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ABSTRACT

The sun occasionally appears fuzzy through altostratus

because altostratus is composed of larger particles than other

clouds, and is of the necessary optical thickness.

Experimental results indicate that the range of optical

thicknesses of a cloud at which a fuzzy sun is seen increases

with the size of the particles. This relationship is caused

by an increase in the attenuation of contrast at high spatial

frequencies relative to that at low spatial frequencies when

the size of cloud particles increases. The increase in the

size of cloud particles is caused by the presence of raindrops

and crystals in the cloud.
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Chapter 1

INTRODUCTION

It has long been noticed that although the sun seen

through clouds generally has a sharp edge, it occasionally

appears fuzzy. At certain times, regardless of the contrast

between the sun and the cloud, the edge of the sun cannot be

identified. The fuzzy sun has long been associated with

altostratus, but the reason for this association has never

been explained. In this thesis I attempt to give an

explanation by appealing to a combination of observations,

experiments, and theory, each of which is discussed in turn.

A manuscript based on this thesis has been submitted to

Applied Optics for publication. Another manuscript is being

prepared for submission to Journal of the Atmospheric

Sciences.

My attempt to simulate the appearance of the sun through

clouds by using Monte Carlo techniques to model multiple

scattering of sunlight by clouds is described in the appendix.

A copy of the computer code is included at the end of the

appendix.
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Chapter 2

OBSERVATIONS OF THE SUN AND MOON SEEN THROUGH CLOUDS

That the sun seen through clouds occasionally appears

fuzzy has been documented in a few books. The association of

the fuzzy sun with altostratus was published as early as 1934

by Ralph Abercromby in Weather. 1  It is stated in the

International Cloud Atlas that one of the distinguishing

features of altostratus is that it uprevents objects on the

ground from casting shadows and that it may show a ground

glass effect." 2 In fact, a fuzzy image of the sun can be seen

in six of the eight photographs of altostratus in the atlas,

but a fuzzy image of the sun is not seen in any of the

hundreds of photographs of other cloud types. 3  It is

suggested in the atlas that a fuzzy image of the sun can be

used to distinguish altostratus from cirrostratus and stratus:

the cloud should be classified as altostratus if the sun

appears fuzzy through it. It is not clearly stated that the

cloud should not be classified as altostratus if the sun is

not fuzzy.2 And van de Hulst devotes a section of Multiple

Light Scattering to what he calls the hazy sun. He notes that

Minnaert, among others, observed the phenomenon of the fuzzy

sun, but remained puzzled about its cause. Van de Hulst's
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concluding sentence on the fuzzy sun is "Further studies are

necessary. 4

Although the sun is frequently obscured by clouds, it is

quite commonly visible through clouds. When the sun is

visible, its limb generally appears sharp, as shown in Figure

2.1. Incidentally, no photograph will show the exact image an

observer saw; photographs have been included only to

illustrate what is being described. At other times, the sun

is visible, yet its limb is not sharp. Figure 2.2 is a

photograph of a fuzzy sun. The limb is fuzzy and the edge of

the sun cannot be identified. Although sharp-edged sun are

more common than fuzzy suns, fuzzy suns are not rare. I have

Figure 2.1. Sharp-edged sun viewed through patchy stratus.
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observed numerous sharp-edged and fuzzy suns in the two years

I have spent carefully observing the sun through clouds.

The unattenuated sun is sharp-edged, but frequently the

sharp edge can be observed only with difficulty. As shown in

Figure 2.3, the luminance pattern is approximately constant

across the angular radius of the sun. At the edge of the sun,

known as the solar limb, the luminance drops to approximately

one tenth of one percent of the luminance within the solar

disk. Beyond the solar limb, in the aureole, the luminance

decreases gradually with angular distance from the center of

the sun. 4 It is difficult to see the solar limb when the

Figure 2.2. Fuzzy sun viewed through altostratus.
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slightly attenuated sun is observed in the overhead sky

because the luminance of the disk and aureole are usually too

great for the eye to distinguish one from the other. But it

is not uncommon to look at the sun near the horizon, and,

because of sufficient attenuation, observe the characteristic

sharp limb.

Careful observation is necessary to prevent confusing an

insufficiently attenuated sun and aureole with a fuzzy sun.

The aureole results from single scattering that is peaked in

the forward direction due to the size of the atmospheric

particles. The aureole is much less bright than the solar

disk, and, because the aureole is caused by single scattering,

it exists when the medium through which the sun is observed is

thin. The aureole can be attenuated and the solar limb can be

observed by using sunglasses or by looking at the reflection

of the sun in a piece of dark glass, such as the one shown in

Figure 2.4. But the fuzzy sun is different from the aureole.

Occurring at greater optical thicknesses than the aureole, it

is the product of multiple scattering, not single scattering. 4

Using sunglasses to reduce the luminance of a fuzzy sun does

not reveal a solar limb.

Fog has produced the most remarkable sharp-edged suns

that I have seen. Even when the sun was greatly attenuated by

fog, I always observed a sharp edge. At times, I have seen

the sun become extremely faint, then become not visible, and

then become visible again. Although this happened slowly, I
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never observed fuzziness even when the sun was just barely

visible through fog.

Fog is not the only cloud through which I have seen

sharp-edged suns. I have seen them through stratus, with

characteristics similar to the sharp-edged suns seen through

fog; I have seen them also through stratocumulus and cumulus.

The sharp-edged suns seen through stratocumulus and cumulus

were transitory. As stratocumulus or cumulus drifted across

the sky, the sun would change rapidly from being unattenuated

by clouds, to being greatly attenuated and sharp-edged, to not

being visible at all when the intervening cloud was thick. I

have seen sharp-edged suns through high clouds also, such as

Figure 2.4. The use of dark glass to reduce the brightness of
the sun. The sun reflected in the dark glass has a fuzzy
edge.
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cirrus, but the luminance was never so reduced that I could

look at the sun and see the sharp edge without using

sunglasses or reflecting glass.

Classifying clouds can be difficult, but when I have seen

a fuzzy sun, I think it always has been through altostratus.

I know it always has been through middle or high clouds, and

never has been through low clouds. When I have watched the

sky for hours at a time, I have observed a general pattern

concerning fuzzy suns. First, the sky is virtually clear and

the sun is too bright for direct observation. Then, wispy

clouds that seem to be composed of ice crystals appear, and

become thicker with time. The sun is still too bright to be

looked at directly, but by using sunglasses or looking at the

sun's reflection in a piece of dark glass I can reduce the

luminance enough to see the sharp edge of the sun. The cloud

continues to become thicker and the sun, which is still too

bright to be looked at directly, appears fuzzy. The cloud

becomes even thicker; the sun becomes more fuzzy, and dim

enough to be looked at directly. Eventually, the sun is

dimmer and fuzzier, and then it is not visible at all. It is

not uncommon for rain to begin several hours later. I have

seen fuzzy suns in all seasons, but they are most common in

winter and least common in summer.

Only once have I observed the transition from a sharp-

caged sun to a fuzzy sun while the transition was occurring.

I was looking at the reflection of the sun through a cloud in
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black glass while wearing sunglasses. The edge of the sun was

sharp. Then I noticed very slight fuzziness. Confused, I put

on a second set of sunglasses. Initially the sun appeared

dimmer and sharper, then it became more fuzzy. Then the sun

gradually became dimmer and even more fuzzy. After some time,

I was able to look directly at the sun, which was fuzzy,

without using sunglasses. Later, clouds obscured the sun.

I have observed not only the sun through clouds, but the

moon as well. In fact, it is ebsier to observe the moon

through clouds because it is much dimmer than the sun. The

moon is never too bright to be looked at directly, and its

aureole is distinguishable from its direct image. My comments

concerning the appearance of the sun through clouds are true

for the moon as well.

What can be learned by observing the sun through clouds

is limited by thei. variability and by the continuous changes

they undergo. Fundamental characteristics of clouds such as

their structure, composition, drop size distribution, and

thickness can neither be known precisely nor be controlled.

I therefore performed a series of controlled experiments to

learn more about the appearance of the sun through clouds.
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Chapter 3

EXPERIMENTS

An experiment was conducted to investigate the

relationship between both the size of cloud droplets and the

optical thickness of the cloud through which the sun is

viewed, and the sharpness of its image. A 60-watt light bulb

and a fish tank (26 cm high, 26 cm wide, 50 cm long) filled

with particles of known size suspended in distilled water were

arranged in a dark room to simulate the sun seen through

clouds. The light bulb was positioned relative to the

observer so that it looked like a uniformly bright disk. The

distance between the light bulb and the tank was such that the

illumination of the tank was approximately uniform. The

angular width of the light bulb as viewed by the observer was

equal to the angular width of the sun when viewed from Earth

(-0.50).

Haze, fog, and clouds were simulated by suspending three

sizes of polystyrene spheres (provided by Duke Scientific

Corporation) in distilled water in the fish tank. Haze

droplets were represented by particles with mean diameter of

0.652 pm (standard deviation, 0.0048 pm). Fog droplets were

represented by particles with mean diameter of 5.3 pm
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(standard deviation, 1.2 Inm). Cloud droplets were represented

by particles with mean diameter of 15.8 pm (standard

deviation, 2.9 pim). Their indices of refraction are 1.59 at

589 nm (0.652 ;Lm diameter particles) and 1.59 at 540 nm (other

particles). They are virtually non-absorbing at visible

wavelengths.5

The particles, which were packaged as aqueous suspensions

at 10% solids, were added in small increments to the distilled

water using an eye dropper. After drops were added, the water

in the tank was stirred to make the distribution of particles

uniform and then was allowed to become still to minimize

turbulence. Stirring sometimes caused air bubbles to form on

the glass walls of the tank; bubbles were removed after the

water came to rest. No two eyes see alike, so three observers

viewed the light bulb through the suspensions. The results

reported here represent the consensus of the observers on what

they saw.

The optical thickness of the suspensions was estimated

from the number of drops of the aqueous suspensions added to

the distilled water using a SpectraScan PR-704 spectral

radiometer. The spectral radiance of the inner half of the

light bulb was measured with the two glass walls of the tank

and 26 cm of distilled water as the intervening medium. The

spectral radiance of the central half of the light bulb was

measured at the same distance from the light bulb each time

drops of fluid were added to the tank. Optical thicknesses
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were estimated by plotting -ln(L/Lo) against the number of

drops, where L is the spectral radiance measured through a

given number of drops and Lo is the spectral radiance measured

through only the tank and distilled water. The curve was

extrapolated to zero drops and its slope at zero drops was

used to estimate optical thickness as a function of the number

of drops. Measurements were taken at 700 ran, long enough to

minimize the effect of preferential scattering by the smallest

particles, but shorter than an absorption band of water at

slightly longer wavelengths. The optical thicknesses

reported pertain to the suspended particles only.

As 0.652 gm particles were added to the distilled water,

the edge of the light bulb remained sharp until its image

could be seen only faintly. Reddening of the image due to

preferential scattering of short wavelengths was apparent at

optical thicknesses as low as 1.0. The sharp edge and the

absence of an aureole are evident in Figure 3.1, which is a

photograph of the light bulb through 0.652 pm particles with

an optical thickness of about 8.4. The image of the light

bulb still appeared to be a disk, but the edge began to appear

fuzzy at an optical thickness of about 8.8. Not only did

fuzziness increase as optical thickness increased beyond 8.8,

but the shape of the image became less distinct as well. The

image of the light bulb could not be seen when the optical

thickness was about 9.4. The light bulb appeared fuzzy during

approximately the greatest 7% of the optical thicknesses at
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which it was visible. In this thesis, when the sun or the

light bulb are said to be visible, it is meant that a bright

spot caused by one of them, however faint or indistinct, can

be distinguished from the background.

As 5.3 pm particles were added to distilled water, the

edge of the light bulb remained sharp until the image of the

light bulb was faint. At an optical thickness of about 1.2 an

aureole and a corona with an inner radius of about 1.50 were

visible. The corona became less pronounced as particles were

added to the water; the corona was not observed at an optical

thickness of about 7.5. The edge of the light bulb was sharp

Figure 3.1. Light bulb viewed through 0.652 pm particles with
an optical thickness of about 8.4. Notice the sharp edge of
the light bulb and the absence of an aureole.
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and distinct from the aureole until the optical thickness was

about 10.9. Figure 3.2 is a photograph of the light bulb

through 5.3 Jim particles at an optical thickness of about 6.3:

the sharp edge of the light bulb is evident. The edge of the

light bulb could not be seen beyond an optical thickness of

10.9; the light bulb appeared fuzzy. Not only did fuzziness

increase as optical thickness increased beyond 10.9, but the

shape of the image became less distinct as well. The light

bulb ceased to be visible when the optical thickness was about

11.8. The light bulb appeared fuzzy during approximately the

Figure 3.2. Light bulb viewed through 5.3 pm particles with
and optical thickness of about 6.3. Notice the sharp edge of
the light bulb. The surrounding aureole is less evident in
the photograph than it was to the observers.
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greatest 8% of the optical thicknesses at which it was

visible.

As 15.9 pm diameter particles were added to the distilled

water, the edge of the light bulb became fuzzy at a smaller

optical thickness than it did with the two smaller particles.

The addition of only a few particles to the distilled water

produced an aureole and a dramatic corona. The corona, which

had a smaller angular radius than the corona associated with

the 5.9 pm particles, remained visible until an optical

thickness of about 5.2. The edge of the light bulb could not

be seen beyond an optical thickness of 9.8; the light bulb

appeared fuzzy. Not only did fuzziness increase as optical

thickness increased beyond 9.8, but the shape of the image

became less distinct as well. Figure 3.3 is a photograph of

the light bulb through 15.9 pm particles at an optical

thickness of about 10.3: the sharp edge of the light bulb is

not evident. The light bulb ceased to be visible when the

optical thickness was about 12.8. The light bulb appeared

fuzzy during approximately the greatest 23% of the optical

thicknesses at which it was visible.

Several general conclusions can be drawn from the results

of the experiment. For a given particle size, there is a

range of optical thicknesses for which the sun's edge is

distinct, a range of optical thicknesses for which the edge is

fuzzy, and a range of optical thicknesses for which the sun

cannot be seen at all. The second of these ranges increases
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Figure 3.3. Light bulb viewed t. rough 15.9 jm particles with
an optical thickness of about 10.3. Notice the fuzzy edge of
the light bulb.

with increasing particle size. The fuzziness observed through

the two smallest particles was observed at extremely low

contrasts; the light bulbs were seen because the observers

were looking carefully as the optical thickness of the

particles changed very gradually. With the smallest two

particles, a casual observer might not have noticed the

fuzziness before the light bulb ceased to be visible. Also,

if the image of the light bulb was fuzzy, the fuzziness

increased as optical thickness increased.
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Chapter 4

OTHER POSSIBLE CAUSES OF THE FUZZY SUN

This paper is primarily about the relationship between

the size of cloud droplets and the appearance of the sun as

seen through clouds. Other factors, such as the shape of ice

crystals, turbulence, and horizontal inhomogeneities of

clouds, are sometimes suggested as causes of the fuzzy sun.

These possibilities are not disproved, but the results of the

experiment indicate that they are not necessary for a fuzzy

sun to be seen.

The non-sphericity of ice crystals is sometimes suggested

as a possible cause of the fuzzy sun because altostratus is

generally, but not always, partially composed of ice

crystals. 2  But van de Hulst has found that randomly

oriented cylinders form a near-forward scattering pattern

strikingly similar to that of spheres. 4  It would be

remarkable, therefore, if the shape of ice crystals in clouds

were the cause of the fuzzy sun.

Turbulence may degrade the quality of images because of

variations in the refractive index due to temperature

inhomogeneities. 6 This has been observed while looking at the

sun through a plume from a smoke stack. The temperature
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variations necessary for turbulence would be in the

horizontal, not the vertical dimension because the visual path

is roughly vertical. Such temperature vari.ations are small.

Also, the experiment indicates that fuzzy suns can be observed

in the absence of turbulence.

Horizontal inhomogeneities in clouds could cause a fuzzy

sun. It is not uncommon to observe half the sun while the

other half is obscured by a cloud. If inhomogeneities in the

optical thickness of a cloud were great enough to make some

sections of the sun visible, and to make other sections not

visible, and if the inhomogeneities were on a horizontal scale

approximately equal to the smallest angular distance that can

be resolved by the human eye, the sun may appear fuzzy. But

altostratus is a fairly uniform cloud formed by the slow

ascent of extensive layers of air. Several other cloud types,

cumulus, stratocumulus, and altocumulus in particular, are

less uniform horizontally than altostratus. 2 Fuzzy suns are

not seen through these clouds. Also, the experiment indicates

that fuzzy suns can be observed through homogeneous media.
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Chapter 5

THR EYE

How the eye sees is relevant to how an intervening

medium, such as a cloud, degrades image resolution. The eye

resolves images, such as the sun as seen through a cloud, in

a manner remarkably similar to Fourier analysis. Any spatial

pattern can be broken down into a set of sine waves of various

spatial frequencies, which can be summed to produce the

original pattern. For example, a square wave of frequency f

and amplitude 1 can be analyzed into the sum of sine waves

with frequencies that are odd integer multiples of f. The

square wave can then be approximated by

4/n [sin(f) + (1/3)sin(3f) + ... + (i/n)sin(nf)]. (5.1)

As can be seen in Figure 5.1, the extent to which the square

wave is approximated by its Fourier analysis is a function of

n. As n increases and higher frequencies are included, the

edges of the pattern become sharper and the approximation of

the pattern becomes closer to the original square wave. 7

One important difference between how the eye sees and how

signals are Fourier analyzed is that the eye does not detect
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Square wave:

n - 1 approximation:

n - 5 approximation:

n - 9 approximation:

Figure 5.1. Fourier analysis of a square wave. The extent to

which the Fourier analysis approximates the square wave is a

function of the highest frequency included in the

approximat ion.
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the absolute value of a signal; it detects the contrast

between the image of an object and the image of its

background. A visual scene can be thought of as a complex

waveform composed of sine waves of the appropriate frequencies

and amplitudes. Two criteria must be met for an object, part

of the visual scene, to be detected. First, the angular width

of the object must be greater than the inverse of the highest

spatial frequency that the eye can detect. Second, the

contrast between the image of the object and that of its

background must be greater than the threshold contrast. Even

if the spatial frequency criterion is met, if the contrast

between the object and the background at every spatial

frequency is less than the threshold contrast, which is a

function of spatial frequency, the image is not detectable. 8

These criteria are summarized by the contrast sensitivity

function (CSF) of the human eye, which is shown in Figure 5.2.

The eye is sensitive to spatial frequencies between about 0.5

cycles per degree (c/deg) and 50 c/deg. The angular width of

the sun is about 0.50 so the first criterion is met. Contrast

threshold is Ihe inverse of contrast sensitivity, which is the

vertical axis in Figure 5.2. The eye is most sensitive to

about 5 c/deg, where the contrast threshold is less than 1%.

The sensitivity of the eye decreases sharply as the spatial

frequency decreases. Sensitivity also decreases, but more

gradually, as spatial frequency increases. At the highest

spatial frequency the eye can detect, about 50 c/deg, the
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contrast threshold is about 100%.9 The CSF depends on

absolute luminance; the CSF in Figure 5.2 is for 5 Lamberts.

As luminance decreases, the CSF shifts downward and its peak

shifts to lower frequencies. 8

The extent to which the sine wave components of the

square wave approximate the square wave is determined by the

highest frequency sine wave included in the approximation.

Similarly, the extent to which the eye can resolve the sun is

determined by the highest spatial frequency at which the

contrast between the sun and the background cloud is greater

than the contrast threshold. If the contrast between the sun

and the background cloud at 50 c/deg is greater than the

contrast threshold at 50 c/deg, the sun will appear at its

sharpest. If the contrast between the sun and the background

cloud is less than the contrast threshold at all spatial

frequencies at which the eye is sensitive, the sun will not be

seen. If the contrast between the sun and the background

cloud is greater than the contrast threshold below an

intermediate spatial frequency, but it is less than the

contrast threshold at higher spatial frequencies, the sun will

be visible, but with some degree of fuzziness. The lower the

spatial frequency at which the contrast is less than the

contrast threshold, the more fuzzy the sun will be. 8

I observed the gradual degradation in sharpness that is

described in the preceding paragraph while performing the

experiment. Also, if the light bulb appeared fuzzy when I was
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Figure 5.3. Contrast senesitivity function of the eyes of

various species. (After DeValois and DeValois.8)


