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Most physicists spend their lives immersed in abstractions: equations, models, and experiments 
mediated by sophisticated instruments. Yet Earth itself is a vast optical laboratory, and the 
unaided human eye can witness a surprising range of subtle and complex phenomena that even 
many specialists have never knowingly seen. Beyond familiar rainbows and mirages lies a world 
of green flashes at sunset, hovering ships conjured by thermal ducts, halos and glories encircling 
shadows, pearl-colored clouds glowing in the polar twilight, and faint dust-light streaming along 
the plane of the Solar System. These effects are not esoteric curiosities; they are concrete 
realizations of refraction, scattering, interference, and radiative transfer, playing out on 
planetary scales under ordinary conditions. This paper surveys a set of “hidden in plain sight” 
optical phenomena that humans can observe on Earth with minimal equipment, focusing on 
those that are underrepresented in standard curricula and even in the experience of most 
physicists. For each class of effect, we outline the physical mechanism, typical environmental 
conditions, and practical strategies for observation and documentation. We then consider why 
these phenomena remain marginal in physics culture and how a renewed attention to naked-
eye optics could enrich education, public engagement, and the intuitive understanding of light 
and matter. 
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1. Introduction 

For most people trained in physics, optics is encountered first as a small, tidy box in the 
curriculum: Snell’s law, thin lenses, a few experiments with diffraction gratings and polarizers, 
maybe a laser on a bench. Later, some will learn radiative transfer, Mie scattering, or the 
subtleties of coherence theory, but almost always within the controlled environment of the 
laboratory or the fully specified atmosphere of a numerical model. Meanwhile, the sky above 
and the world around us are continuously staging uncontrolled but exquisitely structured optical 
experiments that almost no one is taught to read. 

Rainbows and mirages form the thin, familiar layer of this world that makes it into popular 
imagination. Beyond those, however, there is a surprisingly rich catalogue of phenomena that 
can be seen with the naked eye or with very simple aids, but that remain obscure even to many 
professional physicists. Green flashes, glories, Brocken spectres, circumzenithal arcs, nacreous 
clouds, light pillars, shadow bands during eclipses, zodiacal light, and the gegenschein are not 
mystical or marginal oddities. They are direct, often striking, manifestations of refraction, 
scattering, interference, and radiative transfer in real media, under real boundary conditions. 

This paper aims to act as a guided tour through a subset of these “hidden” optical phenomena. 
It is written for scientifically literate readers, including physicists, who may know the equations 
of optics far better than the sky itself. The emphasis is not on discovering entirely new physics 
but on reconnecting familiar theory with the lived environment. By systematically describing the 
mechanisms, conditions, and observational strategies for a set of rare but accessible effects, the 
paper argues that serious attention to naked-eye optics can deepen intuition, enrich teaching, 
and restore a sense of discovery to something as seemingly ordinary as looking up. 

1.1 Everyday physics and the neglected richness of the sky 

Modern physics education implicitly trains attention inwards: toward the apparatus, the 
detector, the screen, or the simulated world on a computer. It is easy to forget that for centuries 
the primary “detector” available to natural philosophers was the human eye, and the primary 
laboratory was the sky. When the atmosphere, the ocean, and the landscape are treated as 
background rather than as part of the apparatus, an enormous amount of structured 
information is simply never noticed. 

On any clear day, even a casual walk offers a sequence of experiments. The color and 
polarization pattern of the blue sky encode scattering geometry and aerosol content. The 
changing sharpness and color of distant hills reveal atmospheric clarity and absorption. Near 
sunrise and sunset, subtle deformations of the solar disk carry information about vertical 
temperature gradients and refractive index profiles. Thin clouds near the Sun can exhibit 
iridescence. High cirrus might generate halos, sundogs, or arcs that betray the shape and 
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orientation of ice crystals. At night under dark skies, the faint wedge of zodiacal light quietly 
announces the presence of a dust disk around the Sun. 

Most of these are rarely discussed in standard physics courses, and even when they are, the 
emphasis usually falls on a single archetypal phenomenon, such as the primary rainbow. The 
rest are often relegated to the domain of enthusiasts in atmospheric optics, treated as curios 
rather than as powerful, integrative demonstrations of core principles. The result is a gap 
between theoretical competence and phenomenological literacy. Many physicists can derive the 
radiance field in a scattering atmosphere, but few could look at a particular halo display or 
horizon mirage and deduce the family of atmospheric structures that must be in play. 

This neglect is not simply a matter of taste. Real-world optical phenomena are messy: multiple 
scattering, inhomogeneous media, and imperfect geometries are the rule rather than the 
exception. These complexities can be pedagogically inconvenient. Yet precisely because the 
phenomena are messy, they are valuable. They force us to confront which simplifications are 
robust and which are fragile. They make visible, and thus discussable, the ways that idealized 
models survive contact with reality. 

In that sense, learning to see the sky as an optical laboratory is not nostalgia for pre-
instrumental science. It is a way of re-centering physics in the world it is meant to describe, and 
of expanding the repertoire of examples available for teaching, intuition-building, and public 
engagement. 

1.2 Criteria for “unusual” phenomena and scope of this survey 

The term “unusual” is slippery. Rainbows are unusual in that they require specific geometry and 
weather, yet almost everyone has seen one. Auroras are unusual in latitude but widely known. 
To give this survey focus, it is useful to specify criteria that distinguish the phenomena to be 
discussed from the better-known optical effects. 

First, the phenomena considered here are visually accessible to the naked eye or with minimal 
aids such as sunglasses, a simple camera, or binoculars. They do not require telescopes, 
spectrometers, or specialized sensors. This is important because one of the goals is to 
encourage direct engagement: a reader should be able, with some luck and patience, to see at 
least a subset of these effects personally. 

Second, they are underrepresented in both general education and in the lived experience of 
most physicists. A typical graduate in physics may know of mirages in a vague way, but may 
never have heard of a Novaya Zemlya effect, or may never have recognized a circumzenithal arc 
overhead. Likewise, many have flown on airplanes without realizing that the luminous ring 
around the aircraft’s shadow on clouds is a glory with rich underlying physics. This relative 
invisibility in the culture of physics is part of what makes them “unusual” in the present sense. 
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Third, they are physically instructive. Each phenomenon selected illustrates nontrivial aspects of 
optics and radiative transfer: strong vertical refractive gradients and ducting, interference and 
backscattering from droplets, geometric constraints imposed by crystal symmetry, or the role of 
interplanetary dust in shaping the night sky. They are “unusual” not just because they are rare, 
but because they invite an integrative understanding that spans geometric optics, wave optics, 
and atmospheric science. 

Fourth, the phenomena arise in natural conditions that can plausibly be encountered by 
ordinary observers. This excludes, for example, laser-induced atmospheric effects, laboratory-
created mirages, or highly specialized polar expeditions that are inaccessible to most readers. At 
the same time, some of the phenomena do require particular environments: polar stratospheric 
clouds are tied to high latitudes, while desert or maritime horizons favor certain mirage types. 
The survey will note these constraints but will not demand that every reader be able to see 
every effect. 

Within this framework, the paper will focus on several broad classes of phenomena: horizon 
refraction effects (green flashes, superior mirages, Fata Morgana, Novaya Zemlya); antisolar and 
backscattering effects (glories, Brocken spectres, heiligenschein, opposition surge); ice-crystal 
optics (halos, arcs, light pillars, nacreous and iridescent clouds); lunar and planetary light 
phenomena (moonbows, lunar coronae and halos, zodiacal light, gegenschein, airglow); and 
transient eclipse-related effects (shadow bands, pinhole fields, chromatic changes). The goal is 
not to be exhaustive but to give a representative, structured sample that reveals the breadth 
and depth of “hidden” optics available to unaided human perception. 

1.3 Why naked-eye optics still matters in an age of instrumentation 

In contemporary science, almost every measurement is mediated by technology: 
photomultipliers, CCD arrays, adaptive optics systems, orbiting telescopes. These instruments 
extend human senses, quantify them, and enable us to probe regimes that are otherwise 
inaccessible. It can therefore seem regressive to argue for the continuing importance of naked-
eye observation, especially for an audience that is trained to think numerically and 
instrumentally. 

Yet there are several reasons why naked-eye optics still matters, and not merely as a historical 
curiosity. The first is that direct observation develops a type of pattern recognition and holistic 
understanding that complements instrument-based analysis. When a person has repeatedly 
watched the Sun flatten at the horizon, seen a green flash emerge under certain thermal 
conditions, or noted how the brightness distribution of the sky changes with solar altitude and 
aerosol load, they acquire a library of visual patterns that enrich their intuition. That intuition, in 
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turn, can guide the design of experiments, the interpretation of data, and the generation of 
hypotheses. 

The second reason is educational. Many core concepts in optics can be taught in a way that is 
abstract and disconnected from experience, or in a way that is anchored in phenomena that 
students can see with their own eyes. Green flashes concretize dispersion and atmospheric 
refraction; glories and coronae make interference and diffraction tangible; halos and arcs 
embody geometric optics in anisotropic crystals. When students learn that the sky itself is full of 
such examples, physics can shift from being a set of rules imposed on the world to a language 
for describing what they already perceive but may not yet understand. 

The third reason is ethical and cultural. Science does not take place in a vacuum; it shapes and is 
shaped by how people relate to their environment. Attention to naked-eye phenomena fosters a 
habit of looking closely at the world rather than merely through screens and instruments. It 
connects scientific curiosity with everyday experience: the colors around a streetlight on a cold 
night, the strange glow opposite the Sun in a dark sky, the fleeting bands of shadow before a 
total eclipse. This kind of attention can help counter the alienation that sometimes accompanies 
highly specialized, technology-mediated work. 

Finally, there is a practical argument. In many contexts, the human eye remains a remarkably 
capable, robust, and portable detector. An observer who understands what to look for can 
provide valuable qualitative observations, photographs, and reports that enrich formal datasets. 
Citizen science in atmospheric optics, eclipse observation, and night-sky monitoring already 
shows how aggregated naked-eye data can contribute to research on aerosols, clouds, and light 
pollution. Training more people, including physicists, to see and systematically describe these 
phenomena increases the pool of observers capable of noticing rare events when they occur. 

In an age where instrumentation has never been more powerful, naked-eye optics offers 
something that instruments alone cannot: a direct, phenomenologically rich encounter with the 
physics of light as it unfolds in the shared environment. The rest of this paper is an invitation to 
take that encounter seriously, to treat the sky not as a backdrop but as an active partner in the 
practice and teaching of physics. 

 

2. The Earth’s Atmosphere and Surface as an Optical Laboratory 

To treat the Earth as an optical laboratory is to recognize that light is constantly being emitted, 
scattered, absorbed, refracted, and re-emitted in a structured environment with well-defined 
but variable properties. The atmosphere is a stratified medium whose density, temperature, 
humidity, and composition change with height and weather; the surface of the planet is a 
patchwork of reflectors, absorbers, and scatterers with wildly different textures and albedos. In 
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this sense, every rare halo, mirage, glory, or diffuse glow is not a free-floating curiosity but the 
visible readout of an ongoing radiative transfer experiment. 

Standard treatments of radiative transfer often begin from an idealized one-dimensional slab 
with specified absorption and scattering coefficients. Real atmospheric optics overlays that basic 
framework with vertical gradients, horizontal inhomogeneity, and a complex mix of particulate 
and molecular scatterers. The sea-level air that refracts and scatters the last rays of a sunset is 
not the same medium as the dry, cold stratosphere that hosts polar stratospheric clouds, nor as 
the tenuous upper atmosphere that glows faintly in airglow. Beneath all of this lie surfaces—
oceans, deserts, forests, cities—each acting as a particular kind of optical boundary: highly 
specular, diffusely reflective, absorbing, or backscattering in different ways. 

To understand the phenomena surveyed later in this paper, it is helpful to sketch three layers of 
description. The first is radiative transfer in a stratified medium, with emphasis on refractive 
index structure and scattering regimes. The second considers the specific roles of water 
droplets, ice crystals, aerosols, and rough surfaces as the “optical components” of this 
laboratory. The third acknowledges the detector: the human visual system, with its particular 
spectral sensitivity, dynamic range, and perceptual limitations, which determines which 
experiments we can actually observe. 

2.1 Radiative transfer, refractive index structure, and scattering regimes 

Radiative transfer in the atmosphere describes how radiation of a given wavelength and 
direction changes in intensity as it propagates through a medium that both attenuates and re-
emits or scatters light. At a coarse level, one can think in terms of sources, sinks, and 
redirection: the Sun and Moon as primary sources, surfaces as secondary sources via reflection, 
gases and particles as both sinks (via absorption) and re-emitters (via scattering and thermal 
emission). For the phenomena of interest here, scattering and refraction are central. 

The refractive index of air is close to one but not exactly one, and it decreases with altitude, 
roughly following the decline in density and pressure. Small departures from a simple 
monotonic profile, introduced by temperature inversions, humidity layers, or local turbulence, 
are what make horizon mirages, green flashes, and Novaya Zemlya effects possible. Light rays 
passing through such a vertically structured medium follow curved paths determined by the 
gradient of refractive index. A mild, smooth gradient produces gentle bending that slightly lifts 
distant objects and subtly deforms the solar disk near the horizon. Strong, layered gradients can 
create refractive ducts that trap and guide light over long distances, generating stacked, 
inverted, or displaced images. 

Scattering regimes in the atmosphere are typically divided by the size parameter, which 
compares particle size to wavelength. When the scatterers are much smaller than the 
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wavelength, molecular (Rayleigh) scattering dominates, giving rise to the blue sky and the 
reddening of the Sun at low altitude. When the scatterers are comparable to or larger than the 
wavelength, Mie scattering and its generalizations apply; this is the realm of cloud droplets, 
aerosols, and dust. In the geometric optics limit, where particles are much larger than the 
wavelength, one can conceptually trace rays through droplets or crystals, invoking refraction, 
reflection, and total internal reflection to predict angles and intensity patterns. 

The rare optical phenomena cataloged later arise when specific scattering regimes and 
refractive structures align in particular geometries. Glories, for example, involve backscattering 
and interference around droplets whose size parameter places them in an intermediate regime 
where wave effects are important. Halos and arcs from ice crystals can often be understood in 
geometric terms, with light entering and exiting prisms defined by crystal faces at fixed angles. 
Zodiacal light and gegenschein depend on scattering by interplanetary dust, a medium whose 
structure and composition differ from atmospheric aerosols but whose basic radiative transfer 
problem is analogous. 

Radiative transfer also includes absorption and emission, which shape the spectrum and 
brightness of the sky but are less central for the specific visual phenomena emphasized here. 
However, they are important in understanding why the sky remains faintly luminous even on 
moonless nights (airglow) and why certain colors are especially favored or suppressed during 
twilight. 

Overall, the atmosphere can be thought of as a layered, time-varying optical material with a 
refractive index profile that bends rays and a particulate population that scatters them in 
wavelength-dependent ways. Many unusual naked-eye phenomena simply make visible the fine 
structure of this profile in particular viewing geometries. 

2.2 Water droplets, ice crystals, aerosols, and surface roughness as optical elements 

Within this stratified medium, discrete objects—droplets, crystals, particles, and surfaces—act 
as the optical elements that actually generate recognizable patterns. Unlike laboratory optics, 
where lenses and prisms are manufactured to specifications, atmospheric optical elements are 
statistical: their shapes, orientations, and sizes follow distributions. Nonetheless, certain 
regularities are strong enough to give rise to reproducible, recognizable phenomena. 

Water droplets in clouds and fog are the most ubiquitous optical elements. For many purposes 
they can be idealized as spheres, which makes them mathematically tractable. Their size 
distribution, however, matters. Small droplets near the order of the wavelength tend to produce 
pronounced diffraction features and soft-edged halos or coronae around bright sources. Larger 
droplets, in the tens or hundreds of micrometers range, scatter more strongly in the forward 
direction but can also support interference structures such as glories. In simple rainbow 
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formation, raindrops act as tiny refracting spheres that deflect incoming sunlight into preferred 
angles, giving the familiar bow. In the rarer phenomena considered here, droplet size and 
uniformity influence the visibility and sharpness of glories, cloud coronae, and iridescent 
patches. 

Ice crystals introduce new geometry. Instead of spheres, one encounters hexagonal plates, 
columns, needles, and more elaborate forms. In cold high clouds, especially cirrus, plate and 
column crystals can become preferentially oriented as they fall, aligning their symmetry axes 
with gravity and their faces roughly horizontal. In cold near-surface air, plate crystals can also 
form in suspension, creating what is often called diamond dust. These crystals act as a 
population of prisms and mirrors. Rays entering and exiting specific faces at fixed angles give 
rise to characteristic halo radii and arcs. The 22-degree halo, common around Sun and Moon, is 
associated with refraction in hexagonal crystals. Sundogs (parhelia), circumzenithal arcs, and 
circumhorizontal arcs all depend on more specific paths through oriented plates. Light pillars are 
produced when plate-like crystals reflect light from near-horizontal facets, transforming 
streetlights, the Sun, or the Moon into vertical columns. 

Atmospheric aerosols and dust particles cover a wide range of sizes and compositions, from 
submicron pollution particles to desert dust and sea salt. Their presence affects overall sky 
brightness, color gradients, and transparency, and can play a role in phenomena such as 
crepuscular rays, enhanced twilight colors, and the brightening or dimming of zodiacal light. For 
some unusual phenomena, aerosols act more as a modulating background than as the primary 
optical element, but they still shape the contrast and visibility of subtle features. 

The Earth’s surface itself is another crucial class of optical element. Oceans behave as large-
scale specular reflectors at low angles, producing glitter paths and enhancing mirage visibility 
through sharp horizon lines and uniform backgrounds. Desert surfaces can be highly reflective 
and thermally active, creating strong near-surface temperature gradients that favor inferior 
mirages and shimmering. Snow and ice fields provide high-albedo backgrounds that enhance 
any overlying atmospheric halo or pillar and contribute to strong thermally driven refractive 
structures. Vegetated terrain tends to be more diffuse and absorbing, reducing glare but 
complicating the detection of low-contrast phenomena. 

Surface roughness, at scales from millimeters to kilometers, modulates shadowing and 
backscattering. For effects like heiligenschein and opposition surge on dewy grass or rough soil, 
individual blades, pebbles, or grains hide their own shadows at the antisolar point, producing a 
brightening that would not occur on a perfectly smooth surface. On larger scales, mountain 
ridges and cloud banks define projection screens for shadows, Brocken spectres, and glories. 
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When all of these elements—droplets, crystals, aerosols, and surfaces—are seen as 
components of a natural optical bench, it becomes easier to understand why certain locations 
and weather patterns favor specific phenomena. A high plateau with frequent diamond dust 
and low light pollution is an excellent laboratory for halos and pillars. A coastal region with clean 
air and strong sea-breeze inversions favors green flashes and superior mirages. A polar 
environment with stable stratospheric conditions enables nacreous clouds. The world’s optical 
laboratory is vast but structured, and part of the observer’s craft is learning which components 
are likely to be active in a given place and season. 

2.3 Human visual sensitivity, dynamic range, and perceptual limits 

Even the most elaborate natural experiment is only as useful as the detector that reads it out. In 
this context, the detector is the human visual system, which combines a physical sensor—the 
retina—with a complex neural processing pipeline in the brain. Its properties determine which 
atmospheric optical phenomena are visible at all, which are noticed, and which remain 
essentially invisible without instruments. 

Human photopic (daylight) vision is mediated by three classes of cone cells with overlapping 
spectral sensitivities, roughly tuned to long, medium, and short wavelengths. Scotopic (low-
light) vision relies on rod cells, which are more sensitive overall but do not encode color. The 
transition between these regimes, called mesopic vision, occurs in twilight and under 
moonlight, where both rods and cones contribute. Many rare optical phenomena inhabit this 
mesopic regime: green flashes at sunset, moonbows, lunar coronae, zodiacal light, and 
gegenschein all tend to be seen at low luminance levels where color sensitivity is diminished 
and contrast detection is fragile. 

Dynamic range is another critical factor. The human visual system can function over a luminance 
range spanning many orders of magnitude, but not all at once. It adapts by changing pupil size 
and by neural gain control. This adaptation allows us to see bright clouds and faint haloes in the 
same scene, but it also means that phenomena close to a bright source, like the circumzenithal 
arc near a high Sun or delicate coronae around the Moon, can be washed out if the observer’s 
eyes are saturated by glare. Simple techniques such as blocking the Sun with a hand, building, 
or pole, or using sunglasses to reduce overall brightness can make the difference between 
missing and seeing a phenomenon. 

Contrast sensitivity and spatial resolution set further limits. Some phenomena have very low 
intrinsic contrast with respect to the background sky and require dark adaptation and attention 
to detect. Zodiacal light and gegenschein, for example, are subtle enhancements of sky 
brightness that can be swamped by light pollution, moonlight, or even a poorly dark-adapted 
retina. Shadow bands during eclipses are low-contrast, fast-moving patterns on the ground that 
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require a uniform projection surface and careful observation. Heiligenschein can be quite subtle 
and is easier to notice once one knows exactly where to look (around the antisolar point on 
dewy grass). 

Color discrimination is also context-sensitive. At low light levels, colors appear muted; a 
moonbow may look white, even though a long-exposure photograph reveals a full spectrum. 
Green flashes may be fleeting and faint; an observer needs both good timing and the 
expectation that a color change is possible in order to register it. Cloud iridescence and 
nacreous cloud colors can be extraordinarily vivid, but only if the observer blocks the bright Sun 
and allows their eyes to adjust. 

Perceptual and cognitive factors play a role as well. Many optical phenomena are either spatially 
localized (a small halo around one’s shadow, a patch of iridescence near the Sun) or temporally 
brief (a flash at the instant the Sun disappears, a few tens of seconds of shadow bands). 
Observers who are not primed to expect such events may simply not look in the right place or at 
the right moment. Additionally, the brain tends to classify unfamiliar patterns into familiar 
categories: a complex Fata Morgana display might be dismissed as “hazy cliffs,” a Brocken 
spectre as just “my shadow in the fog,” a faint gegenschein as “a patch of milky sky.” 

Understanding the strengths and limits of human vision helps in two ways. First, it clarifies why 
some phenomena are intrinsically rare, not just physically but perceptually. A particular 
combination of atmospheric conditions might occur more often than reported sightings suggest, 
simply because very few people are watching under optimal visual conditions. Second, it 
suggests practical strategies for improving detection: seeking dark sites, allowing full dark 
adaptation, using simple blocking techniques to reduce glare, and cultivating the habit of 
routinely scanning known geometric locations (such as the antisolar point or the region near the 
zenith under cirrus clouds). 

Thus, the Earth’s atmosphere and surface constitute a sophisticated optical laboratory, but one 
whose output is filtered through a biological and cognitive instrument. The interplay between 
medium and detector largely determines which “hidden” phenomena cross the threshold from 
latent possibility to lived experience. 

 

3. Refraction-Driven Horizon Phenomena 

Near the horizon, the atmosphere shifts from being a gentle, almost invisible lens into a 
complex optical system that can stretch, stack, displace, and recolor images. The reason is 
straightforward: rays that graze the Earth travel long horizontal paths through air whose 
refractive index varies sharply with height and temperature. Small changes in vertical structure 
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that would have negligible effect for overhead viewing can strongly alter how rays skim along 
the surface. 

The phenomena in this section are all variations on this theme. Green and blue flashes are brief, 
spectrally selective distortions of the solar limb at the moment when refraction and extinction 
are most dramatic. Superior and inferior mirages turn the ground or sea into a dynamic mirror 
system, producing apparent pools of water on hot roads or hovering ships in cold seas. In more 
extreme cases, layered temperature inversions form ducts that trap and guide light, giving rise 
to the elaborate, fairy-tale distortions known as Fata Morgana and to the Novaya Zemlya effect, 
in which the Sun appears above the horizon when it is already geometrically set. 

These effects are striking partly because they transgress everyday expectations of what the 
horizon should do: mark a clean boundary between visible and invisible, between day and night. 
Refraction-driven horizon phenomena show that this boundary is negotiable, and that the 
atmosphere can temporarily revise the line between seen and unseen. 

3.1 Green and blue flashes at sunrise and sunset 

Green and blue flashes are perhaps the most famous of the rare horizon phenomena, if only 
because they are wrapped in a mix of legend and skepticism. Observers over the sea or from 
mountain tops report a sudden green, occasionally bluish, rim or flare at the upper edge of the 
Sun as it rises or sets. Others insist they have never seen such a thing and suspect exaggeration. 

In reality, green flashes are well-understood consequences of atmospheric dispersion and 
refraction, operating under specific conditions of temperature structure and clarity. They come 
in several variants, ranging from a barely noticeable green edging on the solar limb to dramatic, 
detached emerald slivers hovering above the disappearing disk. Blue flashes are rarer because 
the atmosphere that disperses light also scatters short wavelengths more strongly, dimming 
them. 

To understand how these flashes arise, it is helpful to separate three ingredients: the basic 
vertical refraction of the atmosphere, the wavelength dependence of this refraction, and the 
additional sculpting produced by layered temperature structure. 

3.1.1 Basic dispersion and vertical refraction 

Even in a horizontally uniform atmosphere, the refractive index of air decreases with altitude. 
Rays passing close to the horizon therefore travel through denser air near the ground and are 
bent downward, making objects just below the geometric horizon appear slightly lifted. This is 
why the Sun remains visible for a few minutes after it has already set geometrically, and why the 
solar disk near the horizon appears flattened: the lower limb, whose light has passed through 
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denser air, is refracted more strongly upward than the upper limb, distorting the circle into an 
oval. 

Air’s refractive index is also weakly wavelength dependent. Shorter wavelengths (blue, green) 
experience slightly higher refractive indices than longer wavelengths (red), and thus are bent a 
bit more. Under most viewing conditions this dispersion is too small to be noticed directly, but 
near the horizon, where refraction is already large, the additional differential bending can 
separate the images of different spectral components by enough to matter. 

Imagine the Sun’s image being split vertically into slightly offset red, green, and blue 
components by dispersion. As the Sun approaches the horizon, the red component of the upper 
limb may dip below the geometric horizon earlier than the green component, which in turn 
disappears before the blue. At the very last moments of visibility, the upper rim that remains 
can be dominated by the more strongly refracted green or even blue light, briefly producing a 
colored fringe. 

This basic mechanism explains why flashes occur only at the very top of the Sun, and why they 
are brief: they mark the interval when the vertically dispersed components of the solar limb 
cross the horizon at slightly different times. The effect is sharpened by the strong gradient in 
atmospheric extinction near the horizon. Redder light, less scattered by the atmosphere, often 
dominates the disk as a whole, while the more heavily scattered green and blue components 
survive preferentially along specific refracted paths. When those paths happen to correspond to 
the last visible sliver, the flash becomes conspicuous. 

3.1.2 Atmospheric layering and superior versus inferior flashes 

Real atmospheres are not smoothly stratified. Temperature inversions, where a layer of warm 
air overlies cooler air, or vice versa, produce sharp changes in refractive index with height. 
When such layers are present near the horizon, they can create multiple, distorted images of 
the Sun, separated by sharp edges. 

In the context of green flashes, two broad classes often appear in observational catalogues: 
inferior and superior flashes. The terminology reflects whether the colored enhancement 
appears at the top of the main solar image (inferior) or at the bottom of a displaced, mirage-like 
image above it (superior, sometimes called mock-mirage flashes). 

In simpler, inferior flashes, one sees the normal solar disk descending toward the horizon. As it 
disappears, the upper rim briefly takes on a green tinge. Here, the atmosphere behaves 
essentially as a smooth gradient: dispersion separates the colors just enough that, at the instant 
when the last sliver of Sun remains, the green component is dominant. These flashes tend to be 
small and require good visual acuity and clear air to appreciate. 
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Superior flashes arise when an inversion layer creates a refractive duct that supports a separate, 
flattened image of the upper part of the Sun, hovering above the main disk. As the Sun sets, the 
lower, direct image sinks below the horizon, while the miraged upper part persists as a 
detached, compressed segment. The edges of this segment are sharp, and dispersion can 
accentuate color separation at those edges. In such cases, a thin green (and in rare cases bluish) 
layer may appear at the lower boundary of the superior image or at its upper boundary as it 
vanishes. Because the miraged image is often brighter and more sharply bounded than the 
normal limb, these flashes can be more spectacular, their color vivid and shape clearly defined. 

The diversity of observed green flashes—simple fringes, detached green plates, shifting green 
bands along stacked solar images—reflects the variety of atmospheric layering scenarios. Each 
configuration of temperature and density near the horizon acts as a particular optical system, 
creating its own pattern of images on which dispersion then paints spectral fringes. 

3.1.3 Practical observing strategies over sea and land horizons 

Green flashes are not hallucinations, but they are elusive. To see them reliably, an observer 
must meet three conditions: a clear, sharp horizon; sufficiently clean, stable air; and disciplined 
attention to the last moments of sunrise or sunset. 

Over the sea, a distant, flat water horizon is ideal. The farther the horizon, the more air the light 
has traversed, enhancing refraction and extinction and thus enlarging the temporal separation 
between colors. Maritime locations with stable temperature inversions, such as coasts where 
cold water meets warmer air masses, are especially favorable. High-elevation sites overlooking a 
distant horizon, such as mountain peaks above low-lying haze, can also produce excellent 
flashes. 

From land, the key is to find a clean geometrical horizon, free from intervening buildings or 
vegetation. Watching the Sun set behind distant mountains complicates matters, because the 
effective horizon is irregular and much closer, reducing the available path length and making 
flashes rarer and more ambiguous. 

Safety is crucial. Staring at the Sun when it is still bright risks eye damage. Observers should 
begin watching only when the Sun is low enough that its brightness is significantly attenuated 
by atmospheric extinction, or use optical aids that reduce intensity, such as neutral-density 
filters or appropriate welders’ glass. Binoculars or telephoto lenses on a tripod can greatly 
enhance the visibility of fine structure and color at the solar limb, but should be used with 
extreme caution and only when the Sun is already dimmed by its low altitude. 

Practically, the discipline is simple: pay attention to the last minute before the upper limb meets 
the horizon, and the few seconds when only a thin arc remains. Many first-time observers 
report that the crucial interval passes quickly and that their attention wanders just when it 
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matters. Knowing that the flash, if it appears, will be very brief helps focus the observer’s gaze 
at the right moment. 

3.2 Superior and inferior mirages 

Mirages are the broader family of which some green-flash configurations are a special case. 
They are persistent, often large-scale distortions and displacements of distant objects caused by 
vertical gradients in refractive index near the surface. Inferior mirages make the ground appear 
to reflect the sky, producing the impression of water. Superior mirages lift distant objects or 
horizons upward, making them appear higher in the sky than they are. 

Both effects are rooted in the same physics: rays bend toward regions of higher refractive index, 
and the near-surface air often has strong refractive gradients because it is being heated or 
cooled by the ground or water beneath it. 

3.2.1 Thermal gradients and refractive “lenses” 

On a hot day, the ground or road surface can become significantly warmer than the air a meter 
or two above it. This heats the lowest layer of air, reducing its density and thus its refractive 
index. The result is a vertical profile in which refractive index increases with height over a short 
distance. Rays passing through this layer are bent upward, away from the hotter, less dense 
region, much as they would be when entering a medium of lower refractive index. 

If an observer looks toward a distant patch of road under such conditions, rays coming from the 
sky just above the horizon can be bent upward toward the eye after traveling along a path that 
dips near the hot surface. To the eye, those rays seem to come from below the horizon, 
producing an image of the sky where the road should be. The brain interprets this as a 
reflection, because water is the most familiar surface that reflects the sky. Thus a patch of 
shimmering “water” appears on the road, receding as one approaches. This is the canonical 
inferior mirage. 

In cooler conditions, particularly over cold water or ice, the opposite structure can form. A cold 
surface cools the adjacent air, making it denser and increasing its refractive index near the 
ground, with a decrease aloft. In this case, rays passing near the surface are bent downward, 
toward the higher-index layer. Viewed from some distance, light from a distant object just 
beyond the geometric horizon can be bent down and then up to reach the observer, creating 
the appearance of a displaced, elevated image above its true position. This is the hallmark of a 
superior mirage. Distant ships may hover above the sea, coastlines may appear higher than they 
are, and low-lying features beyond the horizon may become visible. 
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These vertical gradients act as refractive lenses: they focus, defocus, and redirect rays over 
extended paths. When the gradients are strong and layered, they can support multiple ray paths 
connecting the same source and observer, producing multiple images and complex distortions. 

3.2.2 Common roadway mirages versus rare, long-path phenomena 

Most people are familiar with inferior mirages on roads or deserts, because the conditions for 
their formation are common: strong solar heating, low humidity, and a wide, flat surface to 
generate a broad, hot air layer. These mirages are usually confined to shallow viewing angles 
and short path lengths; as one approaches the apparent water, the geometry changes and the 
mirage recedes. 

More unusual are long-path mirages over water or ice, where the refractive structure extends 
over many kilometers and persists for hours. Over cold seas under a warm air mass, the 
boundary layer can support superior mirages that dramatically distort distant ships, islands, or 
icebergs. A ship’s hull may disappear while its mast seems enlarged; an island may appear as a 
towering wall; a low coastline may be duplicated and inverted. These displays can be stable 
enough for detailed photography and can cover wide stretches of the horizon. 

In extreme cases, multiple layers of differing temperature and humidity create stacked 
refracting regions, where rays can follow several distinct paths. The resulting images can be 
vertically repeated, compressed, stretched, or inverted, often changing rapidly as the refractive 
structure evolves. Here the distinction between “simple mirage” and more elaborate patterns 
such as Fata Morgana begins to blur. 

The rarity of such long-path phenomena in everyday experience is partly geographic and partly 
cultural. They favor high-latitude or coastal environments with strong vertical structure over 
cold surfaces, and they require an observer who is paying close attention to the distant horizon. 
Many people live in urban or forested environments where the view to the true horizon is 
blocked, and even those with access to sea or lake horizons may not spend extended time 
watching distant objects under the specific conditions that favor mirages. 

3.3 Fata Morgana and the Novaya Zemlya effect 

Fata Morgana and the Novaya Zemlya effect represent the most dramatic members of the 
refraction-driven horizon family. In them, the atmosphere ceases to act like a simple lens and 
instead behaves like a complex, layered optical waveguide that can deliver multiple, rearranged 
images from beyond the geometric horizon. 

Fata Morgana refers to highly complex mirage displays, often seen over cold water or ice, in 
which distant land, ships, or icebergs are distorted into stacked, castle-like apparitions. The 
Novaya Zemlya effect is a related phenomenon in which the Sun (or Moon) is seen above the 
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horizon when it is geometrically below it, sometimes as a flattened bar or strip of light extended 
over the horizon for hours. 

Both require multi-layer ducts: vertical structures in refractive index that trap rays near a 
particular height and guide them over long distances. 

3.3.1 Multi-layer ducts and stacked or inverted images 

A duct forms when the refractive index profile with height creates a region where rays, once 
entering, are refracted back toward the interior rather than escaping upward or downward. In 
the atmosphere, such ducts often arise from strong temperature inversions above cold surfaces, 
where a relatively warm, less dense layer overlies colder, denser air near the ground or sea. 

When multiple inversions or layers occur, the vertical profile can support several quasi-stable 
ray paths connecting the same distant object to the observer. Each path samples a different 
effective curvature and passes through different parts of the thermal structure, resulting in a 
distinct apparent image. Because the paths differ in how they compress or stretch vertical 
angles, the images can be distorted in height, inverted, or repeated. 

Seen along a distant horizon, these multiple images can stack on top of each other, with sharp 
horizontal boundaries between them corresponding to the refractive transitions. Cliffs may 
appear as tiered walls; islands may acquire crenellated, castle-like tops; ships may be chopped 
into alternating upright and inverted segments. The scene can shimmer and rearrange itself 
over minutes as the temperature structure evolves. 

The name Fata Morgana evokes the enchantress Morgan le Fay from Arthurian legend, 
reflecting the appearance of illusory castles and bridges in the sky. From a physical standpoint, 
these are nothing more or less than multi-path images created by a layered refractive medium, 
but their visual strangeness makes them emblematic of how far from “normal” the horizon can 
become. 

3.3.2 Historical reports from polar and maritime expeditions 

Before the physics of atmospheric refraction was understood, Fata Morgana and related mirages 
played a significant role in exploration narratives. Polar explorers reported seeing land where 
maps showed open ocean; phantom islands appeared, named, and even charted, only to vanish 
in subsequent expeditions. Some of these were likely misinterpretations of distant icebergs or 
coastlines displaced and magnified by superior mirages and Fata Morgana displays. 

The waters between Sicily and Calabria, the Strait of Messina, have long been famous for 
spectacular Fata Morgana sightings, where coastal cities and mountains are transformed into 
hovering, layered structures over the sea. In polar regions, the combination of sea ice, cold 
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water, and stable inversions makes such displays common, especially near the edge of ice packs 
and in narrow channels. 

For sailors and explorers, these phenomena were double-edged: they offered glimpses of land 
or ice far beyond the normal horizon, potentially useful for navigation, but they also tempted 
misjudgments about distance and shape. A towering ice cliff in a Fata Morgana may be a modest 
floe magnified; an apparent island may be only a distorted vertical stretch of a low coastline. 

Historical reports of the Sun or Moon appearing in strange, flattened forms, hovering above the 
horizon, or persisting longer than expected, also populate expedition journals. Many of these 
likely correspond to Novaya Zemlya-type events and related ducted images. 

3.3.3 The Sun that “refuses” to set: extended visibility beyond the geometric horizon 

The Novaya Zemlya effect takes the logic of superior mirages to its limit: instead of distorting 
distant terrestrial objects, the atmosphere bends and guides solar rays so that the Sun remains 
visible after it has dropped below the geometric horizon. Observers see a flattened, elongated 
bar of light, or a series of shimmering slices, at the horizon where darkness should already have 
fallen. 

The essential ingredients are a strong temperature inversion and a long path over a cold surface, 
such as sea ice or cold ocean water. Rays from the Sun, which is geometrically below the 
horizon, enter the inversion region at a shallow angle and are refracted downward toward the 
denser, colder air. As they travel horizontally within the duct, continued refraction bends them 
along the curvature of the Earth, allowing them to follow the planet’s surface over distances 
that would normally place them well below the line of sight. Eventually, they bend upward out 
of the duct and reach an observer located at a much later local time than would be expected for 
direct, straight-line propagation. 

To an observer, the Sun seems to “refuse” to set, or to reappear after setting. The image is 
highly distorted: flattened into a bar, broken into segments, or stretched along the horizon, 
depending on the exact structure of the duct. The effect can last for hours in extreme cases. 
Because the Sun’s rays have traversed a long, tangential path through the atmosphere, they are 
heavily reddened and attenuated, giving the display an otherworldly, often pastel character. 

The name Novaya Zemlya comes from an archipelago in the Russian Arctic where this effect was 
famously documented. However, any polar or near-polar region with extensive cold surfaces 
and stable inversions is a potential stage. The phenomenon is rare for any given observer 
because it requires a precise alignment of solar position, inversion structure, and vantage point. 

From the standpoint of this paper, the Novaya Zemlya effect is significant because it shows just 
how far atmospheric refraction can be pushed. The Sun’s apparent motion, often treated as a 
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rigid clock, proves pliable: the atmosphere can edit the schedule of sunrise and sunset, 
extending daylight or delaying night. The horizon ceases to be a simple geometric boundary and 
becomes a dynamic interface, negotiated by light and air. 

Refraction-driven horizon phenomena thus form a continuum, from everyday road mirages to 
rare events where the Sun itself is rerouted. In all cases, the underlying mechanisms are the 
same: gradients in refractive index, driven by temperature and density structure, act on grazing 
rays over long paths. What turns these gradients into compelling visual phenomena is the 
combination of geometry, environmental conditions, and an attentive human observer standing 
at the edge of day and night. 

 

4. Backscattering, Shadows, and the Antisolar Point 

If refraction-driven phenomena dramatize what happens to light grazing the horizon, 
backscattering phenomena dramatize what happens to light that nearly reverses direction and 
returns toward its source. The antisolar point—the point in the sky exactly opposite the Sun as 
seen by the observer—is a natural organizing center for such effects. Many unusual optical 
phenomena are anchored there or in its immediate neighborhood, not by coincidence but 
because geometry and scattering physics conspire to enhance brightness at very small phase 
angles. 

Glories, Brocken spectres, heiligenschein, and the opposition surge on rough surfaces are all 
manifestations of this antisolar geometry. In each case, the observer’s own shadow marks the 
antisolar direction, turning the scene into a kind of personalized optical experiment: wherever 
that shadow falls, subtle enhancements in brightness and color can betray the presence of 
particular scattering mechanisms and surface structures. 

This section explores these phenomena from three complementary angles. First, it considers 
glories and Brocken spectres as wave-optical backscattering effects involving droplets. Second, it 
examines heiligenschein and opposition surges on land surfaces, where roughness and multiple 
scattering conspire to produce localized brightening. Third, it highlights human shadows 
themselves as diagnostic tools, pointing out where to look when searching for antisolar 
phenomena. 

4.1 Glories and the Brocken spectre 

Glories are one of the most striking antisolar effects: concentric rings of colored light encircling 
the shadow of an observer or an object on a cloud or fog bank. They are frequently seen from 
airplanes as luminous halos around the plane’s shadow projected onto underlying cloud, or 
from mountains when sunlight projects a person’s shadow onto mist or low cloud. The Brocken 
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spectre is a related phenomenon: a greatly enlarged shadow of the observer, often surrounded 
by a glory, seen on a cloud bank below. 

At first glance, glories resemble halos or rainbows. However, their geometry and physics are 
distinct. Halos around the Sun or Moon are centered on the light source and often trace angles 
of tens of degrees, linked to refraction in ice crystals. Rainbows appear opposite the Sun but at 
relatively large angles, with the main bow around 42 degrees from the antisolar point. Glories, 
by contrast, cling tightly to the antisolar direction, with rings only a few degrees in radius, and 
are formed by backscattering from droplets rather than by simple refraction. 

4.1.1 Wave interference and backscattering from droplets 

The physical explanation of glories lies at the intersection of geometric and wave optics. A glory 
cannot be accounted for by straightforward refraction and reflection in spherical droplets alone; 
instead, it arises from a combination of surface waves, internal reflections, and interference 
effects that are strongest in the backward direction. 

Consider a nearly spherical water droplet illuminated by sunlight. Light can be scattered in many 
directions by refraction into and out of the droplet, by internal reflections, and by diffraction 
around its edges. When one asks specifically about scattering very close to the backward 
direction—light entering roughly from the Sun’s direction and leaving almost exactly back 
toward the source—certain paths interfere constructively. In particular, waves that skim along 
the surface of the droplet and re-emerge, along with multiply reflected internal paths, can 
combine to produce enhanced intensity near 180 degrees scattering angle. 

Because the droplet has a finite size, different wavelengths interfere differently, producing a 
series of angular maxima and minima that manifest as concentric colored rings. The angular 
radius of these rings depends on droplet size, refractive index, and wavelength. Smaller droplets 
produce larger glories with broader rings; larger droplets yield smaller, tighter glories. In a cloud 
composed of many droplets of similar size, the interference pattern is relatively coherent, and 
the rings can be well-defined. If droplet sizes vary widely, the glory tends to blur and lose 
contrast. 

From a practical standpoint, one does not see the underlying complexity of wave paths but 
instead perceives a bright, often multicolored disk or ring system centered on the antisolar 
point. The small angular size of the glory explains why it is intimately wrapped around the 
observer’s or airplane’s shadow: that shadow marks the geometric direction of perfect 
backscatter. 
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4.1.2 Airplane glories and mountain fog glories 

Airplane glories are among the most commonly observed. When a plane flies over a layer of 
cloud with the Sun behind the aircraft, the shadow of the plane is cast onto the cloud surface. 
Around this shadow, one often sees a circular, sometimes multi-ringed halo of light. As the plane 
changes altitude or the cloud deck’s properties vary, the glory can expand, contract, or change 
in brightness. 

From this vantage point, the geometry is clean: the cloud deck is effectively a screen, the Sun is 
a distant source, and the scattering medium—cloud droplets—is relatively uniform in size and 
density over large horizontal extents. The antisolar point is fixed relative to the aircraft, making 
the glory easy to track. Many passengers who have never heard of glories notice these halos 
intuitively, even if they do not know the underlying physics. 

Mountain fog glories require more specific conditions but can be even more dramatic. An 
observer stands on a ridge, peak, or tower with the Sun behind them and a bank of fog or low 
cloud below. Their shadow is projected onto the cloud, which becomes a diffuse screen. Around 
the head of the shadow, a glory can appear, encircling what looks like a luminous aura. 

Because the fog bank is often closer than a cloud layer beneath an airplane, mountain glories 
can appear larger and more detailed. The observer may see multiple colored rings, shifting and 
breathing as the fog moves. If the cloud deck has structure—waves, gaps, or varying density—
the glory may fragment or fluctuate. The proximity of the observer’s own body and shadow 
adds psychological intensity, perhaps contributing to the historical aura of mystery around the 
phenomenon. 

In both airplane and mountain cases, the essential ingredients are the same: nearly spherical 
droplets at the right size, sufficient optical thickness to support meaningful scattering, and a 
geometry that places the observer between the Sun and the scattering layer, with a screen 
(cloud or fog) at suitable distance to intercept the backscattered light and make the pattern 
visible. 

4.1.3 The Brocken spectre as a perspective illusion with physical content 

The Brocken spectre is named after the Brocken, a peak in Germany’s Harz Mountains where 
this phenomenon was frequently reported. It consists of an apparently enormous shadow of 
the observer, often magnified and elongated, projected onto cloud or fog below, sometimes 
encircled by a glory. The figure can appear to float, to sway with the fog, and to loom at a great 
distance. 

The “magnification” is primarily a matter of perspective. When a shadow is cast onto a screen at 
some distance, its apparent size is determined by the ratio of distances between the light 
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source, the object, and the screen. In the case of the Brocken spectre, the Sun is extremely 
distant, so effectively parallel rays cast the observer’s shadow onto a cloud surface that may be 
tens or hundreds of meters away. The farther this surface is, the larger the shadow appears, 
much as a hand’s shadow can seem to grow enormously when projected onto a wall far from a 
lamp. 

However, the phenomenon is more than a simple silhouette. The cloud screen is not flat or 
stationary; it may have varying depth, density, and motion. This gives the shadow an eerie, 
dynamic quality, as if it were a separate being interacting with the mist. The addition of a glory 
around the head region, caused by backscattering as described above, adds a luminous halo 
that amplifies the effect. 

From a physical standpoint, the Brocken spectre is a direct visualization of the interplay 
between perspective and backscattering. The observer’s body provides a reference object; the 
cloud field acts as a three-dimensional screen; and the glory encodes information about droplet 
size and distribution. The illusion of a giant figure is entirely geometric, but the colored rings 
and brightening around the shadow’s head carry real optical content. 

For the purposes of this paper, the Brocken spectre is important because it highlights how 
strongly antisolar phenomena are tied to the observer’s own position. It is a personalized 
optical event: no two observers see exactly the same spectre or glory, since each is centered on 
their own antisolar point and their own shadow. 

4.2 Heiligenschein and the opposition surge on land surfaces 

While glories and Brocken spectres depend on droplets suspended in air, another family of 
antisolar phenomena arises from light interacting with rough, particulate surfaces: 
heiligenschein and the opposition surge. Both involve an unexplained brightening of the region 
opposite the Sun, often around the shadow of the observer’s head, but their physical origin lies 
in the structure and multiple scattering of the surface itself rather than in isolated droplets. 

Heiligenschein, whose name evokes a “holy light” or halo, is typically observed as a pale bright 
patch surrounding the antisolar point on dewy grass, rough ground, or other textured surfaces. 
The opposition surge is a more general term used in planetary science to describe the sudden 
increase in brightness of a surface as the phase angle (the angle between light source, surface, 
and observer) approaches zero. 

In both cases, two mechanisms are especially important: retroreflection and shadow hiding, 
often enhanced by coherent backscattering. 
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4.2.1 Retroreflection, shadow hiding, and coherent backscatter 

On a rough surface composed of many small elements—blades of grass, grains of soil, 
pebbles—each element can cast a shadow on its neighbors when illuminated. At moderate 
phase angles, many of these micro-shadows are visible to the observer; they reduce overall 
brightness because a fraction of the surface is hidden from the observer’s line of sight. 

As the phase angle approaches zero, meaning that the observer is near the direction of the Sun, 
the geometry changes. Shadows now lie almost directly behind the elements from the 
observer’s perspective. Many of the micro-shadows are “hidden” behind the objects that cast 
them and thus are no longer visible. The observer sees more illuminated surface area and fewer 
shadows, leading to an increase in apparent brightness in the antisolar direction. This is the 
shadow-hiding component of the opposition surge. 

Retroreflection plays a role when surface elements have geometries that send light back toward 
the source direction: for example, concave structures, multiple internal reflections, or specific 
micro-facets that favor backscatter. Dew drops on grass, small cavities, or nearly spherical grains 
can act like crude retroreflectors. When combined with shadow hiding, this can further boost 
brightness near zero phase angle. 

Coherent backscatter adds a wave-optical refinement. In a medium where light undergoes 
multiple scattering events, paths that traverse the same sequence of scatterers in opposite 
directions can interfere constructively in the exact backward direction. This enhances 
backscattered intensity within a narrow angular cone around the antisolar direction. While the 
detailed theory is complex, the net effect is a further brightening exactly where the shadow-
hiding and retroreflection effects are already strongest. 

The result of these mechanisms, operating together, is a localized brightening centered on the 
antisolar point: the ground looks slightly more luminous around the observer’s head shadow 
than elsewhere. This is heiligenschein in everyday scenes, and in a broader context, the 
opposition surge observed from spacecraft looking at planetary surfaces. 

4.2.2 Dewy grass, rough soil, and small-angle enhancements 

On dewy mornings, heiligenschein is especially easy to notice. Stand with the Sun behind you 
and look at the grass ahead. Around the antisolar point—found where your head’s shadow 
falls—there is often a bright halo or patch. Individual droplets on blades of grass act as lenses 
and retroreflectors, while the roughness of the grass canopy and soil beneath supports shadow 
hiding and multiple scattering. 

As you move your head, the bright patch follows, always remaining centered around the 
shadow. This personal tracking is a clue that the effect is tied to geometry rather than to some 
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intrinsic property of a fixed patch of ground. If you move sideways, the location of the bright 
region shifts correspondingly, reinforcing the understanding that heiligenschein is defined by 
the alignment of Sun, surface, and observer. 

Rough soil and gravel can also exhibit a subtle opposition brightening, though it may be less 
obvious than on dewy grass. Fine-grained surfaces, particularly those with a mix of particle 
sizes, are more likely to show a strong surge because they support numerous shadow-hiding 
and multiple-scattering paths. 

At very small phase angles—fractions of a degree—the enhancement can be sharp. This is why 
the brightening is often perceived as a localized patch rather than as a gradual gradient. Outside 
of this small angular region, the surface appears “normal,” with shadows and specular 
reflections distributed in the usual way. Inside it, many shadows are hidden and backscatter is 
favored, making the antisolar zone stand out. 

For a casual observer, the effect may be modest: a pale glow that is easy to overlook. Once one 
knows to look for it, however, heiligenschein becomes a reliable and repeatable phenomenon, 
revealing the otherwise invisible interplay of micro-geometry and wave interference on 
everyday surfaces. 

4.2.3 Connections to planetary opposition effects 

The opposition surge is not just a terrestrial curiosity; it is a key diagnostic feature in planetary 
astronomy. When planets, moons, rings, or asteroids are observed from Earth or spacecraft, 
their brightness often increases sharply as the phase angle approaches zero, that is, when the 
Sun, target, and observer are nearly aligned. 

The same physical mechanisms apply: shadow hiding among surface grains, retroreflection from 
microstructures, and coherent backscatter in regolith or particulate layers. By analyzing how 
strongly and over what angular width a surface exhibits an opposition surge, scientists can infer 
properties of the surface, such as particle size distribution, porosity, roughness, and the degree 
of multiple scattering. 

In this light, heiligenschein on dewy grass is a miniature version of the same physics that helps 
interpret the brightness behavior of the Moon near full phase or of icy moons and rings near 
opposition. The antisolar brightening on a lawn and the surge in brightness of Saturn’s rings as 
they pass through opposition are different manifestations of the same underlying geometry and 
scattering theory. 

Recognizing this connection can be conceptually powerful. It links a humble, ground-level 
observation to planetary-scale phenomena, illustrating that the physics of light does not change 
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with scale. The Earth’s surface, viewed in antisolar geometry, behaves like a planetary regolith, 
and our own shadows trace out the same opposition geometry used in remote sensing. 

4.3 Human shadows as diagnostic tools for antisolar phenomena 

Throughout this section, the observer’s shadow has been a recurring character: the airplane’s 
shadow on cloud, the hiker’s shadow on fog, the head’s shadow on dewy grass. This is not 
incidental. The shadow marks, to a good approximation, the antisolar direction in the scene. 
Wherever that shadow falls, one is looking almost directly opposite the Sun. 

Because many backscattering and opposition phenomena are tightly centered on the antisolar 
point, the human shadow becomes a practical diagnostic tool. Instead of scanning the whole 
scene in search of subtle brightening or color, one can first locate the shadow and then examine 
the immediate surroundings. 

If one is above clouds with the Sun behind, inspect the area around the plane’s shadow for 
glories. If one is on a mountain with fog below, look around the shadow of one’s body for a 
Brocken spectre and associated glory. On dewy mornings or after rain, find where the head’s 
shadow falls on the ground and check for heiligenschein. Under a dark, clear sky at night, the 
antisolar point on the celestial sphere—located opposite the Sun’s position below the horizon—
is where one should look for gegenschein, the faint backscattering from interplanetary dust. 

This pragmatic use of shadows highlights an important theme of the paper: unusual optical 
phenomena are not distributed randomly. They cluster at specific geometric locations defined 
by the relative positions of light source, medium, and observer. Learning where those locations 
are, and using visual cues like shadows to find them, greatly increases the chances of seeing 
rare effects. 

It also re-frames the human observer as part of the optical setup rather than as an external 
spectator. The observer’s position defines the antisolar point; their height determines the scale 
of their shadow; their movement shifts the alignment of surfaces and scattering media. Many 
antisolar phenomena are literally centered on the observer, meaning no one else sees exactly 
the same pattern from a different vantage point. 

In summary, backscattering, shadows, and the antisolar point together form a coherent family 
of optical phenomena in which geometry and scattering collaborate to produce localized 
brightening, colored halos, and enlarged shadows. Glories and Brocken spectres reveal the 
wave-optical richness of droplet backscatter. Heiligenschein and opposition surges on land 
surfaces show how roughness and multiple scattering conspire to favor the backward direction. 
Human shadows, far from being mere silhouettes, become precise pointers to where the 
atmosphere and surface are doing their most interesting antisolar work. 
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5. Ice-Crystal Optics in the Upper and Lower Atmosphere 

When water freezes into tiny atmospheric crystals, the sky acquires a full set of natural prisms 
and mirrors. Unlike the roughly spherical droplets that produce rainbows, coronae, and glories, 
ice crystals often grow as hexagonal plates, columns, needles, or more elaborate forms. These 
shapes, combined with preferred orientations under gravity, make possible the geometry of 
halos, sundogs, circumzenithal arcs, and light pillars. 

High in the atmosphere, especially in cirrus and cirrostratus clouds, these crystals refract and 
reflect sunlight into fixed angles determined by crystal geometry, creating stable rings and arcs 
around the Sun and Moon. Lower down, in intensely cold conditions, tiny plate crystals 
suspended near the surface reflect light from streetlamps or the Sun into vertical columns that 
can transform a winter skyline into a forest of luminous beams. At even higher altitudes, in the 
winter polar stratosphere, rare nacreous clouds diffract sunlight into sheets of pastel color, 
revealing the presence of unusually small, uniform particles in an extremely cold, thin medium.  

In this section, we treat ice crystals as optical elements, examine the geometry of the most 
common halo families, explore light pillars as near-surface reflection phenomena, and 
distinguish true ice-crystal arcs from superficially similar iridescent clouds. 

 

5.1 Plate and column crystals as natural prisms and mirrors 

5.1.1 Typical shapes, orientations, and occurrence conditions 

The basic building block of atmospheric ice optics is the hexagonal ice crystal. At the molecular 
level, water ice in the atmosphere usually forms in the hexagonal crystal system. This leads to 
macroscopic habits—plates, columns, and combinations—that preserve sixfold symmetry in 
cross-section. 

Three broad classes are especially important for optical phenomena: 

• Hexagonal plates, thin in the direction of the crystal’s c-axis, with broad, flat basal faces 
and a hexagonal outline. 

• Hexagonal columns, elongated along the c-axis, so that the ends are hexagonal faces and 
the sides form six rectangular faces. 

• Complex aggregates and bullets, where basic hexagonal units combine into more 
intricate shapes, which can still approximate plate- or column-like behavior optically. 
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In upper-tropospheric clouds such as cirrus and cirrostratus, temperatures are far below 
freezing, and ice crystals can grow slowly enough to adopt relatively regular shapes. Under 
weak turbulence, many of these crystals become preferentially oriented: 

• Plates tend to fall with their broad faces roughly horizontal, wobbling slightly as they 
descend. 

• Columns may align with their long axes horizontal or vertical, depending on airflow and 
growth conditions. 

This orientation is crucial. Randomly oriented crystals can produce circular halos, but to 
generate distinct sundogs, circumzenithal arcs, and light pillars, a subset of crystals must 
maintain similar orientations so that their refracting or reflecting faces are aligned in space.  

Near the ground, in very cold, calm conditions, tiny plate crystals can form in clear air—
“diamond dust.” These act like a drifting field of miniature mirrors, capable of reflecting light 
from bright sources into coherent vertical structures. Over polar regions and in cold continental 
interiors, such conditions are common in winter, making ice-crystal optics a frequent, if under-
appreciated, feature of the seasonal sky. 

5.1.2 Geometric ray paths and characteristic halo angles 

Because hexagonal crystals have fixed facet angles, certain ray paths through them always 
deflect light by the same minimum angle, regardless of scale. This produces characteristic halo 
radii. 

For example, consider a hexagonal prism (plate or column). A common path for halo formation 
is: 

• Light enters through one side face of the hexagon. 

• It travels through the crystal. 

• It exits through a non-adjacent side face. 

The internal angle between those side faces is 60 degrees, so the prism acts like a 60-degree 
wedge. By standard prism geometry, the angle of minimum deviation for light passing through a 
60-degree prism of ice is about 22 degrees for visible wavelengths, slightly varying with color. 
This gives the familiar 22-degree halo around the Sun or Moon, the most common ice-crystal 
halo. 

Other paths—entering a side face and exiting a basal face, or vice versa—produce different 
deviation angles and thus different halos and arcs, such as circumzenithal and circumhorizontal 
arcs. The precise angles depend on the refractive index of ice and on the geometry of entry and 
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exit faces. Dispersion within ice means that different wavelengths are deviated by slightly 
different amounts, which separates colors and places red on the inner or outer side of a given 
arc depending on the path. 

In addition to refraction, reflection from crystal faces plays a role. Light can reflect off the outer 
surfaces of horizontally oriented plates, producing subsuns and light pillars. In such cases, the 
crystals act more like a swarm of tiny mirrors than prisms. The combination of refraction and 
reflection, under different orientation statistics, yields the diverse family of ice halos: rings, arcs, 
spots, and pillars arranged in a geometrically predictable way around the Sun.  

 

5.2 Halos, sundogs, and circumzenithal arcs 

5.2.1 The 22-degree halo, parhelia, and circumhorizontal arcs 

The 22-degree halo is a circular ring of light around the Sun or Moon with an inner radius of 
about 22 degrees. It occurs when sunlight or moonlight passes through randomly oriented 
hexagonal ice crystals in high clouds, following the 60-degree wedge path described above. 
Because red light is deviated slightly less than blue, the inner edge of the halo often appears 
reddish, while the outer part merges into white.  

When many plate crystals are horizontally oriented, the same refracting geometry produces 
bright spots at the same 22-degree radius, but located left and right of the Sun along the 
horizontal circle. These are parhelia, or sundogs. They often appear as bright, somewhat 
rainbow-like patches, with red toward the Sun and blue-white away from it. Sundogs frequently 
occur alongside the 22-degree halo and can be much more conspicuous, making them the most 
commonly noticed members of the ice-halo family. 

A different but related phenomenon is the circumhorizontal arc, sometimes called a “fire 
rainbow.” It appears as a long, flat, rainbow-like band parallel to the horizon, typically well 
below the Sun. It forms when sunlight enters a vertical side face of a plate crystal and exits 
through the bottom face. For this geometry to work, the Sun must be high in the sky—above 
roughly 58 degrees altitude—so that the ray can follow that path. In suitable cirrus clouds near 
the horizon, the circumhorizontal arc can be intensely colored and visually striking.  

Together, the 22-degree halo, sundogs, and circumhorizontal arcs form a kind of canonical trio 
of ice-crystal optics: 

• Random orientations → circular halo. 

• Horizontal plates → sundogs. 

• Horizontal plates, high Sun, and low cirrus → circumhorizontal arcs. 
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Each is a different projection of the same underlying hexagonal geometry onto the sky. 

5.2.2 The circumzenithal arc: the “upside-down rainbow” near the zenith 

The circumzenithal arc (CZA) is one of the most beautiful and surprisingly common ice-halo 
phenomena, yet many people have never knowingly seen it. It appears as a bright, short arc 
high in the sky, convex downward, centered roughly around the zenith. Its colors are vivid and 
pure, with violet on top and red at the bottom, giving the impression of an “upside-down 
rainbow” or a smile in the sky.  

The CZA forms when sunlight passes through horizontally oriented hexagonal plates: 

• Light enters through the top basal face of a plate. 

• It exits through one of the side faces. 

This path behaves like a 90-degree prism, producing a relatively large deviation and strong 
dispersion. Because the Sun’s rays are nearly parallel and the plate orientations are constrained 
by gravity, only certain exit directions are allowed. The locus of all such directions as plates 
rotate around their vertical axis is a circle centered on the zenith; the part of that circle that lies 
at the correct angular distance from the Sun is what we see as the circumzenithal arc.  

The CZA has strict geometric constraints: 

• The Sun must be lower than about 32 degrees above the horizon; otherwise, the 
necessary ray path cannot deliver light to the observer at the required angles. 

• It is typically brightest when the Sun is around 20–25 degrees elevation. 

• It appears roughly 46 degrees above the Sun, near the zenith. 

Contrary to public perception, the CZA is not exceptionally rare; it is simply overlooked because 
it occurs high overhead. Observers used to scanning near the Sun for sundogs and halos might 
miss a brilliant CZA unless they deliberately look up at the right angular distance. 

5.2.3 Distinguishing true ice-crystal arcs from simple cloud iridescence 

In the age of digital photography, many images of “fire rainbows” and “upside-down rainbows” 
circulate online. Some show circumzenithal or circumhorizontal arcs; others show cloud 
iridescence, a different phenomenon produced by diffraction in small droplets. Distinguishing 
between the two matters for understanding the underlying physics.  
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True ice-crystal arcs such as the CZA and circumhorizontal arc have: 

• Fixed geometry relative to the Sun: 

o CZA: high overhead, centered on the zenith, at a specific angular distance from a 
low Sun. 

o Circumhorizontal arc: low in the sky, parallel to the horizon, below a high Sun. 

• Sharp, well-separated colors, with red and violet boundaries often well defined, because 
refraction in ice crystals produces strong dispersion with minimal overlap. 

• Smooth, regular curvature, defined by simple circles or arcs predicted by halo geometry. 

Cloud iridescence, by contrast, arises from diffraction of sunlight around tiny droplets or ice 
crystals in thin clouds: 

• It usually appears very close to the Sun (or Moon), often within a few degrees. 

• The colors form irregular, patchy bands or fringes along cloud edges, where droplet sizes 
are relatively uniform. 

• The patterns are more chaotic and localized, often shifting rapidly as clouds evolve. 

One practical test: note the arc’s position relative to the Sun. If it lies at a consistent angular 
distance, "locked" to the Sun’s location and following known halo radii or orientations, it is likely 
an ice-crystal arc. If it hugs a particular cloud feature, with colors that change from one edge to 
another, it is more likely iridescence. 

Recognizing this distinction not only clarifies what one is seeing; it also deepens appreciation of 
the specific scattering regimes involved—geometric refraction versus diffraction and 
interference. 

 

5.3 Light pillars and related vertical structures 

5.3.1 Reflections from plate crystals in cold, near-surface layers 

A light pillar is a vertical beam of light that appears to extend above (and sometimes below) a 
bright light source. Although it resembles a spotlight beam shining upward, it is actually a 
reflection phenomenon: horizontally oriented plate-like ice crystals reflect light toward the 
observer, forming a column of apparent brightness along the vertical.  
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The key ingredients are: 

• Flat, hexagonal plate crystals suspended in air, usually in a shallow layer near the ground 
(diamond dust or thin ice-crystal clouds). 

• Calm, cold conditions so that crystals fall gently with their broad faces nearly horizontal. 

• One or more bright light sources near the ground—streetlights, stadium lights, industrial 
flares—or a low Sun or Moon. 

Each plate acts as a small mirror. For a given observer and light source, only those plates 
oriented so that their reflective faces satisfy the mirror condition will send light toward the 
observer. Because plates are distributed over some vertical extent, the set of contributing 
crystals traces a column in space. The eye integrates all these reflected rays into a continuous 
vertical band of light.  

Unlike most halos, light pillars do not require refraction through crystals; they are primarily 
reflection effects. However, they rely just as strongly on the preferred orientation of hexagonal 
plates under gravity. 

5.3.2 Solar and lunar pillars versus urban light pillars 

Light pillars can form from natural or artificial sources. 

• Solar pillars appear when the Sun is low in the sky, especially near sunrise or sunset, 
with ice crystals in a shallow layer above the horizon. A luminous vertical column seems 
to rise above (and sometimes below) the Sun. Because the Sun is bright and distant, 
solar pillars can be intense and extend far upward. 

• Lunar pillars are analogous but fainter, requiring a bright Moon and darker surroundings. 
They can be particularly striking in polar regions or cold, clear winter nights.  

In urban or suburban environments during very cold, calm nights, artificial light pillars can be 
spectacular. Street lights, parking-lot lamps, industrial lighting, and even gas flares can each 
spawn their own vertical beam. When viewed from a distance, a city can appear forested with 
upright shafts of light—white, yellow, orange, or red depending on source color.  

The physics is the same in both cases; the difference lies in source distribution and brightness. 
Natural pillars are anchored to the Sun or Moon, whereas urban pillars arise from multiple 
discrete point sources at varying distances. 
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5.3.3 Urban winter skylines as unintentional optical experiments 

From the standpoint of atmospheric optics, a brightly lit city under diamond-dust conditions is 
an unintentional but nearly ideal field experiment. Each lamp is a controlled point source with 
known position and spectrum; the ice-crystal layer serves as a shared reflecting medium; the 
observer’s vantage point selects which combinations of source and ice orientation are visible. 

By moving around or changing elevation, an observer can see how pillar length, brightness, and 
color change with geometry. Variations in crystal density and orientation across the scene 
produce subtle differences in pillar texture and sharpness. In some cases, light pillars may 
intersect with other ice-crystal phenomena—partial halos, parhelic circles, or subsuns—creating 
composite displays.  

Such urban displays also illustrate the sensitivity of these phenomena to environmental 
conditions. A small increase in wind can disrupt crystal alignment, causing pillars to flicker or 
vanish. Slight changes in temperature can eliminate the ice layer entirely. Observers who learn 
to associate these visual effects with specific micro-meteorological conditions gain an intuitive 
sense of how delicate the balance is between the phase of water, crystal habit, and light 
propagation. 

 

5.4 Nacreous and iridescent clouds 

5.4.1 Polar stratospheric clouds and their exceptional colors 

Nacreous clouds, also known as polar stratospheric clouds (PSCs) of type II, are among the 
rarest and most otherworldly of atmospheric optical displays. They form in the lower 
stratosphere, at altitudes around 15–25 kilometers, in polar winter when temperatures fall 
below about −78 °C, sometimes much lower.  

Because of their height, nacreous clouds can remain sunlit long after the ground is in twilight. 
Sunlight from just below the horizon grazes through the stratosphere and illuminates these thin 
clouds from below, while the troposphere beneath is already dark. To observers on the ground, 
the clouds glow with intense pastel colors—pinks, purples, greens, blues—resembling mother-
of-pearl, hence the term “nacreous.”  

The colors arise from diffraction and interference of sunlight by small, nearly uniform droplets 
or ice crystals in the clouds. The particle sizes are often in a range that strongly favors iridescent 
interference patterns, producing smooth, large-scale color fields rather than localized patches. 
Because the background sky is dark, and the clouds are illuminated by low-angle sunlight, the 
contrast is high and the colors vivid. 
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Nacreous clouds are visually related to, but physically distinct from, more common tropospheric 
iridescent clouds. Their altitude, formation conditions, and role in stratospheric chemistry—
particularly ozone depletion—make them both an aesthetic and scientific focus.  

5.4.2 Thin-cloud diffraction and localized iridescent patches 

More commonly, observers may see iridescent clouds in the lower atmosphere: thin patches of 
altocumulus, cirrocumulus, or lenticular clouds near the Sun showing localized fringes of pastel 
color. Unlike ice-crystal halos, these displays arise from diffraction around tiny droplets or ice 
particles of nearly uniform size, not from refraction in large crystals. 

The key characteristics of such iridescent clouds are: 

• Colors are often localized along cloud edges or in small patches, changing rapidly with 
cloud evolution. 

• The color order can be complex and overlapping, lacking the clean red-to-violet 
structure of halos and arcs. 

• The phenomenon usually occurs close to the Sun (or Moon); blocking the bright disk 
with a building or hand can help reveal the colors.  

In these cases, the cloud acts as a thin diffracting screen. When droplet or particle sizes are 
relatively uniform within a region, the interference pattern produces constructive and 
destructive bands for different wavelengths at different viewing angles, manifesting as 
iridescent colors. If particle sizes vary, the colors wash out into milky whites. 

Although visually similar to nacreous clouds on a small scale, ordinary iridescent clouds 
generally occur lower, are less intensely colored, and lack the extended, glowing, twilight 
context of polar stratospheric events. 

5.4.3 Environmental constraints and opportunities for observation 

The environmental constraints on nacreous and iridescent clouds partly explain their rarity in 
everyday experience. Nacreous clouds require: 

• High-latitude locations (polar or subpolar), 

• Deep winter, with very cold stratospheric temperatures, 

• Clear lower atmosphere and low Sun angles (twilight) so that the stratospheric layer is 
illuminated and visible against a dark background.  

Iridescent tropospheric clouds are more widespread but still require: 

• Thin, optically moderate clouds near the Sun, 
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• Fairly uniform droplet or particle sizes within patches, 

• A willingness to look near the Sun with appropriate care and glare reduction. 

For observers in mid-latitudes, iridescent clouds are the more accessible target. By routinely 
scanning thin clouds near the Sun, especially when high, fibrous clouds drift across, one can 
often catch small regions of pastel color. Nacreous clouds, by contrast, are exceptional; one may 
never see them without deliberate travel to high latitudes in winter, or they may be a once-in-a-
lifetime gift of the sky.  

From the perspective of this paper, both kinds of clouds emphasize that not all atmospheric 
colors are produced by simple scattering or refraction. Diffraction and interference in thin, 
structured layers can paint the sky with hues that rival any halo or rainbow. For the attentive 
observer, learning to separate halos, arcs, pillars, and iridescent clouds becomes a kind of field 
spectroscopy: a way of inferring particle size, phase, and altitude from nothing more than the 
geometry and texture of light. 

 

6. Lunar and Planetary Light Phenomena 

Night does not end the Earth’s optical experiments; it merely changes the illumination. When 
the Sun drops below the horizon, the Moon, the interplanetary dust cloud, and the upper 
atmosphere take over as light sources and scattering media. Under the right conditions, the 
night sky can show dim versions of daytime favorites—rainbows, halos, coronae—as well as 
phenomena that have no daytime counterpart, such as zodiacal light, gegenschein, and airglow.  

These phenomena are generally subtle, living at the limit of human visual sensitivity. They 
reward dark adaptation, careful shielding of bright sources, and an awareness of specific 
geometries. 

 

6.1 Moonbows and lunar halos 

6.1.1 Refraction in raindrops under low-illumination conditions 

A moonbow (lunar rainbow) is physically the same phenomenon as a solar rainbow: refraction 
and reflection of light inside raindrops, producing concentration of rays near specific deviation 
angles and separating colors by wavelength. The geometry—primary bow around 42 degrees 
from the antisolar point, secondary bow around 51 degrees, supernumerary fringes for small 
droplets—is identical. The only difference is the source: moonlight instead of sunlight.  
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Because the Moon is far dimmer than the Sun, moonbows demand stricter conditions: 

• The Moon must be near full and high enough above the horizon. 

• The sky must be dark, with minimal light pollution. 

• Rain must be falling opposite the Moon, with the observer between. 

Under these conditions, the Moon illuminates raindrops from behind the observer; each drop 
refracts and internally reflects the light, sending concentrated rays back toward the antisolar 
point, forming the bow. The phase function and dispersion inside the drops do not care whether 
the photons originated from the Sun or the Moon. 

6.1.2 Why moonbows often appear white to the eye 

In photographs, moonbows can show clear spectral colors. To the naked eye, however, many 
observers report them as pale, silver arcs. The reason lies in the interplay between luminance 
and human color vision. 

Moonlight at the ground is orders of magnitude dimmer than sunlight. Even a bright full Moon 
typically pushes the retina into the mesopic regime, where rod and cone responses overlap but 
color discrimination is degraded. For many moonbow displays, the intensity of light at the bow 
is too low to stimulate the cone system strongly; rods dominate, and rods do not encode color. 
The bow is seen, but as shades of gray.  

Long-exposure digital images integrate photons over seconds or minutes, effectively increasing 
the flux. They reveal the full rainbow spectrum that the eye cannot resolve in real time under 
such low illumination. Thus, the apparent “whiteness” of moonbows is not a property of the 
optics but a limitation of the detector—the human visual system. 

6.1.3 Lunar 22-degree halos and paraselenae 

The 22-degree halo that commonly rings the Sun also appears around the Moon. In that case it 
is often called a lunar halo or “ring around the Moon.” Its formation mechanism is the same: 
refraction of light through randomly oriented hexagonal ice crystals in high clouds, following the 
minimum deviation path through a 60-degree prism, yielding a circle of radius about 22 
degrees.  

Because moonlight is faint, lunar halos tend to be less colorful than solar ones. The inner edge 
may show a slight reddish tinge, but most of the halo looks whitish. Nevertheless, the angular 
radius is precisely the same as for the solar 22-degree halo, and the appearance of such a ring 
can be used to infer the presence of high, ice-rich cirrostratus clouds.  
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Analogues of sundogs exist at night as well: paraselenae or moon dogs. These are bright patches 
at roughly 22 degrees to the left and right of the Moon along the horizontal circle, formed when 
plate-like ice crystals are horizontally oriented. As with solar parhelia, lunar paraselenae are 
usually whitish, because the available light is too dim for strong color perception. They are 
easiest to see when the Moon is bright, high enough above the horizon, and thin cirrus clouds 
cover part of the sky.  

 

6.2 Lunar coronae and aureoles 

6.2.1 Diffraction on small droplets versus large-crystal halos 

Not every ring around the Moon is a 22-degree halo produced by large ice crystals. Lunar 
coronae and aureoles are smaller, softer halos caused by diffraction of moonlight around tiny 
droplets or ice particles in thin clouds. 

The distinction is one of scale and mechanism: 

• Halos (22-degree, 46-degree) arise from refraction in relatively large, hexagonal ice 
crystals. They are set by fixed refracting angles and therefore have fixed radii. 

• Coronae arise from diffraction—wave bending—around droplets whose size is 
comparable to the wavelength of light. Their angular size depends inversely on droplet 
size: smaller droplets yield larger coronae.  

Because diffraction is wavelength dependent, coronae can show sequences of colored rings 
close to the Moon. The innermost ring is bluish or whitish, followed by reddish outer fringes. 
Beyond a few rings, colors overlap and wash out. 

6.2.2 Color order, angular scale, and diagnostic features 

Several diagnostic features help distinguish lunar coronae and aureoles from ice-crystal halos: 

• Angular scale: Coronae are typically only a few degrees in radius; the 22-degree halo, by 
contrast, is large, easily fitting a hand at arm’s length between Moon and ring. 

• Color order: 

o Coronae: bluish or white inner edge with red toward the outside of each ring; 
rings close to the Moon. 

o 22-degree halo: reddish inner edge, fading outward, with radius fixed near 22 
degrees.  
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• Relation to clouds: Coronae hug specific patches of thin cloud or haze crossing the 
Moon; their size and clarity can change as cloud thickness and droplet size vary. Halos 
appear as complete or partial circles independent of individual clouds, tied instead to 
ice-crystal layers spread across the sky. 

An aureole is essentially the bright, inner part of a corona, often seen when cloud is thicker and 
the outer rings are suppressed. The Moon appears with a soft, glowing disk of light around it, 
fading gradually into the sky. This effect is especially noticeable in fog or thin low stratus. 

For the field observer, coronae and aureoles offer a direct probe of droplet size in the scattering 
layer: large, well-defined rings indicate small, fairly uniform droplets; diffuse, broad glows 
suggest larger or more irregular particles. 

 

6.3 Zodiacal light, gegenschein, and airglow 

6.3.1 Interplanetary dust as a scattering medium 

Beyond Earth’s atmosphere lies another optical medium: the interplanetary dust cloud. This 
lens-shaped cloud of microscopic particles occupies the inner solar system, concentrated near 
the ecliptic plane. It consists largely of dust from comets and asteroid collisions, with possible 
contributions from Mars and other sources.  

Sunlight scattered by this dust produces a diffuse glow—zodiacal light—and, at the antisolar 
point, a subtle brightening known as the gegenschein. These are planetary-scale analogs of 
atmospheric scattering phenomena: the dust plays the role of aerosol or droplet, the Sun is the 
illuminator, and Earth-bound observers view the resulting phase function from within the cloud. 

6.3.2 Triangular evening and morning zodiacal light 

Zodiacal light appears as a soft, roughly triangular or wedge-shaped glow extending from the 
Sun’s direction along the ecliptic, visible when the sky is otherwise dark and the Sun is just 
below the horizon. In practice, observers see it: 

• After evening twilight, rising from the western horizon in spring (northern hemisphere) 
or autumn (southern hemisphere), or 

• Before morning twilight, rising from the eastern horizon in autumn (north) or spring 
(south), when the ecliptic is steeply inclined.  

Because zodiacal light is faint and broad, it is easily confused with light pollution or the Milky 
Way. Key distinguishing features are: 

• It is aligned with the ecliptic (zodiacal constellations). 
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• It forms a smooth wedge tapering upward from the Sun’s direction. 

• It fades gradually into the background rather than showing the structured star-clouds of 
the Milky Way. 

Physically, zodiacal light is mostly forward-scattered sunlight from dust grains. Their scattering 
phase function favors small phase angles (Sun-observer-dust angle), so the glow is brightest 
near the Sun’s direction. The spectrum of zodiacal light is close to solar, as the dust essentially 
reflects and scatters the Sun’s broadband illumination.  

6.3.3 Gegenschein as an opposition effect on a cosmic dust cloud 

If zodiacal light is the brightening of dust toward the Sun’s direction, gegenschein (“counter-
shine”) is its antisolar counterpart: a faint, circular patch of enhanced brightness centered 
exactly opposite the Sun. To see it, the observer must be under very dark skies, with no Moon 
and minimal light pollution, and know the position of the antisolar point in the constellations.  

Gegenschein is interpreted as an opposition effect in the interplanetary dust cloud: 

• At the antisolar point, dust grains are backscattering sunlight; the phase angle is near 
zero. 

• As with heiligenschein and planetary opposition surges, shadow hiding and coherent 
backscatter at tiny phase angles enhance brightness relative to surrounding regions of 
the dust cloud.  

In other words, gegenschein is the cosmic analogue of the brightening seen in dewy grass at the 
antisolar point—except that the “surface” is a three-dimensional distribution of particles 
spanning astronomical units. Unlike atmospheric antisolar phenomena, which are localized and 
often centered around the observer’s shadow, gegenschein is purely celestial; its position is 
defined by solar geometry on the sky, not by any projection onto the ground. 

For the naked-eye observer, gegenschein is a delicate observation challenge and a powerful 
demonstration that even the apparent darkness opposite the Sun is structured by dust and 
geometry. 

6.3.4 Faint airglow as the ever-present backdrop of the night sky 

Even in the absence of Moon, zodiacal light, and light pollution, the night sky is never 
completely black. One reason is airglow, a faint emission from atoms and molecules in the 
upper atmosphere, typically between 80 and 100 km altitude.  

During the day, solar ultraviolet radiation ionizes and excites atmospheric constituents such as 
oxygen, nitrogen, and hydroxyl radicals. At night, these excited or ionized species relax through 
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radiative transitions, emitting photons at characteristic wavelengths. Prominent components 
include: 

• Green line emission from atomic oxygen around 557.7 nm, 

• Red oxygen lines near 630.0 nm and longer, 

• Bands from OH molecules in the near-infrared and visible.  

To the naked eye under very dark conditions, airglow may appear as a faint, diffuse greenish or 
reddish sheen, sometimes streaked or banded across the sky. More often, it is below the 
threshold of casual perception but shows up prominently in long-exposure astrophotography as 
structured bands and ripples. High above, seen from spacecraft such as the International Space 
Station, airglow forms a luminous shell hugging Earth’s limb.  

Airglow is distinct from aurora: 

• Aurorae are driven by energetic particles guided by Earth’s magnetic field, concentrated 
near polar regions, and can be intensely bright and dynamic. 

• Airglow is globally distributed, much fainter, and driven mainly by photochemical 
processes and atmospheric waves. 

For the purposes of this survey, airglow is the ever-present background on which other night-sky 
phenomena are superimposed. It sets a floor for natural sky brightness; even in the absence of 
Moonlight and zodiacal light, a truly “black” sky does not occur. For observers pushing the limits 
of human perception to see zodiacal light, gegenschein, or faint lunar halos, airglow is part of 
the noise—and part of the beauty—of the nocturnal optical laboratory. 

 

7. Transient Eclipse and Solar-Edge Phenomena 

Solar eclipses compress a wide range of optical effects into a few minutes. As the Moon’s 
silhouette encroaches on the Sun, the solar disk passes through a sequence of geometries that 
almost never occur in ordinary life: a thin, brilliant crescent; a near-point source with extreme 
limb darkening; a black disk surrounded by a ring of chromospheric and coronal light. The 
atmosphere and surrounding environment respond to these changing boundary conditions in 
ways that are both subtle and spectacular. 

Some of the most intriguing eclipse phenomena are transient and easily missed. Shadow bands 
ripple across the ground in the last seconds before and after totality. Every small gap in a tree’s 
foliage projects a tiny crescent Sun onto the ground. Sky colors shift in ways that do not quite 
match sunrise or sunset, and temperature and wind respond to the sudden loss of solar heating. 
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This section focuses on three families of effects: shadow bands, pinhole projection fields, and 
chromospheric and atmospheric color changes near totality. Each illustrates how sensitive the 
visual environment is to small changes in the Sun’s apparent shape and brightness, and how the 
atmosphere acts as a dynamic optical medium rather than a passive screen. 

 

7.1 Shadow bands during total solar eclipses 

Shadow bands are elusive, flickering patterns of light and dark that can sweep across the ground 
in the minute or two before and after totality. They resemble the caustic patterns at the bottom 
of a swimming pool, or the shimmering shadows seen on walls when light passes through hot 
air above a fire, but they are much finer and more uniform in direction. 

Observers often report difficulty seeing them on natural surfaces. They become much more 
apparent when projected onto a smooth, light-colored sheet or concrete surface. Even then, 
they can be subtle: low contrast, fast-moving, and easily drowned out by the emotional 
intensity of the approaching eclipse. 

Physically, shadow bands arise from the interaction of a special source geometry—a very thin 
solar crescent—with small-scale atmospheric turbulence. 

7.1.1 Thin solar crescents and atmospheric turbulence as a moving lens array 

When the Sun is nearly fully eclipsed, its bright area is compressed into a narrow crescent or, 
just before totality, a series of bright beads along the lunar limb. From the standpoint of wave 
optics, the Sun is no longer a broad, extended disk but approaches a line-like or point-like 
source with strong anisotropy. 

The atmosphere between the observer and the Sun is never perfectly uniform. Small-scale 
fluctuations in temperature and density give rise to refractive index variations. Under normal 
circumstances, an extended solar disk averages over many such fluctuations; the scintillation is 
too fine and weak to project clear patterns on the ground. 

As the solar disk shrinks into a thin crescent, the effective angular size of the source decreases, 
and the atmosphere behaves more like a weak, moving lens array. Slightly different refractive 
paths refract the limited bundle of rays into slightly different directions. At the ground, this 
produces an interference- and refraction-enhanced pattern of bright and dark stripes or ripples, 
elongated roughly parallel to the crescent and moving across the surface as atmospheric cells 
drift in the wind. 

The situation is analogous to starlight scintillation, but with the added complication that the 
source is not a point but a narrow, oriented slit. This slit-like geometry biases the direction and 
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spacing of intensity fluctuations, which is why shadow bands tend to be elongated, parallel 
structures rather than isotropic speckles. 

7.1.2 Typical spatial scales, speeds, and contrast 

Shadow bands typically have spatial scales on the order of a few centimeters to several tens of 
centimeters between bright and dark stripes. The exact spacing depends on the altitude and 
characteristic size of the turbulent cells, the distance to the effective scattering layer, and the 
angular size and orientation of the solar crescent. 

Their apparent speed across the ground ranges from a fraction of a meter per second to several 
meters per second, roughly tracking the wind-driven motion of the turbulence aloft. To an 
observer, the bands can look like a flowing, flickering texture, moving in a consistent direction 
but with local warping and jitter. 

Contrast is usually low. The difference in brightness between light and dark bands may be only a 
few percent, which is why uniform, matte surfaces and careful attention are needed to see them 
clearly. Highly textured ground, grass, or complex patterns in clothing can mask the effect. 
Bright ambient light from sky and surroundings, even in the partial phases, further reduces 
conspicuousness. 

The time window is narrow. Shadow bands are most commonly observed in the one or two 
minutes before totality and the one or two minutes after it, when the solar crescent is thinnest. 
Before that, the Sun is too broad; after that, the Sun is too bright and the crescent too thick. 

7.1.3 Experimental techniques: white sheets, video, and statistics 

Because shadow bands are low contrast and fast, deliberate experimental preparation greatly 
improves the chances of both seeing and recording them. Common techniques include: 

• Laying out a large white sheet or a roll of light-colored paper on the ground, away from 
irregular shadows. The uniform background enhances contrast and makes the bands 
more obvious. 

• Using video cameras pointed at the sheet, ideally with high frame rate and fixed 
exposure settings. Higher frame rates capture the dynamics of the bands and allow later 
analysis frame by frame. 

• Marking the sheet with a grid or scale to quantify band spacing and motion. This turns a 
qualitative impression into measurable data about spatial frequency and speed. 

Post-eclipse, statistical analysis can be applied. Fourier transforms of intensity along lines across 
the sheet reveal dominant spatial frequencies. Tracking features across frames gives velocity 
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distributions. Correlating these with meteorological data and eclipse geometry can, in principle, 
probe the structure of the turbulent atmosphere during the event. 

In this way, a fleeting visual curiosity becomes an opportunity for citizen science. Coordinated 
observations of shadow bands along the eclipse path, using standardized setups, could turn a 
qualitative phenomenon into a distributed measurement of atmospheric optics under an 
extraordinary illumination geometry. 

 

7.2 Pinhole projection fields and crescent suns 

Long before safe solar filters were common, people knew they could watch eclipses indirectly by 
projecting the Sun’s image through a small hole. This simple technique turns up everywhere 
from historical accounts to modern outreach events, and during partial eclipses the 
environment itself spontaneously produces vast arrays of pinhole projectors. 

Every small gap between leaves, every hole in a straw hat or colander, every perforation in a 
piece of cardboard becomes a tiny camera obscura. Where many such gaps exist, the ground 
can be covered in overlapping images of the partially eclipsed Sun, each one a tiny crescent. 

7.2.1 Tree leaves and perforated structures as natural camera obscuras 

A pinhole camera works because light from each point on a bright source travels in straight lines 
through a small aperture and forms an inverted image on a screen. During normal conditions, 
the projected solar image is a bright circle corresponding to the Sun’s disk. During a partial 
eclipse, that disk is replaced by a crescent or other partial shape. 

Tree foliage is filled with irregular gaps of an appropriate size for projection at distances of a 
meter or two. When sunlight filters through such leaves during a partial eclipse, each gap acts 
as a crude pinhole. On the ground, walls, or people’s clothing beneath, hundreds or thousands 
of tiny crescent suns appear, all oriented consistently with the Sun’s position in the sky. 

Similar effects occur with: 

• Colanders, kitchen strainers, and slotted spoons. 

• Woven hats or baskets. 

• Perforated metal sheets or pegboards. 

• Hands held with fingers slightly apart to create multiple small gaps. 

Unlike a magnifying lens, which risks concentrating sunlight to dangerous levels, these pinhole 
projectors safely reduce intensity and spread the image, making them ideal for public viewing. 
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7.2.2 Public engagement opportunities during partial eclipses 

Partial eclipses are far more common than total eclipses, and in many locations a deep partial 
phase may be the only accessible event for years. Pinhole projection fields offer a simple way to 
turn such an event into a shared, hands-on experience. 

Organized activities might include: 

• Encouraging participants to bring everyday objects with small holes and explore the 
images they cast. 

• Laying out large sheets of paper under trees and inviting people to look for crescent 
patterns. 

• Using the shifting crescents to teach basic ray optics and the principle of the camera 
obscura. 

Because the projected crescents are inherently photogenic, they also bridge the gap between 
scientific curiosity and aesthetic appreciation. People who might not engage with discussions of 
eclipse geometry may still find delight in photographing patterns of light on sidewalks and walls. 

From the standpoint of this paper, pinhole projection fields demonstrate how simple geometric 
optics, combined with a rare solar-edge geometry, can turn ordinary environments into dense 
arrays of natural instruments. They illustrate a theme running through the survey: the world is 
full of latent optical apparatus that can be activated by unusual illumination. 

 

7.3 Chromospheric and atmospheric color changes near totality 

As totality approaches, the character of daylight changes in ways that are qualitatively different 
from normal sunsets or passing clouds. The overall illumination drops rapidly, shadows soften, 
and colors shift. The Sun’s corona becomes visible, and for a brief time the chromosphere and 
prominences may contribute a faint, reddish fringe around the dark lunar disk. 

At the same time, the atmosphere near the ground responds to the sudden reduction in 
radiative forcing. Temperature drops, surface-layer stability changes, and winds adjust. 
Collectively, these changes create a transient, dynamic environment in which both optical and 
meteorological effects are closely coupled. 

7.3.1 “Eclipse wind” and rapid radiative forcing at the surface 

During a total solar eclipse, the incoming solar irradiance at the ground can drop by more than 
an order of magnitude in a matter of minutes. This is in some ways a compressed model of what 
happens during sunset, but with very different spatial and temporal structure. Instead of the 
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entire hemisphere dimming gradually, a narrow path of totality sweeps across the surface, and 
the dimming is both rapid and localized. 

The surface and lower atmosphere respond in several ways: 

• Near-surface air cools as the ground emits more thermal radiation than it absorbs from 
the now-dim Sun. 

• Vertical temperature gradients adjust, potentially stabilizing or destabilizing the 
boundary layer depending on pre-existing conditions. 

• Local pressure fields shift, and winds may change direction or speed. 

Observers sometimes report an “eclipse wind,” a noticeable change in breeze as totality 
approaches or recedes. While the detailed dynamics depend on local meteorology, the key 
point for this survey is that the optical event is inseparable from a thermodynamic one. The 
colors and brightness of the sky are coupled to a transient reshaping of the thermal 
environment. 

From an optical perspective, these changes can affect contrast and clarity. Cooling may reduce 
near-surface turbulence and shimmer, making distant features appear sharper. On the other 
hand, changes in humidity and aerosol distribution could introduce subtle haze effects. 

7.3.2 Unusual sky colors and their perceptual impact 

The sky colors during a total eclipse are often described as uncanny. The brightness drops to 
levels reminiscent of deep twilight, but the Sun’s position in the sky does not match sunrise or 
sunset, and the distribution of light is different. 

Key features include: 

• A darkened sky overhead, with the black lunar disk surrounded by the pale, extended 
glow of the corona. 

• A bright, colored band near the horizon all around, as regions outside the path of totality 
remain in full sunlight and their scattered light reaches the observer. This produces a 
360-degree “sunset” effect. 

• Muted, desaturated colors on the ground and in nearby objects, as the spectrum of 
illumination shifts and overall intensity falls. 

The human visual system, tuned by lifelong experience to associate certain color and brightness 
patterns with specific times of day, finds this combination unfamiliar. The result is a feeling that 
many observers describe as eerie, hushed, or otherworldly. Birds may roost, insects may behave 
as at dusk, and human conversations often fall quiet. 
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For a physicist, this is a vivid reminder that radiative transfer and perception are intertwined. 
The same physical drop in irradiance that a radiometer might record as a smooth curve 
overlapping the Moon’s path is experienced by the eye and brain as a qualitative shift in the 
character of daylight. The brief visibility of chromospheric red and coronal white around the 
Sun, combined with the ring of bright horizon and dim interior sky, creates a unique optical 
environment that cannot be fully reproduced by any combination of ordinary weather and time 
of day. 

In the context of this paper, eclipse color changes complete the picture of how unusual solar-
edge geometries activate rarely seen behaviors in both atmosphere and observer. Shadow 
bands and pinhole fields show the fine-scale structure of light and air; eclipse winds and colors 
reveal how large-scale radiative forcing and human perception respond together to a moving 
shadow cast from space. 

 

8. Methods for Observing, Recording, and Classifying Rare Optical Effects 

Seeing unusual optical phenomena is not only a matter of luck; it is also a matter of preparation, 
method, and attention. The atmosphere is constantly running experiments with light, but most 
of them go unobserved because no one is looking at the right place, at the right time, with the 
right expectations. A modest toolkit, a few habits of observation, and some simple recording 
and sharing practices can dramatically increase both the number of phenomena one sees and 
the scientific value of each sighting. 

This section outlines practical methods for choosing observing sites, using simple tools, 
cultivating temporal discipline, and contributing observations to broader communities. The 
emphasis is on approaches accessible to non-specialists, while still being rigorous enough to 
support serious analysis. 

 

8.1 Environmental preconditions and site selection 

8.1.1 Clean air, dark skies, and thermal gradients 

Many rare optical effects live on the edge of visibility. Clean air and dark skies increase contrast 
and reveal subtle structures in a way that no amount of equipment can fully compensate for in 
poor conditions. For daytime phenomena like halos, arcs, and mirages, low aerosol load and 
minimal haze sharpen edges, enhance color separation, and make faint arcs detectable. For 
night phenomena like zodiacal light, gegenschein, and airglow, dark sites far from artificial light 
are essential. 
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Thermal structure matters just as much. Strong temperature gradients near the surface favor 
mirages, light pillars, and halo displays in diamond dust. Inversions over cold water promote 
superior mirages and green flashes; hot surfaces over cool air promote inferior mirages over 
roads and deserts. Choosing to watch a sunset over a cold sea or a desert plain rather than from 
a cluttered urban horizon is, in effect, a choice to put oneself inside a more active optical 
laboratory. 

In practice, observers can improve their chances by paying attention to basic meteorological 
indicators: very clear, dry air after a cold front; calm, very cold nights; strong daytime heating 
over uniform surfaces; and exceptionally transparent skies after rain has washed out aerosols. 
Learning to read these cues is as important as having a good camera. 

8.1.2 Coastal, desert, mountain, polar, and urban environments 

Different environments specialize in different optical experiments. 

Coastal sites with a clear sea horizon and frequent inversions are ideal for green flashes, 
superior mirages, and complex horizon refraction effects. Deserts and broad plains with strong 
solar heating and long, flat sightlines favor inferior mirages and shimmering air. Mountains and 
high plateaus provide elevated vantage points above haze layers, improving the visibility of 
halos, circumzenithal arcs, and distant atmospheric structures, as well as enabling Brocken 
spectres and glories when fog fills valleys below. 

Polar regions combine long paths over cold surfaces, persistent inversions, and frequent 
diamond dust. They are premier locations for complex halos, light pillars, and, in winter, 
occasional nacreous clouds. 

Urban environments, though often poor for dark-sky work, offer their own unique 
opportunities. Bright artificial lights under cold, calm conditions can generate spectacular light 
pillar forests, while tall buildings and rooftop vantage points sometimes provide clean sightlines 
to horizons and high clouds. Careful selection of local high points, parks, and waterfronts can 
mitigate some of the drawbacks of city observing. 

For an individual observer, it can be useful to make an informal map of local optical niches: 
where the horizon is cleanest, where thin cirrus often appears, where winter ice fog forms, 
which nearby rural areas offer dark skies. Over time, this ecological approach to site selection 
builds a repertoire of favorite spots for different classes of phenomena. 
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8.2 Simple observational tools 

8.2.1 Sunglasses, polarizers, and safe solar practices 

The first tool is protection. Many interesting atmospheric phenomena occur close to the Sun, 
where direct viewing without precautions can damage the eyes. Good habits begin with never 
staring at the unfiltered Sun at high elevation and using safe, certified solar filters when 
necessary. 

Ordinary sunglasses can serve two purposes. They reduce overall brightness and glare, making 
subtle halos, arcs, and coronae easier to see. They also allow the observer to scan closer to the 
Sun without discomfort, provided that direct viewing of the solar disk is still avoided or blocked. 

A simple linear polarizing filter or polarized sunglasses add another dimension. They can help 
detect and study polarization patterns in the sky, revealing, for example, the band of maximum 
polarization at 90 degrees from the Sun, or distinguishing between different scattering 
contributions near the horizon. Rotating a polarizer while viewing a halo can sometimes reveal 
variations in polarized intensity that hint at crystal orientation and scattering geometry. 

Safe solar practices remain non-negotiable: proper eclipse glasses or solar filters are needed for 
direct viewing of the Sun, and improvised methods such as smoked glass, CDs, or multiple 
sunglasses are not safe substitutes. When in doubt, indirect viewing through pinhole projection 
or by blocking the Sun behind a building, pole, or mountain is preferable. 

8.2.2 Binoculars, tripods, and telephoto lenses 

Simple optical aids can reveal fine structure in many phenomena. Binoculars allow closer 
inspection of the solar limb at sunset for green flashes (used only when the Sun is already 
deeply attenuated by the atmosphere), detailed examination of halos and arcs around the Sun 
or Moon, and the detection of faint glows like zodiacal light. 

Tripods stabilize cameras and binoculars, especially in low-light conditions. A telephoto lens on a 
camera or a spotting scope can capture small-scale details: the fine rings of a glory around an 
airplane shadow, the texture of a Brocken spectre, the layered structure of a Fata Morgana, or 
the delicate fringes of a lunar corona. 

Even modest equipment is effective if used thoughtfully. A consumer zoom lens at 200–300 mm 
focal length can document green flashes, mirages, and halo segments well enough for later 
analysis. The key is to know in advance what phenomena are plausible and to configure gear 
accordingly. For rapidly changing events like shadow bands or nacreous clouds, having tripod 
and focus already set can make the difference between a useful sequence and a missed 
opportunity. 
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8.2.3 Smartphone cameras, RAW formats, and exposure strategies 

Modern smartphone cameras are surprisingly capable for atmospheric optics. They offer high 
sensitivity, multiple lenses, and computational imaging features that can enhance faint signals. 
For many phenomena, the main challenge is not resolution but dynamic range and exposure 
control. 

Useful strategies include: 

• Using manual or pro modes, where available, to fix exposure and focus rather than 
letting automatic algorithms chase brightness changes. 

• Underexposing slightly when photographing bright halos, sundogs, and arcs to preserve 
color and avoid blowing out highlights near the Sun. 

• Overexposing moderately for faint glows like zodiacal light, gegenschein, or airglow, 
using a tripod or stable support to allow longer exposures. 

• Shooting in RAW or high-bit-depth formats when possible, preserving subtle gradients 
and colors that can be brought out in post-processing without introducing artifacts. 

For documentation, it is helpful to include context in some frames: horizon line, recognizable 
landmarks, or the Sun’s or Moon’s position, so that geometry can be reconstructed later. A 
series of exposures with different focal lengths and orientations provides both detailed and 
wide-field views, valuable for classification. 

 

8.3 Temporal discipline and patience 

8.3.1 Watching the last minute of sunset instead of the first 

Many optical phenomena are compressed into brief time windows. The temptation during a 
scenic sunset is to watch the whole show casually. For green flashes, horizon mirages, and 
Novaya Zemlya effects, the critical interval is the last minute or two as the upper limb 
approaches and crosses the horizon. 

Temporal discipline means being willing to ignore earlier, more obvious color changes and focus 
attention when the physics dictates that rare phenomena are possible. For green flashes, that 
means staring at the upper rim of the Sun at the very end, ideally through a camera or 
binoculars adjusted for safe, low-intensity viewing when the Sun is already heavily dimmed by 
the atmosphere. 

For shadow bands during eclipses, it means setting aside the urge to look at the corona in the 
final minute before totality and instead watching the prepared white sheet on the ground. For 
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glories from airplanes, it means checking the antisolar direction when the plane is at suitable 
altitude over a cloud deck, not just when sweeping views are most dramatic. 

In all cases, the observer trades some general aesthetic enjoyment for targeted attention during 
the narrow windows when rare geometry and conditions align. 

8.3.2 Tracking seasonal and diurnal windows for specific phenomena 

Some phenomena are tied to specific seasons, solar altitudes, or local climate regimes. 
Circumhorizontal arcs require the Sun to be high in the sky, which at mid-latitudes means 
around midday in late spring and summer. Circumzenithal arcs prefer lower solar elevations, 
often in the morning or late afternoon. Nacreous clouds favor polar winter twilight; zodiacal 
light is most visible at certain times of year when the ecliptic stands steeply above the horizon 
after dusk or before dawn. 

Keeping a simple observing calendar or checklist helps. For example: 

• In late spring and early summer, watch for circumhorizontal arcs when thin cirrus lies 
near the horizon and the Sun is high. 

• In cold, clear winter evenings, check for light pillars above city lights or along the horizon 
when temperatures are very low and winds are calm. 

• Around new Moon on dark, clear nights, look for zodiacal light along the ecliptic, and for 
gegenschein near the antisolar point when the Moon is absent. 

Over multiple years, patterns emerge: a particular location may consistently produce superior 
mirages on certain kinds of days, or polar stratospheric clouds during specific temperature 
regimes. Recording date, time, and basic weather conditions alongside observations helps build 
a personal climatology of optical opportunities. 

 

8.4 Citizen science and data sharing 

8.4.1 Online atmospheric optics communities and archives 

The number of professional researchers devoted to visual atmospheric optics is small, but the 
number of potential observers is enormous. Online communities, forums, and image archives 
devoted to halo displays, aurora, noctilucent clouds, and related phenomena already serve as 
informal observatories. 

Contributing images and reports to such communities has several benefits. It allows experts to 
help classify phenomena and correct misinterpretations. It builds a collective record of rare 
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events, sometimes revealing patterns in time and location. It also exposes new observers to the 
diversity of effects, training their eyes by example. 

Many sites maintain curated galleries of well-documented cases of halos, mirages, glories, and 
other phenomena, often annotated with ray-tracing simulations or physical explanations. 
Studying these catalogs is an effective way to improve one’s own recognition skills and to 
calibrate expectations. 

8.4.2 Standardizing descriptive language and classification 

For observations to be scientifically useful, they must be described in consistent language. 
Simple habits can help: 

• Always note date, time, and approximate location. 

• Record solar or lunar elevation if known, or at least qualitative descriptors such as low, 
mid, or high. 

• Describe geometry: angular distance from the Sun or Moon, orientation relative to 
horizon, approximate extent. 

• Note environmental context: type of clouds present, presence of fog, approximate 
temperature, and any special conditions such as ice crystals or dust. 

Over time, various classification schemes for halos, arcs, mirages, and other phenomena have 
been developed. While it is not necessary for every observer to master the full taxonomy, 
becoming familiar with major categories (22-degree halo, parhelia, circumzenithal arc, 
circumhorizontal arc, Fata Morgana, inferior mirage, and so on) reduces ambiguity and 
facilitates communication. 

When uncertain, it is better to describe what was seen in plain but precise terms and invite 
classification help, rather than forcing the phenomenon into a possibly incorrect label. High-
quality images, annotated with approximate angular scales or overlaid with circles indicating 
known halo radii, greatly assist in this process. 

8.4.3 Opportunities for contributions by non-specialists 

Non-specialists have a genuine opportunity to contribute to the science of atmospheric optics. 
Because many rare phenomena are fleeting and localized, professional researchers cannot be 
everywhere. Carefully documented sightings from well-distributed observers can fill gaps in 
spatial and temporal coverage. 

Examples of potential contributions include: 

• Systematic documentation of halo displays in regions where they are poorly recorded. 
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• Time series of shadow bands during eclipses from multiple sites along the path of 
totality. 

• Long-term observations of zodiacal light brightness and structure from dark-sky 
locations. 

• Reports of unusual refraction events, such as exceptional Novaya Zemlya-type sunsets, 
with corroborating photographs and meteorological data. 

Even when an event is not unique, multiple independent observations help validate models and 
refine understanding of how often and under what conditions specific phenomena occur. 

In a broader sense, citizen observation and sharing cultivate a culture in which people look 
more carefully at their environment. The same habits that lead someone to notice a faint glory 
or a subtle circumzenithal arc also make them more attentive to changes in air quality, cloud 
types, and sky brightness. The world becomes not merely scenery but a living, evolving optical 
laboratory, and each observer, armed with simple tools and shared vocabulary, becomes a 
participant in reading its experiments. 

 

9. Why Most Physicists Never See These Phenomena 

From a purely statistical point of view, there are enough physicists and enough unusual optical 
events that one might expect the two to meet regularly. In practice, they rarely do. Many 
professional physicists can derive the deviation angle of a 60-degree prism, discuss Mie and 
Rayleigh scattering, or write down the radiative transfer equation, yet have never knowingly 
seen a circumzenithal arc, a glory, or the zodiacal light. 

This is not a failure of intelligence or training; it is a consequence of culture, environment, and 
habit. Modern physics is largely practiced indoors, mediated through instruments and screens. 
The curriculum emphasizes abstract diagrams over lived encounters with light. Urbanization and 
light pollution remove many of the more delicate phenomena from everyday experience. And 
increasing specialization narrows attention to tightly defined problems, leaving little room for 
open-ended phenomenology. 

This section considers how these factors combine to render the sky effectively invisible, even to 
people whose profession is, in principle, understanding nature. It concludes by arguing that 
recovering simple observational skills is not nostalgic romanticism but a way of enlarging what 
counts as data in physics. 
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9.1 The culture of indoor physics and instrument-mediated observation 

Modern physics took shape in observatories and laboratories, but its current culture is 
overwhelmingly indoor and screen-based. The working physicist’s day is dominated by code, 
simulations, data analysis, email, and meetings. When experiments are done, they often involve 
sealed apparatus, sophisticated detectors, and numerical pipelines that convert raw signals into 
graphs and tables long before any human eye engages with the original phenomenon. 

In such a setting, the Sun, clouds, and horizon are almost decorative. They matter for commutes 
and weather forecasts, not for research. Optical experiments are conducted with lasers on 
optical benches, not with sunlight and clouds in the open air. Even when atmospheric optics is 
the topic of study, the emphasis is likely to be on radiometers, spectrometers, and satellite data 
rather than naked-eye observation. 

Instrument mediation has enormous advantages. It extends sensitivity far beyond human limits, 
standardizes measurement, and enables quantitative analysis. The cost is that many physicists 
internalize a hierarchy in which only instrument-readable signals count as real. The sky, in this 
hierarchy, is noise: beautiful, perhaps, but not data. 

When rare phenomena occur, they therefore slip by unnoticed. An unusual halo display, a subtle 
gegenschein, or a brief green flash might happen outside the window while a simulation runs or 
a paper draft is edited. Without a habit of looking up and treating those appearances as part of 
the same world as the equations, the connection is never made. 

 

9.2 Curriculum choices: ray optics in diagrams versus optics in the wild 

The way optics is taught reinforces this disconnect. Undergraduate courses typically present 
refraction, reflection, and diffraction in highly controlled, diagrammatic settings: rays passing 
through ideal lenses and prisms, plane waves incident on slits, monochromatic beams 
interacting with simple elements. Atmospheric optics, if it appears at all, is compressed into a 
brief mention of rainbows and mirages near the end of a syllabus. 

Laboratory exercises add to the imbalance. Students measure focal lengths, diffraction patterns, 
and refractive indices on optical benches under fluorescent lights. Rarely are they sent outside 
with simple instructions: watch sunset over a water horizon, map halo positions around the Sun, 
or document polarization patterns in the sky. The implicit lesson is that real physics happens 
indoors with calibrated hardware; the sky is for recreation. 

This emphasis is understandable. Controlled experiments are easier to grade and reproduce 
than field observations. Yet it shapes intuition. Students learn to associate optics with idealized 
diagrams, not with messy, layered atmospheres and unpredictable clouds. The conceptual tools 
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they acquire are perfectly adequate to explain green flashes or circumzenithal arcs in principle, 
but those tools are never connected to the phenomena in practice. 

As a result, even well-trained physicists may be surprised to learn, later in life, that the sky 
routinely displays phenomena that match and exceed the sophistication of textbook ray 
diagrams, and that those phenomena can be observed and analyzed with nothing more than 
patience and a notebook. 

 

9.3 Urbanization, light pollution, and the loss of dark and clean skies 

Environmental change has compounded these cultural patterns. A century ago, even small cities 
had dark enough skies for zodiacal light, gegenschein, and airglow to be visible to the naked 
eye. Clean horizons over water, fields, and unlit coastlines were more accessible. Today, most 
physicists live and work in or near large cities, surrounded by light pollution and atmospheric 
haze. 

Light pollution washes out faint night-sky phenomena. The subtle cone of zodiacal light is easily 
mistaken for urban skyglow or simply submerged beneath it. Gegenschein becomes invisible 
except at the darkest sites. Airglow is relegated to long-exposure photographs taken by 
astrophotographers prepared to travel. 

During the day, air quality matters for visibility of halos, arcs, and distant mirages. Aerosols and 
pollution reduce contrast and smooth out delicate structures, turning potentially dramatic 
displays into barely perceptible smudges. Buildings and infrastructure block the lower sky, 
preventing clear views of horizons where many refraction phenomena occur. 

In this context, it is unsurprising that many physicists never notice rare optical effects. They may 
rarely experience the environmental preconditions needed for such phenomena to be 
conspicuous. Even when traveling to conferences or observatories in better locations, attention 
is often directed inward, toward schedules and screens, rather than outward, toward the sky. 

 

9.4 Specialization and the neglect of qualitative, phenomenological skills 

Contemporary physics is highly specialized. A condensed-matter theorist may spend an entire 
career working with Hamiltonians and simulations, interacting with experiments only through 
processed data. An astrophysicist may analyze spectra from distant galaxies without spending 
much time actually observing the night sky. An optical physicist may focus on photonic crystals, 
fiber networks, or quantum optics with little engagement with the atmosphere. 
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Within each specialty, success is measured by depth of technical contribution, not by breadth of 
observational literacy. Qualitative, phenomenological skills—being able to describe what one 
sees, to notice anomalies, to connect them to physical mechanisms—are often treated as 
secondary. Students who show such skills may be praised as curious, but they are not evaluated 
on them. 

This neglect matters because phenomenology is where new questions often originate. A 
surprising arc in the sky, a strange twilight color, or an anomalous mirage can spark inquiries 
that lead back into theory and instrumentation. When such anomalies are not even perceived, 
the questions never arise. 

There is also a hidden asymmetry. Many physicists assume that if an effect were interesting, it 
would be in the literature and they would already know about it. But the literature is 
incomplete, especially for phenomena that are low-consequence, hard to quantify, or 
distributed across many amateur reports. Without an observational culture that takes such 
reports seriously, the feedback loop remains weak. 

 

9.5 The value of re-training attention: rediscovering the sky as data 

The situation is not irreversible. The skills needed to see and interpret atmospheric optical 
phenomena are relatively easy to acquire compared to mastering an advanced mathematical 
technique or a new simulation framework. They require time, attention, and a modest shift in 
attitude: to treat the sky as a legitimate source of data, not just a backdrop. 

Re-training attention can start with simple routines: looking for halos around the Sun and Moon 
whenever thin cirrus appears, scanning the horizon at sunrise and sunset for refractive 
distortions, checking the antisolar point on dark nights for zodiacal light and gegenschein, and 
noting conditions when unusual displays occur. Keeping a small observing journal, with sketches 
or quick phone images and basic notes, turns casual noticing into a cumulative record. 

For physicists, there is an additional incentive. Many of the phenomena discussed in this paper 
sit at the intersection of geometric optics, wave optics, radiative transfer, and atmospheric 
dynamics. They provide tangible, intuitive test-beds for concepts that otherwise remain 
abstract. Watching how a circumzenithal arc moves with the Sun, how a light pillar depends on 
crystal orientation, or how airglow interacts with atmospheric waves ties equations to lived 
experience. 

More broadly, rediscovering the sky as data can soften the boundaries between professional 
and amateur, between lab and world. It reminds practitioners that physics is not only what 
happens in controlled environments but also what unfolds continuously overhead and around 
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them. In that sense, learning to see rare optical phenomena is not a quaint hobby tacked onto 
serious work; it is a way of reconnecting theoretical and instrumental expertise with the 
phenomenological richness that first drew many people to physics. 

 

10. Educational, Aesthetic, and Philosophical Implications 

Rare atmospheric optical phenomena are not just curiosities to be catalogued; they sit at a 
fruitful intersection of education, aesthetics, and philosophy. They offer concrete, visually 
compelling demonstrations of core ideas in optics, provide opportunities to reconnect formal 
theory with lived experience, and reveal that scientific rigor and a sense of enchantment need 
not be in tension. 

In this final section, we consider how these phenomena might be used in teaching, how they 
can shape the way we think about the human eye as an instrument, and how they invite a 
reorientation toward everyday life as a site of ongoing experiment. 

 

10.1 Using rare phenomena to teach core concepts in optics 

Many of the central ideas in optics can be taught using everyday laboratory setups, but they 
often become more memorable and more intuitive when anchored to real scenes in the sky. 
Green flashes embody dispersion and refraction in layered media. Halos and sundogs illustrate 
minimum deviation through prisms of fixed geometry and the consequences of crystal 
orientation. Glories and coronas demonstrate wave interference, diffraction, and scattering in a 
way that no static diagram can fully convey. 

In teaching, these phenomena can be used as gateways. A brief presentation of photographs 
and sketches can precede the introduction of Snell’s law, dispersion relations, or scattering 
phase functions. Students can be asked to predict where in the sky a given halo should appear 
based on crystal geometry, or to infer droplet size from the angular radius of a corona. Instead 
of treating the Sun as a featureless source, one can use eclipse phenomena to discuss limb 
darkening, angular size, and source coherence. 

Because many of these effects have characteristic angles and patterns that can be measured 
with a fingertip at arm’s length or a simple protractor, exercises can be designed that require no 
equipment beyond a smartphone and a printed star chart. The key is to make clear that the 
equations in the classroom apply to the world outside it, and that the world outside offers 
experiments that cannot be replicated on an optical bench. 
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10.2 Linking experiential observation to formal theory in the classroom 

A recurring weakness in physics education is the gap between symbolic manipulation and 
sensory experience. Students learn to solve ray-tracing problems and derive diffraction formulas 
without ever being asked to look at real images and interpret them in theoretical terms. 
Atmospheric optics offers an accessible way to bridge that gap. 

Assignments might include: 

• Asking students to photograph a halo or corona and estimate its angular radius. 

• Having them compare those measurements to theoretical halo radii computed from the 
refractive index of ice. 

• Inviting them to simulate ray paths through hexagonal prisms with simple code and 
compare the results to observed halo shapes. 

• Using long-exposure images of zodiacal light to discuss brightness profiles expected from 
a dust distribution and to identify deviations. 

Field sessions could be integrated into laboratory courses: one evening devoted to dark-sky 
observations, one afternoon to halo watching when cirrus is present, one early morning after 
rain to look for glories and heiligenschein. The observations need not always succeed; the very 
act of going out under specified conditions teaches students how to think in terms of 
preconditions, geometry, and probability. 

Linking observations to theory in this way also trains a form of reasoning that is valuable beyond 
optics: moving back and forth between models and messy data, between idealized assumptions 
and real-world constraints. It demonstrates that formalism is not an end in itself but a language 
for describing and predicting what one can see. 

 

10.3 Aesthetic appreciation as a motivator for scientific curiosity 

Many scientists describe formative moments of awe in their youth: a night under a dark sky, a 
vivid halo, an eclipse, an unexpected rainbow. These experiences often precede formal training 
and motivate it. The beauty of a phenomenon is not proof of any particular theory, but it is a 
powerful engine for curiosity. 

Rare optical phenomena concentrate that aesthetic impact. A circumzenithal arc far overhead, a 
ring of light pillars around a frozen city, or a nacreous cloud glowing in polar twilight are not just 
intellectually interesting; they are striking in a way that resists trivialization. When students or 
lay observers encounter such scenes, they often ask unprompted questions: why that angle, 
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why those colors, why here and not elsewhere. Those questions open the door to refraction 
laws, scattering theory, and atmospheric structure. 

In the classroom and in public outreach, there is no need to downplay this aesthetic dimension. 
On the contrary, acknowledging that beauty is part of what draws people to seek explanations 
can legitimise their curiosity. It can also correct a common misconception that scientific 
understanding destroys wonder. In practice, many people find the opposite: knowing that a 
glory encircling an airplane’s shadow is the result of coherent backscattering from countless 
droplets only deepens appreciation of how much structure hides in apparently simple scenes. 

 

10.4 The human eye as an underused scientific instrument 

The human eye is often dismissed as a crude detector compared to photomultiplier tubes or 
CCD arrays. It has limited dynamic range and poor absolute calibration. Yet it has virtues that are 
underexploited: high spatial resolution, rapid adaptation, wide field of view, and sophisticated 
pattern recognition. For many atmospheric phenomena, it remains the primary or even the only 
practical instrument. 

Training observers to use their eyes more systematically can yield valuable data. This might 
include: 

• Learning approximate angular measurements using fingers and hands at arm’s length. 

• Practicing the detection of faint contrast differences, such as those in gegenschein or 
shadow bands, by using averted vision and dark adaptation techniques. 

• Developing the habit of noting relative brightness and color differences across the sky in 
a structured way, rather than as vague impressions. 

The eye is also uniquely suited to continuous, real-time monitoring. A camera can capture a 
frame; a spectrometer can record a spectrum. The eye can watch the evolution of an arc or 
pillar over minutes, noticing subtle changes in intensity, position, and shape that may be 
overlooked in sparse images. A trained observer’s descriptive notes, while not a replacement for 
instrumentation, can guide later analysis and help target more quantitative follow-up. 

Revaluing the eye as an instrument does not mean abandoning measurement. It means 
recognizing that, for certain classes of phenomena, the first and often most important step is 
simply to see, and to see carefully. In an era dominated by instrumental proxies, that is both a 
technical and a philosophical stance. 
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10.5 Re-enchanting everyday life without abandoning rigor 

The phenomena described in this paper are, for the most part, not rare in an absolute sense. 
They are rare relative to how often people look for them and relative to the environmental 
conditions of modern life. Learning to see them is therefore less about chasing exotic events 
and more about altering one’s stance toward the ordinary. 

For physicists and non-physicists alike, there is an opportunity here to re-enchant everyday life 
in a way that is fully compatible with scientific rigor. To notice a faint circumhorizontal arc on a 
summer afternoon or a subtle lunar corona in city haze is to experience a small shock of 
discovery in a familiar setting. To understand the geometry and microphysics that produce those 
effects is to realize that complexity and order are present in places often written off as 
mundane. 

This kind of re-enchantment does not ask us to suspend critical thinking or accept untestable 
claims. On the contrary, it depends on and rewards careful observation, hypothesis, and 
verification. It suggests that the world is more, not less, interesting under scrutiny, and that the 
tools of physics—when turned outward as well as inward—can reveal a continual flow of 
structure in the light that surrounds us. 

If physics education and practice make room for this perspective, the benefits could be subtle 
but significant. Students might retain a stronger sense of connection between their work and 
the world they live in. Researchers might rediscover in the sky some of the curiosity that first 
drew them into their fields. And the public might see that science is not only a matter of distant 
instruments and abstract theories but also of looking up, with informed eyes, at clouds, 
horizons, and stars. 

 

11. Conclusion: Hidden Optics and the Case for Looking Up 

The sky above a typical human life is far richer than most people, including most physicists, ever 
realize. It hosts refracted suns and distorted horizons, colored arcs traced by ice crystals, faint 
glows from dust between planets, and shimmering interference patterns around shadows and 
droplets. Each of these phenomena is a specific solution to Maxwell’s equations in a particular 
geometry and medium. The equations are well known; the solutions are all around us; what is 
often missing is the habit of paying attention. 

This concluding section first gathers the major classes of phenomena discussed, then offers 
practical advice for readers who want to begin observing, sketches prospects for more 
systematic research, and closes with reflections on wonder, attention, and the physics of the 
ordinary sky. 
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11.1 Summary of key classes of phenomena surveyed 

The survey began with refraction-dominated phenomena at the horizon. Green and blue flashes 
occur when dispersion and strong vertical refraction act on the last sliver of the Sun, often in the 
presence of layered temperature inversions. Superior and inferior mirages span a continuum 
from small roadside puddle illusions to large-scale displacements of distant objects. Fata 
Morgana and Novaya Zemlya effects illustrate how multi-layer ducts can stack and invert 
images, and how these distortions can even prolong the apparent day in polar regions. 

Backscattering and antisolar phenomena formed a second group. Glories and Brocken spectres 
show how droplets, wave interference, and geometry collaborate to produce colored rings 
around an observer’s shadow. Heiligenschein and opposition surges on ground surfaces reveal 
shadow hiding, retroreflection, and coherent backscatter in particulate media. Human shadows 
emerge as precise pointers to the antisolar point in both terrestrial and celestial scenes. 

Ice-crystal optics provided a third cluster. Hexagonal plates and columns act as natural prisms 
and mirrors, giving rise to the 22-degree halo, sundogs, circumzenithal and circumhorizontal 
arcs, and a variety of secondary arcs and circles. Light pillars from the Sun, Moon, and urban 
lights demonstrate the mirror-like role of oriented plate crystals in near-surface layers. Nacreous 
and iridescent clouds illustrate diffraction and interference in high and low clouds, adding pastel 
colors not easily confused with ordinary sunsets. 

Night and planetary phenomena extended the survey beyond sunlight. Moonbows and lunar 
halos reproduce daytime optics at lower illumination levels, constrained by human visual 
sensitivity. Lunar coronae provided examples of diffraction in small droplets, while zodiacal light 
and gegenschein revealed scattering and opposition effects in the interplanetary dust cloud. 
Airglow completed the picture as a faint, ever-present luminosity from the upper atmosphere. 

Transient eclipse and solar-edge effects rounded out the observational field. Shadow bands 
demonstrated the interaction of a thin solar crescent with atmospheric turbulence. Pinhole 
projection fields during partial eclipses turned trees and perforated objects into vast camera 
obscura arrays. Rapid radiative forcing during totality produced unusual winds and sky colors 
that differ qualitatively from ordinary twilight. 

Alongside the physics, the survey considered methods for observation, cultural and educational 
reasons why these phenomena are rarely seen by professionals, and the possibility of 
rehabilitating simple, disciplined looking as a legitimate scientific practice. 
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11.2 Practical recommendations for readers who want to begin observing 

For readers who wish to move from description to experience, a few practical steps can 
transform the sky from background scenery into a field site. 

First, improve environmental odds. Seek out clear horizons over water or flat land for sunrise 
and sunset. Visit dark-sky locations when possible to look for zodiacal light and airglow. Pay 
particular attention to cold, calm nights for light pillars and to thin cirrus around the Sun or 
Moon for halos and arcs. If relocation is not feasible, identify local vantage points that offer the 
best available horizons, least-obstructed patches of sky, and minimal stray light. 

Second, equip yourself modestly but thoughtfully. A pair of binoculars, used carefully, can reveal 
detail in halos, glories, and mirages. A tripod-mounted camera or smartphone with manual 
control allows repeated exposures and comparisons. Polarized sunglasses or a simple polarizer 
increase comfort near the Sun and open up an extra dimension of information. Safe solar filters 
are essential for any direct solar viewing. 

Third, adopt a few observational habits. Check around the Sun and Moon whenever high clouds 
appear. Look for arcs at fixed angles rather than vague glows. During clear, dark nights, scan 
along the ecliptic after twilight for the wedge of zodiacal light, and opposite the Sun for a faint 
gegenschein patch. At sunrise and sunset, watch the last minute at the horizon rather than only 
the earlier, more obvious color changes. Note how halos and arcs move with the Sun or Moon 
over the course of an hour. 

Fourth, keep simple records. Jot down dates, times, locations, weather conditions, and a brief 
description of what you saw. A small notebook or digital log, supplemented by photographs, 
turns isolated experiences into a personal dataset. Over months and years, patterns will emerge 
in which phenomena appear under which conditions. 

Finally, connect with others. Sharing images and reports with atmospheric optics communities 
or local astronomy groups can accelerate learning and help with identification. Seeing how 
other observers interpret similar scenes sharpens your own classification skills and reduces the 
risk of mislabeling. 

 

11.3 Prospects for future research and systematic documentation 

There remains a substantial gap between what is theoretically possible in atmospheric and 
planetary optics and what has been systematically documented. Much of the existing 
knowledge rests on a mixture of classic case studies, ray-tracing simulations, and scattered 
amateur reports. 
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Future work can proceed on several fronts. One is coordinated citizen science: deliberately 
organizing campaigns around predictable events such as total eclipses, strong halo seasons, or 
known dark-sky windows for zodiacal light. Standardized observing protocols, including 
calibrated photography and simple angular measurements, could greatly increase the 
quantitative value of amateur observations. 

Another avenue is coupling ground-based visual reports with modern monitoring tools. All-sky 
cameras, lidar, satellite imagery, and weather models can provide simultaneous constraints on 
cloud structure, aerosol profiles, and temperature gradients. By tying a visually remarkable 
event to detailed environmental data, it becomes possible to test and refine models of 
scattering and refraction in realistic atmospheres. 

Machine learning and pattern recognition may also play a role. Large archives of sky images, 
both intentional and incidental, almost certainly contain many undocumented cases of rare 
phenomena. Training algorithms to detect halos, arcs, glories, or light pillars in such datasets 
could recover events that would otherwise be lost, and build statistical histories of their 
occurrence. 

On the theoretical side, there is room to extend models of wave scattering in complex, multi-
scale media, especially for phenomena like glories, opposition surges, and airglow modulated by 
atmospheric waves. Bridging fine-scale microphysics and large-scale visual appearance remains 
an open challenge that sits naturally at the interface of physics, meteorology, and perceptual 
science. 

In all these directions, the human observer retains an important role. Instruments can run 
continuously and see what no eye can, but they need guidance on what to look for and how to 
interpret it. Skilled visual observers, supported by modest equipment and shared frameworks, 
can help direct attention to the most interesting regimes. 

 

11.4 Final reflections on wonder, attention, and the physics of the ordinary sky 

The phrase ordinary sky is misleading. From the vantage point of physics, the sky is an 
extraordinarily complex medium lit by a structured source, populated by droplets, crystals, 
aerosols, dust, and glowing atoms. Its appearance at any given moment encodes an immense 
amount of information about geometry, composition, and dynamics. What makes it seem 
ordinary is not its simplicity but our habituation. 

Rare optical phenomena break that habituation. They punctuate the familiar with unexpected 
forms: a ring of light around the Moon, a halo high above the Sun, a patch of brightness 
opposite the Sun on a dark night, a flicker of moving stripes before an eclipse. In each case, the 
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physics involved is well within the scope of standard theory; what is unusual is that the 
conditions for a particular solution happen to be met along a given line of sight. 

To notice these events is to practice a particular kind of attention. It requires slowing down, 
looking up, and treating the sky as part of the same reality as laboratory experiments and 
equations. It asks for a willingness to be surprised by subtle things and to see beauty as a 
starting point for explanation rather than a substitute for it. 

For physicists, this is an invitation to widen the notion of where data can come from. For 
students and non-specialists, it is an assurance that the tools of understanding are accessible: 
one can begin with nothing more than eyes, curiosity, and a bit of guidance. For anyone who 
has ever felt that science strips the world of wonder, these phenomena offer a counterexample. 
Knowing how a halo forms or why a glory surrounds your shadow does not make it less 
astonishing; it reveals how deeply structure runs within what might otherwise be dismissed as 
mere sky. 

The argument of this paper is simple. The Earth’s atmosphere and surroundings are already an 
optical laboratory of exceptional sophistication. Most of its finest experiments go unobserved 
because we do not look for them. Reversing that neglect requires no new technology, only a 
modest redirection of attention. If, after reading, a few more people step outside, glance 
upward with informed eyes, and recognize in a faint arc or glow the interplay of light and 
matter, then some part of the hidden optics of the ordinary sky will have become, in a small 
way, less hidden. 
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