder.  The PCLoS model equations for all of the shape considered are given in 

table 2.1. 

Table 2.1. Summary of PCLoS Models 

Model Reference P(θ) Input Parameters 

Semi-Ellipsoid Kauth and Penquite (1967) 
P(") = (1# N)

1

2
( 1+4$ 2 tan 2" +1)

 

N,β 

Hemisphere Kauth and Penquite (1967) 
P(�) = (1 N)

1

2
( 1+ tan

2� +1)

 
N 

Ellipsoid Kauth and Penquite (1967) P(") = (1# N)
1+$ 2 tan 2"

 N,β 

Right Cylinder Ellingson (1982) 
P(") = (1# N)

1+
4

$
% tan"

 
N,β 

Isosceles Trapezoid Ma (2004) P(") = (1# N)1+$ (tan" + tan% ) N,β,η 
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CHAPTER 3 

SAMPLING METHOD AND CLOUD FIELD STATISTICS 

 

Knowledge about the distribution of clouds in a cloud field is helpful in 

developing and testing parameterizations for GCMs.  Discussed in Chapter 2, assuming a 

distribution of cloud statistical properties is essential to deriving a PCLoS model.  In 

addition, each PCLoS model requires some knowledge of the cloud field as input.  The 

aspect ratio β and/or absolute cloud fraction N are required for Poisson distributed 

models.  Therefore to test these PCLoS models, cloud field statistical properties must be 

obtained from observations.  Using data observed at the ARM sites of the TWP locale, it 

is possible to extract information about the statistical nature of a cloud field.  Two island 

sites examined here in the TWP: Manus Island (2.006° S and 147.425° E) and Nauru 

Island (0.521° S and 166.916° E).  ARM observations are taken at a fixed location; 

however, the quantities used to describe a cloud field, i.e. absolute cloud fraction, are 

defined as instantaneous domain-averaged quantities or population-averaged quantities.  

To obtain spatial cloud field statistics from fixed measurements, the cloud field must be 

sampled as it is advected over the site by the mean wind.  Moreover, a relationship 

between the spatial and time averaged quantities must be assumed.  This study will 

follow previous research by applying the frozen turbulence assumption (Han and 

Ellingson 2000; Ma 2004). 

The frozen turbulence assumption considers that the cloud field statistical 

properties do not change as clouds move with the mean wind.  Considering frozen 

turbulence, the domain-averaged and population-averaged cloud field properties can be 

extracted from a time series of observations.  Ma (2004) investigated the validity and 

expected error in using this sampling strategy.  A random field approach similar to Kagan 

(1997), Matern (1986) and Bell et al. (2001) was used to access the sampling strategy.  

Using Large Eddy Simulation (LES) or Cloud Resolving Model (CRM) generated cloud 

fields with known properties; Ma (2004) examined randomly placed lines of different 

lengths across the square domains.  He showed that with an appropriately modeled 

autocorrelation function, the estimated error agrees well with the error measured using 
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the simulations.  The estimated error in N is 0.025 (cloud fraction unit) with a 50% error 

in the e-folding parameter of the autocorrelation function.  This error is negligible for 

most cases where N > 0.1.  Using a sampling line length of approximately 60 km and N 

between 0.3 and 0.5 cloud fraction units, the expected Relative Root Mean Square Error 

(RRMS) is 30%.  The RRMS is defined as the Root Mean Square Error (RMS) 

normalized by N.  Assuming a 10 ms
-1

 mean wind a 60 km sampling line corresponds to a 

time period of 100 minutes.  Ma (2004) states that this time period is a practical 

compromise of accuracy and the dynamic nature a cloud field. 

Here, the sampling strategy used by Ma (2004) considering the frozen turbulence 

assumption will be applied in order to extract cloud field statistical properties.  A variety 

of instrumentation, summarized in Table 3.1, will be used to obtain information about the 

statistical properties of single-layer cumulus cloud fields over the two sites.  Only single-

layer cumulus cloud fields will be investigated.  All cumulus cases with a cirrus layer 

aloft are filtered out.  Observations taken between June 1999 and May 2003 will be used 

for the analysis.  For this time period, sky image data is only available from the Whole 

Sky Imager (WSI), a slight disadvantage.  Ma (2004) was able to use the Total Sky 

Imager (TSI), which has a much higher sampling rate than the WSI, 30 seconds 

compared to 8-10 minutes.  However, the results using the WSI should be similar because 

the decorrelation time of these cloud fields is approximately 15 minutes on average 

(Kassianov et al. 2005).  This time is calculated using the autocorrelation function 

obtained from WSI sky observations.  Therefore, the images from the WSI can be 

considered independent observations. 

This study will use a time period of 120 minutes corresponding to a 72 km 

sampling line with a 10 ms
-1

 mean wind.  A case will be defined as a single-layer 

cumulus field that persists and advects over a site for a 2-hour period.  Section 3.1 will 

discuss the application of the sampling strategy presented by Ma (2004).  A summary of 

the statistical properties of single-layer cumulus cloud fields observed over the TWP 

locale will be given in section 3.2, including the associated finite cloud effects. 
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Table 3.1. Summary of instrumentation used to extract cloud field parameters 

 

 

3.1 Sampling Strategy 

The absolute cloud fraction N for a two-dimensional domain in the x-y horizontal 

plane can be defined as the ratio of the domain area covered by clouds to the total domain 

area A, Eq (3.1). 

    N =
1

A
N(x,y)dxdy

A

""    (3.1) 

By placing a line across the domain, N can be estimated using Eq (3.2). 

1

M
I
n

n

M

"     (3.2) 

In is a binary indicator array with a value of 0 or 1 at every point along the line (0=clear 

and 1=cloud) and n is a counter that is stepped from 1 to the total number of points M.  

Consider a vertically pointing instrument fixed in one location on the ground.  Allowing 

the cloud field to move with the mean wind, the instrument data can be used to construct 

a line with a binary indicator array.  However, this indicator array will only be defined at 

a discrete number of points, depending upon the sampling rate of the instrument.  The 

first line across the domain represents an instantaneous spatial average of N for the 

domain, same as Eq (3.1).  The second line represents a time average of N, which may or 

may not represent the spatially averaged quantity.  Considering that the statistical 

properties of the cloud field do not change as the cloud field advects over the fixed 

location (i.e. frozen turbulence assumption), one can infer that the time-averaged value is 

equal to the instantaneous spatial average (Han and Ellingson 2000 and Ma 2004).  Using 

frozen turbulence, other quantities such as cloud chord length, and cloud spacing are also 

Instrument Observation(s) Parameter(s) Extracted 

Ceilometer Cloud Base Height Cloud Base Height, Cloud Base 

Length, N 

ARSCL Cloud Boundaries Cloud Thickness 

Radiosonde Wind Speed Cloud Base Length 

Whole Sky Imager Cloud Detection Array PCLoS, N, Ne 

Pyrgeometer Longwave Downwelling Flux Ne 
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inferred from the indicator array time series.  However, measuring these quantities 

reveals another subtlety of this method due to the discreteness of the observations.   

An instrument does not take observations continuously; rather, observations are 

taken at discrete intervals resulting in a finite sampling time.  When considering the cloud 

chord length, finite sampling leads to an imposed chord length minimum by assuming 

frozen turbulence: Eq (3.3), where u is the mean wind speed in ms
-1

 at cloud base and S 

refers to the sampling time.  Assuming a mean wind speed of 10 ms
-1

 and a sampling rate 

of 15 seconds results in a chord length minimum of 150 meters.  The mean wind at cloud 

base for Manus and Nauru is approximately 7.0 ms
-1

 resulting in a minimum chord length 

of 105 meters.  The cloud chord length is calculated from Eq (3.4) where B is the number 

of consecutive cloud observations.  Alternatively, Eq (3.4) can also be used to calculate 

the distance between clouds, by considering B as the number of consecutive clear 

observations. 

 L
min

= S " u    (3.3) 

 L
cloud

= u"B" S    (3.4) 

The PCLoS is calculated using observations from hemispheric sky images.  As 

with the calculation of N, the frozen turbulence approximation must also be applied for 

the calculation of the PCLoS because the measurement relies on the advection of the 

cloud field.  The PCLoS at an angle θ may be considered the fractional cloud amount on 

circle around the center of the whole sky image.  When considering a time series of sky 

images, the PCLoS can be averaged over a set of circles centered on the sampling line, 

represented in Fig. 3.1.  Ma (2004) calculated the estimated error when N =0.4 as 5% less 

than the error of N when the radius of the circle is approximately the e-folding distance of 

the exponential model of the autocorrelation function.  The autocorrelation function, 

discussed below in more detail, was retrieved from ceilometer cloud base height 

measurements.  The smaller estimated error in measuring PCLoS is expected because 

there are more data points available around the circumference of the circle than for the 

singular point measurement of N. 

In calculating the PCLoS, a circle cannot be used because of the finite resolution 

of the instrument.  The finite resolution results in pixels, which have a finite field-of-

view.  As the zenith angle increases, approaching the horizon, the pixel area becomes 



 

 

 19 

larger.  Due to the finite resolution, an annular ring with finite width will be used to 

measure PCLoS.  Here, the annular ring has a width of 3°, which is larger than the 1° 

width used by Ma (2004).  The larger width is used here because the sampling rate of the 

WSI is less than the sampling rate of the TSI used by Ma (2004), and this will reduce the 

uncertainty in the estimate of the PCLoS in this study. 

 

Fig 3.1.  The circles represent a single zenith angle at which PCLoS is calculated.  Each 

circle represents the PCLoS sampled at a zenith angle for a single image (Ma 2004). 

 

 

 

3.2 Cloud Field Statistical Properties 

The instruments used to extract the statistical properties of these cloud fields are 

listed in Table 3.1.  These instruments are used to compile a statistical summary of a 

variety of cloud field properties: N, Lcloud, cloud base height, and cloud thickness.  These 

statistical properties will be presented below for all single-layer cumulus cloud field 

cases.  A case is defined as a single cumulus cloud layer that persists for 120 minutes.  

The time period is selected based upon the sampling strategy presented by Ma (2004).  

The Actively Remote Sensed Cloud Locations (ARSCL) data product is used to filter out 

cases with multiple cloud layers present.  A final verification is made using WSI radiance 
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movie, which captures cloud elements and the associated motion, to ensure that the cloud 

fields presented are single-layer.   

 

3.2.1 Cloud Fraction 

Ceilometer data can be used to create a binary array to apply Eq (3.2) and 

calculate the absolute cloud fraction of the cloud field.  The absolute cloud fraction can 

also be estimated using the WSI.  To calculate N from the WSI, the fractional area 

coverage of cloud can be calculated using a field-of-view of 20°.  This field-of-view is 

narrow enough, so that there is little cloud side contamination.  Fig. 3.2 presents a  

 

   

  

Fig 3.2. The absolute cloud fraction N is inferred from both WSI and Ceilometer data: a) 

Manus and b) Nauru show a scatterplot of Nceilometer and NWSI, c) Manus and d) Nauru 

show histograms of cloud fraction using .05 cloud fraction unit size bins. 

 

comparison between the cloud fractions calculated using ceilometer and WSI 

observations for both TWP sites.  The ceilometer estimates of N underestimate the values 

obtained from the WSI.  This may be a result of the inferring Nceilometer by using a single 

a) b) 

c) d) 
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line.  Specifically at Nauru, this may be the case due to a documented island effect 

resulting in a preferred alignment of the cloud field from certain wind directions 

(McFarlane et al. 2005).  The NWSI will be used in the PCLoS model calculations, because 

of the wider field-of-view and better consistency with the observed PCLoS 

measurements. 

 

3.2.2 Cloud Base Height, Cloud Chord Length, Cloud Thickness and Aspect Ratio 

The sampling rate of the ceilometer is S=15 seconds, which is the highest 

sampling rate available at the TWP sites for this study. The imposed Lmin based upon the 

sampling time of the ceilometer is 150 meters considering a mean wind at cloud base of 

10 ms
-1

.  Fig. 3.3 shows the distribution of cloud chord lengths for stations at Manus and 

Nauru.  The distributions of cloud chord lengths resemble a Chi-Squared distribution, and 

are similar at both locations.  The mean and standard deviation of the cloud chord lengths 

at Manus and Nauru are µManus=455 meters, σManus=286 m and µNauru=539 m, σNauru=456 

m, respectively. 

 

 

Fig 3.3. Cloud chord lengths are inferred from ceilometer data and show similar 

distributions at both TWP sites: µManus=455 m, σManus=286 m and µNauru=539 m, 

σNauru=456 m. 

 

The cloud base height is available from ceilometer data.  Other instruments and 

data products such as the Micropulse Lidar (MPL) and ARSCL give cloud base height.  
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However, ceilometer data is chosen to characterize the cloud base height of these cloud 

fields because it has the highest sampling rate.  The cloud base heights are characterized 

in histograms shown in Fig. 3.4.  The mean and standard deviation of the cloud base 

heights at Manus and Nauru are µManus=1010 m, σManus=726 m and µNauru=971 m, 

σNauru=281 m, respectively. Cloud boundaries are obtained using Active Remotely Sensed 

Cloud Locations (ARSCL).  ARSCL is an algorithm developed by Clothiaux et al. (2000; 

2001) to determine cloud boundaries using microwave cloud radar (MMCR), ceilometer, 

and micropulse lidar (MPL).  Here, ARSCL is used to determine cloud thickness.  Also, 

using ARSCL thickness and ceilometer cloud chord lengths β is determined using Eq 

(3.5), where T is thickness and Lcloud is chord length. 

      

Fig 3.4. Cloud base heights are compiled from ceilometer measurements.  The 

distribution of cloud base heights is similar for both TWP sites: µManus=1010 m, 

σManus=726 m and µNauru=971 m, σNauru=281 m. 

 

   " =
T

L
cloud

    (3.5) 

The ARSCL data product combines a number of different instruments and 

including multiple different radar scanning modes.  Since radar scanning mode cycle is 

completed every 60-seconds, the ARSCL product is only available at 60-second intervals.  

Therefore, the thickness of individual clouds is not available from this data product.  

Moreover, all thickness values used to calculate the aspect ratio are 2-hour averages over 

all observations for each cloud field.  The distribution of average thicknesses is 
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summarized in Fig. 3.5 for both stations: µManus=551 m, σManus=736 m and µNauru=457 m, 

σNauru=318 m. 

 

Fig 3.5.  The ARSCL data product is used to define the thickness of the clouds: 

µManus=551 m, σManus=736 m and µNauru=457 m, σNauru=318 m. 

 

 

3.2.3 Autocorrelation Function 

The binary array inferred from the ceilometer data is used to find the 

autocorrelation function of the cloud field.  The autocorrelation function r(ρ) of a random 

process will decay to zero with increasing ρ.  The shape and rate of decay of the function 

is dependent upon the underlying process.  As justified by Ma (2004) the autocorrelation 

function of a cloud field may be modeled using a negative exponential function, Eq (3.6). 

r(") = e

#"

"
o     (3.6) 

Using Eq (3.6) to model the autocorrelation, the e-folding parameter ρo is obtained.  

Figure 3.6 shows the mean autocorrelation function and exponential fit for each station.  

The Nauru autocorrelation function (left) decays at a faster rate than Manus (right), 

meaning that the cloud fields at Nauru decorrelate faster than the cloud fields at Manus. 
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Fig 3.6. The autocorrelation is calculated using the binary array inferred from the 

ceilometer data.  An exponential function is fit to the autocorrelation functions for both 

sites, Manus (left) and Nauru (right).  The ρo for is ~1000 meters and ~ 525 meter for 

Manus and Nauru, respectively. 

  

 

3.3 Chapter Summary 

Statistical properties of a cloud field can be obtained using data from the ARM TWP 

observation sites.  Absolute cloud fraction N, cloud chord length Lcloud, cloud thickness, 

and the autocorrelation function of single-layer cumulus cloud fields are extracted from 

observations.  For a cloud field to be considered a case, it must persist as a single-layer 

cumulus cloud field for 120 minutes.  Forty-four cases occurred at Manus and 18 cases 

occurred at Nauru during the observation period.  The observations from the ARM TWP 

sites are from a fixed position on the ground.  To obtain spatially averaged quantities a 

relationship between spatial and time averages must be assumed.  Here, a sampling 

strategy described by Ma (2004) is employed to measure the statistical properties of the 

cloud fields.  This sampling strategy used the frozen turbulence assumption.  Frozen 

turbulence assumes that the statistical properties of a cloud field to remain constant as the 

cloud field is advected by the mean wind at cloud base height. 

The sampling strategy described by Ma (2004) was used to measure the statistical 

properties of the cloud fields.  The distributions of the statistical properties of the single-

layer cloud fields observed at the ARM TWP sites are summarized in Table 3.2.  The 

distributions for cloud base height and cloud base length at the TWP locale corroborate 

with the results of Lopez (1977).  Also, the autocorrelation function resembles the same 

shape as found by Ma (2004), therefore is modeled using a similar exponential function. 
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Table 3.2. A summary of the distributions of the cloud field statistics.  

Variable Fitted Distribution 

Cloud Base Height Chi-Squared 

Cloud Base Length Chi-Squared 

Cloud Thickness Uniform 

Autocorrelation Function Exponential 
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CHAPTER 4  

VALIDATION OF PCLoS MODELS WITH OBSERVATIONS 

 

In order to validate PCLoS models for real cloud fields, the necessary model 

parameters described in Chapter 3 must be extracted.  This chapter will describe a 

technique to obtain PCLoS from a time series of sky images using the sampling strategy 

outlined in Chapter 3 and assuming frozen turbulence.  Absolute cloud fraction N of a 

cloud field results in a bias of the observed and modeled PCLoS.  A method of removing 

this bias is presented in section 4.1.  By removing the bias, the geometrical properties of 

the cloud fields will be directly examined and compared with the models.  After 

removing the bias, the model PCLoS is compared with the observed PCLoS.  Finally, 

using the model and observed PCLoS, the effective cloud fraction Ne is calculated and 

compared with Ne obtained using pyrgeometer flux observations and model derived clear 

and cloudy sky fluxes. 

 

4.1. Inferring PCLoS from Whole Sky Imager 

 The observed PCLoS is determined using a time series of sky images.  The sky 

images are obtained from the WSI instrument at the ARM TWP locale.  A total of 62 

combined cases are examined at both the Manus and Nauru sites.  The WSI instrument is 

fixed at the ground and observes downwelling hemispheric shortwave radiation.  The 

radiance values are then used to derive a cloud detection array.  Figure 4.1 shows an 

example of a sky image using the cloud detection array.  This array is used to determine 

the observed PCLoS for a single image by calculating the fractional amount of clear 

pixels around an annular ring with a constant zenith angle.  Integration around an annular 

ring is performed from θ to θ +dθ to determine the zenith angle dependence of the 

observed PCLoS.  The integration is an average over annular rings of width dθ =3°.  In 

order to perform this integration, a mapping function relating zenith angle to radial 

distance is necessary.  The mapping function is given as part of the calibration of the WSI 

instrument.  
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Fig 4.1. This image represents a spectral retrieval from the WSI resulting in the cloud 

detection array.  The light blue color represents aerosol, gray and white represent cloud, 

purple represents clear sky, and black represents undefined. 

 

This mapping function is provided as a part of the calibration of this instrument.  

Assuming frozen turbulence, the PCLoS of the cloud field is obtained by taking the 

average fractional number of clear pixels over all images for the 2-hour period.   

 The WSI field-of-view (FOV) is 180°, however for calculation of PCLoS 

the effective FOV is 160°.  The effective FOV is smaller than 180° because trees and 

buildings obscure the horizon.  Also, this instrument uses a sun blocking occultor that 

obscures the view of the sun.  The instrument would be blinded without the occultor.  In 

Fig. 4.1, the occultor is the black rectangular shape that stretches across the entire image, 

and is used to block the sun.  The occultor also blocks a portion of the FOV.  This is only 

significant when the view of small zenith angles is blocked, because there a fewer pixels 

in this range. 

The PCLoS for an individual cloud field is a bounded function of 1-N and zero, 

Fig 4.2.  Therefore, the PCLoS determined from the WSI will be biased based upon the 

value of N.  In order to compare all cloud fields independent of N, the observed and 

modeled functions are normalized resulting in Eq (4.1).  

    f (") =
lnP(")

ln(1# N)
    (4.1) 
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Fig 4.2.  Model PCLoS curves for N=0.5 and β=0.75.  Each curve shows a decreasing 

PCLoS with increasing zenith angle.  The PCLoS is also bounded between 1-N and zero. 

 

The function f(θ) will only be dependent upon the cloud size and shape, removing all 

cloud fraction dependence.  An increase in f(θ) corresponds to a decrease in PCLoS. 

The mean f(θ) determined at each site is shown in Fig. 4.3.  The mean f(θ) for both 

stations is similar up to 10°.  After 10°, mean f(θ) at Nauru increases more quickly than 

Manus.  PCLoS at Nauru may decrease more quickly because of a more frequent 

occurrence of clouds with larger aspect ratios. 

 

 
Fig 4.3.  Mean f(θ) at Manus (black) and Nauru (red). 

 

 This study examines the error associated with modeling clouds assuming various 

Poisson distributed shapes.  Poisson distributed PCLoS models are chosen based upon the 

results of Ma (2004).  Ma (2004) indicated that Poisson models performed better than 
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their more complicated counterparts for single layer cumulus cloud fields at the ARM 

SGP locale.  Therefore, these models are expected to perform well at the ARM TWP 

locale.  Fig. 4.4a-d shows the mean f(θ) function and mean f(θ) minus model f(θ) for 

Manus and Nauru.  Modeling clouds at the two TWP sites with hemisphere and semi-

ellipsoid shapes resulted in the least error.   

The semi-ellipsoid shaped performed best at Nauru, while the hemisphere shape 

performed best at Manus. The PCLoS is a quantity from which information about the 

three-dimensional structure of the cloud field may be inferred, however the most useful 

quantity for parameterization of the three-dimensional radiative cloud effect in a GCM is 

the effective cloud fraction Ne. 

      

      

Fig 4.4. The mean values of the model and measured PCLoS are shown, also the mean 

error WSI – Model is shown for each site: Manus (left column) and Nauru (right 

column). 

 

As a measure of uncertainty in the estimates of the PCLoS, Fig. 4.5 indicates the 

uncertainty envelope as the 15
th
 and 85

th
 percentile of the PCLoS observations.  

Noteworthy, large uncertainty in the estimates of f(θ) do not lead to large uncertainties in 

WSI F(θ) 
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the mean value of PCLoS.  The mean value of PCLoS is calculated using the mean f(θ) 

and the mean NWSI. 

 
 

Fig 4.5. Uncertainties in the mean PCLoS are shown here as the width 15
th

 and 85
th

 

percentiles of the observed PCLoS, represented by the black dashed curves: Manus (left) 

and Nauru (right). 

 

 

4.2 Effective Cloud Fraction 

The effective cloud fraction may be derived from radiative flux data.  Equation (1.1) 

may be solved for Ne, giving Eq (4.2). 

    N
e
=

F  F
clear

F
cloud

 F
clear

    (4.2) 

Equation (4.2) is valid when the average is performed over a scale much larger than 

individual clouds, and is not valid instantaneously.  Therefore, downwelling surface 

fluxes over the 2-hour period used here satisfy this requirement.  As in Eq (1.1), Fcloud 

refers to the downwelling longwave flux from a completely overcast situation.  The error 

associated with calculating the Ne using pyrgeometer data is approximately ±0.1 cloud 

fraction units using a flux measurement error of ± 5.0 Wm
-2

 and Fcloud - Fclear equal to 45 

Wm
-2

, which is the mean flux difference at Manus. 

Using observations, Ne may be calculated in two manners both using model 

calculated downwelling longwave fluxes at the surface: (1) with hemispheric 

pyrgeometer fluxes and (2) with observed PCLoS inferred from WSI.  To calculate Ne 

pyrgeometer (Ne PYR), the average flux is calculated using pyrgeometer observations 

over the 2-hour case interval, and substituted into Eq (4.2).  The overcast and clear sky 

fluxes, Fcloud and Fclear respectively from Eq (4.2), are calculated using the Maryland 



 31  

Terrestrial Radiation Package (MDTERP).  MDTERP is based upon a combination of 

infrared radiative transfer models presented by Gille and Ellingson (1978) and Warner 

and Ellingson (1999).  This model has been validated with line-by-line calculations from 

Clough et al. (1992).  The overcast and clear sky fluxes are obtained from MDTERP by 

selecting a cloud level and inputting a radiosonde profile.  Here, the radiosonde profile 

that occurs closest to the case time interval is chosen.  The cloud level is selected using 

the mean cloud base height from ceilometer observations over the 2-hour interval.  This 

calculation of Ne PYR resulted in a few unrealistic values for Fcloud, Fclear, and Ne.  The 

unrealistic values are attributed to a large time difference between the case start time and 

the radiosonde launch time, as well as errors in the radiosonde data.  Both of these errors 

resulted in discrepancies between the observed pyrgeometer flux and the model derived 

clear and overcast sky fluxes.  For the instances where the pyrgeometer method of 

calculating Ne was unsuccessful, the “golden arches” method is employed.  The “golden 

arches” method is a spatial coherence technique introduced by Coakley and Bretherton 

(1983) and summarized by Stephens (1994).  This technique was introduced in order to 

use satellite observed radiance values to infer cloud fraction.  The “golden arches” are 

constructed by plotting the standard deviation of a flux quantity on the y-axis and the 

mean of the flux quantity on the x-axis.  By fitting a best-fit curve through the points, an 

arch is obtained.  Where the x-intercept of the best-fit curve represent the clear and 

overcast fluxes. 

The “golden arches” method is employed here as a time coherence technique, 

where instead of spatial averages, temporal averages and standard deviations are used.  

The flux observations employed here are one-minute averages of sun-shaded 

pyrgeometer flux data.  The mean and standard deviation are calculated using a 30-

minute running mean, Fig 4.6.  A running mean is selected to obtain more data points and 

reduce the uncertainty in the clear and cloudy sky flux estimates.  For simplicity, a 

quadratic function is chosen as the best-fit curve.  Fitting the quadratic function through 

the flux standard deviation and flux mean results in an arch.  Fcloud and Fclear are then 

obtained by solving for the values of the fitted quadratic function when y =0.  This 

technique improved the results of the comparison between Ne PYR and Ne PCLoS.  

However, the Ne values where still unrealistic for a few cases.  This may be attributed to 
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errors in the pyrgeometer flux data.  Further investigation of this technique is necessary 

to identify and correct for the uncertainties.   This temporal coherence technique may 

prove to be useful in other situations, i.e. detecting cirrus or “decomposing” cloud fields 

into a linear combination of cloud size distributions.   

                                  

Fig 4.6. The running mean is plotted versus the standard deviation as an extension of the 

spatial coherence technique (Coakley and Bretherton 1983) to the temporal domain.  By 

fitting a quadratic function through the points the clear sky and cloudy sky flux values 

can be obtained. 

 

In order to calculate Ne using PCLoS, Ne in Eq (4.2) must be rewritten in terms of 

PCLoS.  Fcld and Fclr may be written in terms of radiances assuming azimuthal 

independence, Eq (4.3) and (4.4) where µ =cosθ. 

   (1" N
e
)F

clr
= # P(µ)I(µ)µdµ

0

1

$    (4.3) 

N
e
F
cld
= " (1# P(µ))I(µ)µdµ

0

1

$    (4.4) 

In Eqs (4.3) and (4.4), P(µ) represents the PCLoS inferred from the WSI.  I(µ) represents 

the radiance value at cosθ.  By substituting (4.3) and (4.4) into (4.2), Eq (4.5) may be 

obtained. 

     F � " P(µ)I(µ)µdµ
0

1

# � " (1$ P(µ))I(µ)µdµ
0

1

#   (4.5) 

The radiance values necessary for the use of Eq (4.5) may be retrieved from 

MDTERP.  MDTERP calculates radiances at four quadrature angles.  Each angle is then 
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assigned a weight wi, where the sum of all weight is one.  Fluxes are obtained by using 

the weights to integrate over the hemisphere.  The integration of Eq (4.5) is performed in 

the same manner as MDTERP fluxes, using the values of PCLoS and longwave radiance 

at the four zenith angles and the associated weights.  The result of (4.5) is then used to 

calculate Ne PCLoS. 

Figure 4.7a and 4.7b show a scatter plot of the Ne PYR versus Ne PCLoS for both 

stations.  The results here suggest that the PCLoS can be used to infer Ne.   

     

Fig 4.7. The Ne is inferred from two separate data streams, the WSI and Pyrgeometer.  

The results suggest that Ne can be inferred from the observed PCLoS quantity: Manus 

(left, 42 cases) and Nauru (right, 13 cases).  The correlation test statistics are given for 

each station in the upper left corner. 

 

 The complication of this comparison between Ne PYR and Ne PCLoS is that Ne is 

calculated using two different radiation wavelength regimes.  Ne PYR is calculated from 

the downwelling longwave flux data, while Ne PCLoS is inferred from the cloud signal in 

the shortwave.  Therefore, the discrepancy between Ne PYR and Ne PCLoS suggests that 

the cloud signal in the visible is not necessarily the same as the cloud signal in the 

longwave.  Also, if a cloud field consists of smaller or less emissive clouds it is more 

likely to be longwave masked in the tropics than the mid-latitudes due to a greater 

longwave clear sky flux from larger amounts of water vapor.  However, there is no 

masking in the shortwave.  This masking is partially a result of longwave instrumentation 

begin a passive instrument.  In the shortwave, the sun continuously emits radiation that 

clouds reflect and scatter and shortwave instruments detect.  Therefore, shortwave 

instrumentation may be considered pseudo-active. 
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Fig 4.8.  The model derived Ne values correspond well with the WSI inferred PCLoS Ne 

values at Manus.  The different shapes have different relationships with PCLoS Ne.  The 

correlation test statistic is given in the upper left corner of each figure. 

 

The Ne is to be calculated using the model PCLoS values.  Modeling clouds as 

different shapes does not make a large difference in the values of Ne.  Figures 4.8 and 4.9 

compare the model Ne values and the observed PCLoS Ne values.  The correlation test 

statistics range from .86 to .95.  The Poisson distributed hemisphere model, Fig 4.7c, 

shows good results and only specifies the absolute cloud fraction; the aspect ratio of set 

to a constant 0.5.  The isosceles trapezoid model seems underestimate the Ne in almost 

every case, while the other models have a larger spread.  The Poisson distributed models, 

Semi-Ellipsoid Ellipsoid 

Hemisphere 
Isosceles 
Trapezoid 

Right Cylinder 
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overall matched well with the Ne from the observed PCLoS.  The results here suggest that 

all of the Poisson distributed PCLoS models perform well when calculating Ne.   

 

     

     

 

Fig 4.9.  The correlation test statistic shows a smaller variation in Ne when modeling 

clouds as different shapes at Nauru than at Manus.  The correlation test statistic is given 

in the upper left corner of each figure. 
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Fig 4.10.  The average difference of Ne and N is 0.07 and 0.08 at Manus and Nauru, 

respectively. 

 

 The effect of considering three-dimensional clouds on N is shown in Fig 4.10.  

The average difference between Ne and N is 0.07 and 0.08 at Manus and Nauru, 

respectively.  Considering mean values for the clear and overcast sky fluxes and the 

estimated errors in Ne, the three-dimensional cloud radiative forcing for the cloud fields 

considered is 3-8 Wm
-2

. 

 

4.3 Chapter Summary 

 The PCLoS is a quantity that gives information about the three-dimensional 

structure of a cloud field.  Assuming frozen turbulence, the PCLoS can be inferred from a 

time series of sky image (Ma 2004).  Here, the Whole Sky Imager (WSI) is used to obtain 

the observed PCLoS.  Using the value of N obtained from the WSI, the observed PCLoS 

and Poisson distributed PCLoS values were normalized using Eq (4.1).  This 

normalization removes the bias in PCLoS due to N.  An exponential relationship exists 

between f(θ) and PCLoS; when f(θ) increase the PCLoS at θ decreases.  The resulting 

f(θ) functions were compared for both site, Manus and Nauru.  The f(θ) at Manus 

increases more quickly and Nauru after about 40° suggesting that in the cases 

investigated at Manus more of the cloud sides were observed, representing taller clouds 

than those observed in the cases at Nauru.  The errors in f(θ) are smallest for when the 

clouds are modeled as right cylinders and isosceles trapezoids at both sites.  These two 

islands are hundreds of kilometers apart, however the results in the PCLoS are very 

similar, suggesting that the PCLoS does not vary greatly over a GCM grid cell. 



 37  

 The Ne is the quantity of interest when using Eq (1.1) to parameterize clouds in 

GCM.  Ne has been modeled successfully here by modeling the PCLoS as Poisson 

distributed geometric shapes.  Values of Ne were calculated using two methods; the first 

method used pyrgeometer hemispheric downwelling longwave fluxes and the second 

used the observed PCLoS.  Occasionally, the Ne calculated from pyrgeometer fluxes and 

model output was unrealistic.  Following the “golden arches” spatial coherence technique 

employed by satellites (Coakley and Bretherton 1983), a time coherence technique was 

developed to obtain the clear and overcast sky fluxes.  At Nauru the Ne PCLoS was 

greater than the Ne PYR in most cases.  Since the Pyrgeometer and the WSI observe 

cloud signals in different parts of the electromagnetic spectrum, this suggests that the 

clouds at Nauru may have a weaker longwave signal from the Pyrgeometer than the 

visible signal observed from the WSI.   

 The modeled values of Ne are in good agreement with the values of Ne obtain 

using the observed PCLoS.  The correlation test statistics range from 0.86 to 0.95, 

indicating the good agreement. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 

 The probability of a clear line of sight (PCLoS) is a quantity that describes the 

three-dimensional nature of a cloud field.  The PCLoS is dependent upon the size, shape, 

and distribution of the clouds within a cloud field.  This study models clouds as Poisson 

distributed shapes: right cylinder, isosceles trapezoid, hemisphere, semi-ellipsoid, and 

ellipsoid.  The effective cloud fraction parameterization has been proposed by many 

researchers for use in models to account for three-dimensional radiative cloud effects; the 

PCLoS is a large part of the effective cloud fraction.  This study validates the use of 

Poisson distributed PCLoS models as a parameterization clouds in climate models using 

observational data obtained from two sites at the ARM TWP locale. 

 

5.1  Probability of Clear Line of Sight 

 Single-layer cumulus cloud fields were examined.  A single-layer of cumulus 

cloud was determined using the Actively Remote Sensed Cloud Locations (ARSCL) data 

product.  The cases were then verified using Whole Sky Imager animations to ensure that 

the cases were single-layer cumulus cloud fields.  Cloud field statistics were retrieved 

using ARM instrumentation following a sampling strategy proposed by Ma (2004).  The 

ARM instrumentation is fixed at the ground; therefore a time series of observations must 

be used to infer spatial averages.  A relationship between the temporal and spatial 

averaging must then be assumed.  Following Ma (2004), the frozen turbulence 

approximation is used to relate the temporal and spatial averages.  Frozen turbulence 

assumes that as a cloud field advects with the mean wind, the statistical properties of the 

cloud field do not change.  Using this sampling strategy, the statistical properties of 

single-layer cumulus cloud fields are retrieved over the sites in the Tropical Western 

Pacific. 

 The PCLoS was inferred from Whole Sky Imager (WSI) observations.  The WSI 

instrument observes radiances over an entire hemisphere.  These radiances are then 

converted into a cloud detection array and used to measure the PCLoS around annular 
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rings dθ=3°.  The observation period length was 2-hours, similar to the 100-minute 

period suggested by Ma (2004).  The longer time period was chosen in order to reduce 

the uncertainty in the estimation of PCLoS because the WSI has slower sampling rate 

than the Total Sky Imager (TSI) used by Ma (2004).  Using the cloud field statistics 

retrieved, model PCLoS values are calculated.  The model values are compared with the 

observed PCLoS inferred from the WSI.  The comparison between model and observed 

values was uniquely normalized to remove bias due to the cloud fraction and allowed a 

direct comparison between model and observed f(θ), which is dependent solely on cloud 

shape.  The relationship between f(θ) and P(θ) is exponential where an increase in f(θ) 

corresponds to a decrease in P(θ). 

Poisson distributed right cylinder and isosceles trapezoid shaped clouds resulted 

in the least mean error when compared with the observed PCLoS.  Clouds modeled as 

right cylinders performed the best at Manus suggesting that the clouds have larger aspect 

ratios at this site.  The isosceles trapezoid model resembles a cumulonimbus cloud with a 

cirrus anvil, however it may also be viewed as a train of clouds suggesting that the clouds 

at Nauru may prefer to clump together. 

The observed f(θ) for both stations at the TWP locale, Manus and Nauru, was 

presented.  Manus and Nauru observed f(θ) were in good agreement through 

approximately 40°.  After 40° Manus f(θ) increased more rapidly than Nauru f(θ) toward 

the horizon.  This suggests that larger clouds are observed at Manus.  These results are 

encouraging because the same two models resulted in the least error at both stations, 

which are ~ 100 km apart.  Suggesting that the PCLoS does not change rapidly over the 

scale of a GCM grid box. 

 

5.2  Effective Cloud Fraction 

The effective cloud fraction Ne was calculated in various manners: using 

pyrgeometer fluxes, observed PCLoS, and modeled PCLoS.  The results suggest that the 

observed Ne obtained from both pyrgeometer observations and the observed PCLoS are in 

good agreement.  The agreement between the Ne pyrgeometer and Ne PCLoS could be 

improved by considering a more complicated determination of the clear and overcast sky 

fluxes, i.e. consider temperature variation of the cloud side.  Also, Ne pyrgeometer and Ne 
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PCLoS are a result of analyzing the cloud signal from two different ranges within the 

electromagnetic spectrum, visible and longwave.  Therefore, complete agreement was not 

expected.  The clear and overcast fluxes were obtained from the Maryland Terrestrial 

Radiation Package (MDTERP), by inputting radiosonde temperature and humidity 

profiles.  However, unrealistic values of Ne occurred in a few cases due to errors in the 

temperature profiles, humidity profiles, and the pyrgeometer fluxes.   An extension of the 

spatial coherence technique (Coakley and Bretherton 1983), the golden arches, was 

employed here to obtain the clear and cloudy sky fluxes for these cases of unrealistic Ne 

values.  This temporal coherence technique uses the running mean and standard deviation 

of the pyrgeometer fluxes over the 2-hour case time period.  The length of the running 

mean and standard deviation was 30 minutes.  By plotting the flux standard deviations 

versus the flux means and fitting a quadratic function to the points, the clear and cloudy 

sky fluxes were obtained. 

The model PCLoS was also used to calculate Ne.  These values of Ne were 

compared to the Ne PCLoS, and were in very good agreement.  The correlation test 

statistics for each model at both Manus and Nauru ranged from 0.86 to 0.95.  These 

Poisson distributed models can explain at least 75% of the variance in Ne PCLoS. 

 

5.3  Future Work 

 This study considered 62 single-layer “fair weather” cumulus cases.  Future work 

should consider adding more cases.  Considering other data streams to obtain the cloud 

field statistics is one manner in which the number of cases could be increased.  In the 

tropics cirrus clouds seem to be an omnipresent feature.  The cases considered in this 

study are 2-hour intervals that have no visible cirrus clouds, however a number of cases 

were not considered due to the presence of cirrus clouds.  Cirrus clouds have little or no 

effect on the downwelling longwave fluxes at the surface, ~ 5 Wm
-2

.  Therefore, 

additional cumulus cases could be added by filtering cirrus clouds out of the whole sky 

images, possibly using the radiance data obtained from the WSI. 

 The estimates of PCLoS were obtained using a 2-hour interval of whole sky 

images.  Using the WSI instrument only 13 images are retrieved in the case interval.  This 

small number of sky images for each case is not a severe limiting factor because the 
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images are taken 10 minutes apart, which is approximately the decorrelation time for 

these cloud fields.  However, the sampling rate of the WSI limited the reduction of the 

uncertainty in the PCLoS estimates.  The use of a sky imager with a higher sampling rate 

could reduce the uncertainty, however to date there is still only a small number of useable 

cases at the TWP locale with available TSI data. 

 Another direction this project could be extended is using the temporal coherence 

technique.  This technique was developed in this study from the spatial coherence 

technique.  The “arches” constructed in using the technique described in this paper may 

be used to detect the existence and effect of cirrus clouds on the surface downwelling 

longwave flux.  In Fig 4.5, the arch made by the data points shows two “feet,” or smaller 

arches at the ends of the larger arch.  The width of the arch may be used to give an 

estimate of the cirrus contribution to the surface downwelling longwave flux.  This 

technique may also be useful in cirrus detection because sub-visible cirrus may have 

detectable signal in the surface downwelling longwave flux data. 
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