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Abstract 

The inferior mirage is an intriguing optical phenomenon observed in nature. A 

survey of literature reveals that roughly half of the textbooks, scientific 

dictionaries and encyclopedias mention total internal reflection as the 

underlying cause of mirage formation while the other half cite refraction of light 

as being solely responsible for the same. Yet others seem to be uncertain but 

lean towards simple reflection as the underlying cause. In this paper, the real 

cause of inferior mirage formation is investigated. This is done from the point 

of view of both ray optics and wave optics. In the former category, a layer 

approximation model is frequently used. It was found that objections can be 

raised against total internal reflection, refraction or reflection in this model. In 

the wave propagation model, the formation of inverted image could not be 

realized. We are left with the uncontroversial statement that mirage is formed 

due to the bending of light as it propagates through a non-uniform medium 

whose refractive index varies gradually in the vertical direction.  

 

1. INTRODUCTION 

A mirage commonly refers to an optical illusion seen by an observer in the desert who 

sees the image of a distant object as a pool of water. Mirages are also seen elsewhere 

on a hot summer day, usually on a roadway. These are referred to as inferior mirages 

as opposed to a different kind of mirage called the superior mirage seen in cold arctic 

regions. In each kind of mirage, an inverted image of a distant object is produced by 

the bending of light. In an inferior mirage, the air above the ground is hotter than the 

air above and light bends upwards. In a superior mirage, the conditions are reversed and 

light bends downwards. Like most of the optical phenomena observed in nature, mirage 

formation can be explained by the laws of geometrical optics. However, there is a great 

amount of controversy as to the precise mechanism of mirage formation in general and 

that of the inferior mirage in particular. An extensive survey of literature reveals that 

opinions are evenly divided between two distinct camps. Roughly half of the textbooks, 
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scientific dictionaries and encyclopedias mention total internal reflection as the 

underlying cause of mirage formation [1-12] while the other half cite refraction of light 

as being solely responsible for the same [13-26]. Curiously, there is yet a third camp of 

authors who are less certain about the exact cause of mirage formation, but point 

towards reflection as the plausible mechanism [27-34]. Phrases like “as if reflected” 

[29, 30, 32, 33], “appears reflected” [27] and “appears to reflect” [28] have been used. 

In this paper, we shall critically examine each of the three mechanisms of mirage 

formation (total internal reflection, refraction and reflection) and offer an alternative 

uncontroversial statement regarding the actual mechanism of mirage formation. We 

shall restrict our discussion to the inferior mirage formation, even though it will be 

applicable to the superior mirage also. 

 

II. LAWS OF GEOMETRICAL OPTICS 

Geometrical Optics (also called ray optics) comprises the subject matter of propagation 

of light in vacuum and through material media. It is governed by a few laws which are 

at once simple, elegant and understandable. They are recapitulated as follows. 

Rectilinear propagation of light. In a uniform isotropic medium, light travels in a 

straight line with a velocity v = c/n, where c is the velocity of light in vacuum and n is 

the refractive index of the medium. Since the straight line is the shortest distance 

between two points, light travels along the shortest path between two points. Further, 

if s is the distance between the two points, the time of travel t = s/v is also minimum. In 

other words, light also travels along the fastest path between two points within a 

homogeneous isotropic medium. 

Law of reflection. If light is reflected from a surface, the incident and reflected rays 

make equal angles with the normal to the surface at the point of incidence. Stated 

alternatively, the angles of incident i and reflection r are equal: i = r. 

Law of refraction. When light enters from one medium of refractive index n1 into a 

second medium of refractive index n2, it follows Snell’s law:  

                                                       𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2                                                          (1) 

where θ1 is the angle of incidence and θ2 is the angle of refraction. It should be noted 

that the refracted ray is always accompanied by a reflected ray, which follows the law 

of reflection (Fig. 1). 

Total internal reflection. When light enters from a denser medium of refractive index 

n1 to a rarer medium of refractive index n2 (n1 > n2), the angle of refraction θ2 is greater 

than the angle of incidence θ1. In accordance with Snell’s law, θ2 becomes 90o, when  

                                                          𝜃1 = 𝑠𝑖𝑛−1 (
𝑛2

𝑛1
)                                                             (2) 

which is called the critical angle for refraction from the denser medium into the rarer 

medium. For angles of incidence greater than the critical angle, there is no refraction of 

light and the incident light is totally reflected back into the denser medium.  
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Fig. 1 

 

Fermat’s principle. The optical path L is defined as the product of the refractive index 

n and the actual path length s: L = ns. Fermat’s principle states that the optical path 

taken by light in propagating between two points, either directly, or via reflection or 

refraction, is a minimum. Since by definition, L = ct, Fermat’s principle equivalently 

states that the time taken by light in propagating between two points, either directly, or 

via reflection or refraction, is also a minimum. It can be shown that the laws of 

rectilinear propagation, reflection and refraction of light all follow from Fermat’s 

principle (cf. [35]). In other words, Fermat’s principle represents a unification of the 

laws of geometrical optics. A violation of Fermat’s principle has been reported in the 

literature [36]. However, it was pointed out that Fermat’s principle is always upheld 

locally, since any reflecting or refracting surface is considered locally flat [37].  

The general form of Fermat’s principle for the passage of light between two points 1 

and 2 is written as: 

                                                              𝛿 ∫ 𝑛𝑑𝑠 = 0
2

1
                                                            (3) 

This is analogous to Hamilton’s principle of classical mechanics. By applying methods 

analogous to dynamical problems, the equation of the path of a ray can be obtained in 

a medium of varying refractive index [38]. In the case of an inferior mirage, the 

refractive index of air can be assumed to increase linearly with height y: n = n0 + αy, 

where n0 is the refractive index of air at ground level and α is the gradient of increase. 

The equation of the path of the ray is found to be [38]: 

                                                    𝑦 = ℎ +
𝑛ℎ

𝛼
[𝑐𝑜𝑠ℎ (

𝛼𝑥

𝑛ℎ
) − 1]                                               (4) 

where nh is the refractive index at height h from the ground level (Fig. 2). Equation (4) 

is that of a caterary, which is the shape of a uniform chain hanging under gravity.  
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Fig. 2 

 

III. MECHANISM OF INFERIOR MIRAGE FORMATION 

It is relevant to point out that the vast majority of authors [1-34] opine about the 

underlying cause of the mirage formation, whether they refer to it as total internal 

reflection, refraction alone, or simply reflection, but do not elaborate the actual 

mechanism involved. Following are some of the descriptions aimed at the latter. 

The Layer Approximation Model. In this model, the air above the heated surface is 

approximated by thin horizontal layers of constant refractive indices (Fig. 3). Since the 

refractive index is inversely proportional to the temperature [39], it increases with 

height. As a ray from a distant object descends from above, it bends away from the 

normal (Fig. 3). At some point, the angle of incidence exceeds the critical angle (cf. Eq. 

2), and the ray is totally reflected (Fig. 3). It continues to bends upwards thereafter 

following the path prescribed by Eq. (4). In this layer approximation model, both 

refraction of light and total internal reflection are involved. But since the latter assumes 

a more critical role of bending the ray upwards, authors subscribing to the total internal 

reflection scenario [1-12] must have had the layer approximation model in their minds. 

 

 

Fig. 3 
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Some authors [18, 40] have argued against total internal reflection as having a role in 

mirage formation since “transition between the layers is gradual everywhere” [40] and 

“refraction alone accounts for the mirage” [18]. However, the same arguments can be 

used against refraction. By definition, refraction refers to the change in direction of a 

ray of light entering from one medium into a second. There exists a surface of 

separation between the two media, also referred to as an interface. A part of the ray is 

reflected at the interface following the law of reflection (Fig. 1) and consequently the 

intensity of the refracted ray is diminished. This is repeated at each interface and the 

intensity of light should diminish rapidly. Since this apparently does not happen, there 

must be no refraction at the ‘virtual’ interfaces in the layer approximation model. Thus 

the validity of refraction at the interfaces is as questionable as is total internal reflection. 

In summary, layer approximation, refraction and total internal reflection are useful 

assumption in explaining mirage formation, even though the validity of each 

assumption is highly questionable. 

Huygens’ Wave Propagation Model. Huygens’ principle deals with the propagation 

of light as waves. According to this principle, every point on a wave-front acts as the 

source of spherical wavelets and the forward envelope of the wavelets defines the new 

wave-front. Huygens’ principle is used not only to analyze diffraction and interference 

of light in physical optics but also to confirm the laws of rectilinear propagation, 

reflection and refraction in geometrical optics. Some authors (e.g., [41]) have used 

Huygens’ principle to explain mirage formation. Figure 4 shows the propagation and 

evolution of a wave-front AB from an object producing a mirage. Since cooler air lies 

above the warmer air and light travels faster in warmer air, the distances B1B2, B2B3, 

B3B4, B4B5 and B5B6 are longer than A1A2, A2A3, A3A4, A4A5 and A5A6, respectively. 

Consequently light bends upwards as in the layer approximation mode.  

 

Fig. 4 

 

The wave propagation model also has its own drawbacks. In this case, the light waves 

will always be divergent and light rays will not intersect each other. Now we know that 

mirages are inverted images of distant objects and light rays must intersect to form an 

inverted image as in Fig. 5 (cf. [39]).  Thus, we must revert back to ray optics to explain 

mirage formation. Figure 6 (from [42]) is an example of an actual mirage which clearly 

depicts the inverted images.  
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Fig. 5 

 

Fig. 6 
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IV. CONCLUSION 

In summary, we have seen that the intriguing optical phenomenon of mirage formation 

has evoked great interest and elicited contradicting explanations in the literature. Upon 

scrutiny, each explanation is found to be questionable in some respect. The lack of 

actual surface of separation in air renders the concepts of reflection, refraction and total 

internal reflection into question. Also the wave propagation model is unable to account 

for the inverted image formation. An uncontroversial statement of the mechanism of 

mirage formation would be the bending of light as it propagates through a non-uniform 

medium whose refractive index varies gradually in the vertical direction. 
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