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2.  ELECTROMAGNETIC RADIATION 

 Electromagnetic radiation and its transfer from sources to objects or from objects to sensors is 

fundamental to remote sensing, and it is important that certain characteristics of this phenomenon 

be understood.  Electromagnetic radiation is energy and that the energy might be in wave or 

particulate (i.e., photon or quantum) form.  All electromagnetic radiation has wave properties; at all 

levels, radiation shows interference and diffraction.  But studies also indicate that the energy carried 

by electromagnetic waves may, under certain conditions, be regarded as discontinuous rather than 

the continuously graded energy that would be expected from a wave. 

 

2.1 Maxwell's Equations 

The fundamental description of Electromagnetic radiation begins with Maxwell's equations which 

describe propagating plane waves.  For EM radiation in a vacuum (free space), Maxwell's equations 

are written: 

  0∇ =Ei  (2. 1) 

  0∇ =Bi  (2. 2) 

  /∇ × = −∂ ∂E B t  (2. 3) 

  0 0 /∇ × = ε µ ∂ ∂B E t  (2. 4) 

 where:  E  = electric field 

   B  = magnetic-induction field 

  ρe  = electric charge density 

   ε0  = electrical permittivity of free space = 8.85x10
-12

 coulomb
2
/Newton-meter

2 

  µ0  = magnetic permeability of free space = 12.57x10
-7

 weber/ampere-meter 

    t  = time 

    ∇ = divergence (a spatial vector derivative operator) 

  ∇× = curl (a spatial vector derivative operator) 

 

 For our purposes, the key point to be gleaned from these equations is the symmetry between 

the electric and magnetic fields and the fact that they are always coupled.  Electric fields are 

generated by time varying magnetic fields and magnetic fields are generated by time varying 

electric fields.  By convention we usually only treat electric fields knowing that there will be an 

associated magnetic field. 

 

2.2 Wave Properties 

 The general concept of wave transmission involves a source or transmitter, the medium 

through which the wave propagates, and a receiver.  As implied in Error! Reference source not 

found., one property of a wave is its frequency, f, the number of vibrations, oscillations or cycles 

that the wave makes each second (one cycle/second = one Hertz, abbreviated Hz).  A wave's 

frequency is determined by the source.  The time of one vibration, the temporal period or period, T, 

is related to the frequency by f = 1/T.  A propagating wave will have a characteristic velocity that is 

dependent on the medium.  If a source is emitting a frequency, f, and if the velocity of wave 

propagation is v, at the end of one second there will be f waves spread over a distance v × (1s) (i.e., 

distance = velocity × time).  One wave will occupy a distance λ where λ = v/ f.  (Note that λ = vT.)  

This distance, the spatial period or wavelength, is the shortest distance between consecutive similar 
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points on the wave (e.g., between consecutive crests or troughs).  As an example, c = 

2.99792458 × 10
8
 m/s is the speed of light in a vacuum, and this is essentially the speed of light in 

the atmosphere.  (We will use the approximation, c = 3 × 10
8
 m/s.)  At a wavelength of 0.5 µm 

(blue-green light), the frequency of the radiation is: 

  8 -6 14 = v/  = (3 * 10  m/s) / (0.5 * 10  m) = 6 x 10  Hzλf = 600 THz (2. 5) 

 
 Electric Field 

Magnetic 
Field 

  λ = wavelength 

x 

y 

z

 

Figure 2.1: Electromagnetic waves consisting of transverse, oscillating electric (E) and Magnetic 

(B) fields.  The case shown is plane polarized radiation with the E and B fields both oscillating 

within a plane. 

 

 The wave motion is called sinusoidal, simple harmonic or harmonic.  This is the 

waveform that is most commonly used to represent electromagnetic radiation, if for no other reason 

than virtually any wave shape can be synthesized by a superposition of sinusoidal waves.  A general 

expression for a sinusoidal wave traveling in the +z direction is: 

  x 0E  = E  sin(kz + t - )ω ϕ  (2. 6) 

  y 0B  = (E /c) cos(kz + t - )ω ϕ  (2. 7) 

 where:  Ex =  amplitude or displacement of the electric field 

  E0 =  maximum amplitude or displacement of wave 

  By =   amplitude or displacement of the magnetic field 

  k  = wave number = 2π/λ  

  ω = angular frequency = 2π f 

  t  = time    

  ϕ = phase angle or phase constant 

  c  =  speed of light in a vacuum ≈ 3 x 10
8
 m/s 
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 The area subtended by an incremental solid angle dΩ can be defined as the area on a sphere 

of radius, r, with dimensions of (r dϕ) in the azimuthal direction and of  (r sinθ dθ) in the zenith 

direction.  The ratio of the area on the sphere, divided by the square of the radius of the sphere 

then yields the differential element of solid angle in the direction (θ, ϕ): 

  dΩ = 
2

2

r sin d d

r

θ θ ϕ
 = sin θ dθ dϕ (2.20) 

 For small angles the solid angle may be approximated by the area subtended by the solid 

angle on a sphere of radius r divided by the square of the radius. 

  ω ≈ A / r
2
 (2.21) 

 

Figure 2.6: Small-angle approximation of the solid angle. 

 

2.9 Basic Radiative Terms 

 There are many terms commonly (and not so commonly) used to describe radiation.  For 

now we will only consider the three most important terms for our purposes.  These are described 

below in some detail. 

Power or flux, Φ [watts = Joule sec
-1

] 

The quantity that is actually measured is the radiant flux, radiant power, or, simply, power.  

Denoted by Φ (or P in older notation), power is normally measured in watts milliwatts 

[mW] = l0
-3

 watts; microwatts [µW] = l0
-6

 watts).   

Radiance, L [watts m
-2

 ster
-1

] 

The power falling onto a surface of area, dA, from the solid angle dΩ, in the direction 

ξ = (θ,ϕ), is defined as the radiance, L, at that surface.  If the surface is perpendicular to the 

incoming radiation, then the radiance may be defined simply as: 

  
d

L
dA d

Φ
=

Ω
 (2.22) 

If the surface is oriented at an angle, θ, to the incoming radiation, then we must adjust the 

relationship accordingly: 
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d d

L
dA d cos dA d

Φ Φ
= =

′ Ω θ Ω
 (2.23) 

   

  Figure 2.7: Projection of the area onto the direction of the radiation 

 

Typical units for radiance are [w m
-2

 st
-1

] or [mw cm
-2

 st
-1

].  Radiance describes power 

radiating from a defined area through a defined solid angle.  Alternatively, radiance may 

describe the power incident on a defined area through a defined solid angle.   

Irradiance, E [w m
2
] 

Irradiance describes the radiant power received at any surface (e.g., reflecting surface; 

sensor's aperture or detector).  The focus for irradiance is on the surface and the total 

radiation at that surface.  The incident direction is not specified because, for irradiance, it 

doesn't matter where the radiation comes from, just how much arrives.  The surface itself 

however, is of a fixed size and has some orientation.  For example, we might be concerned 

with how much radiation is incident on a 1 m
2
 area of the earth from the sky.  In this case the 

radiation is only arriving from the upward hemisphere, and the effective area of the surface 

varies as the cosine of the incident angle (as in Equation 2.33).  In this case, the irradiance at 

that surface is just the integral of the radiance incident over the upward hemisphere: 

  

/ 2 2

d
downwelling

upward 0 0irradiance
hemisphere

E L cos d L cos sin d d

π π

θ= ϕ=

= θ Ω = θ θ θ ϕ∫ ∫ ∫  (2.24) 

Since the integral is only over the upward hemisphere we are dealing with downwelling 

irradiance, Ed.  If we are interested in the radiation from the lower hemisphere, there is an 

equivalent radiance that can be defined for the upwelling radiation: 

      

2

u
upwelling

downward / 2 0irradiance
hemisphere

E L cos d L cos sin d d

π π

θ=π ϕ=

= θ Ω = θ θ θ ϕ∫ ∫ ∫  (2.25) 

When the integral refers to radiation emanating from a surface, it is sometimes referred to as 

exitance or radiant exitance, M.  It is the same quantity with a different label to indicate the 

direction in which the radiation is traveling. 
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There is one extremely important special case.  When the radiance is constant with angle (think 

of a completely overcast sky or a sunlit wall painted a flat white), then the integral is easy to 

solve: 

  

2

/ 2 0

E L cos sin d d

π π

θ=π ϕ=

= θ θ θ ϕ∫ ∫   

2

/ 2 0

L cos sin d d

π π

θ=π ϕ=

= θ θ θ ϕ∫ ∫    

  

/ 2

2 L cos sin d

π

θ=π

= π θ θ θ =∫ πL    (2.26) 

If we are concerned with incoming radiation, then this describes a Lambertian source.  If we are 

looking at reflective surface, then it is a Lambertian reflector or a Lambertian surface.   

2.10  Radiance Invariance 

 One of the fundamental, crucial properties of radiance is that it is invariant over a path in a 

vacuum.  This is simply a statement of conservation of energy, but can be less than obvious 

when one is computing radiance in a specific problem.  Consider Figure 2.8 in which a radiance 

detector with area Ar and field of view defined by the solid angle, Ωr is directed toward a source, 

a distance r away.  Area AS of the source completely fills the field of view of the detector.   

 

Figure 2.8 : Geometry used to illustrate radiance invariance law. 

 The radiance viewed by the detector is the is the power originating from the source that 

reaches the detector, Φ0, through the solid angle defined by the detector field of view, Ωr, and 

incident on the detector area, Ar: 

  o
r

r r

L
A

Φ
=

Ω
 (2.27) 

  Alternatively, from the point of view of the source, the power emitted that reaches the 

detector, Φr, is emitted from surface As into the solid angle Ωs: 

  r
s

s s

L
A

Φ
=

Ω
 (2.28) 

where Φr = Φs.  From the definition of the solid angle, we have the relationships: 
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  2
r s= A  / r  Ω  (2.29) 

  2
s r= A  / rΩ  (2.30) 

     s s r rA  = A  Ω Ω  (2.31) 

Using Equation 2.41, together with Equations 2.37 and 2.38, it is clear that Lr = Ls.   

 Most observations are generally complicated by the fact that we are often interested in the 

radiance on a surface of area Ar, emanating from a surface As neither of which need be 

perpendicular to the line connecting the two.  In this case, consider the source first.  The power 

passing through surface As (which is perpendicular to the direction of interest) into solid angle 

Ωr must be the same as that leaving surface A's into the same solid angle.  The radiance 

invariance law then allows us to assign the distantly measured field radiance Lr to the radiance 

from surface A's.  (This is only exactly true if there is no loss along the path r, but we'll deal with 

that later.)  From Equation 2.38,  

  s r s s r s s sL  =  / A    / (A'  cos  )Φ Ω ≈ Φ θ Ω  (2.32) 

. Similarly, the radiance on surface Ar, as given by Equation 2.37, can be written: 

  r s r r s r r rL  =  / A   / (A'  cos  )Φ Ω ≈ Φ θ Ω  (2.33) 

 Since Ls = Lr and Φ0 = Φr, then: 

  s s s r r r (A'  cos  ) = (A'  cos  )θ Ω θ Ω  (2.34) 

 One interesting conclusion to be derived from this analysis is that, if the radiance emanating 

from a surface is the same in all direction then, as long as the surface fills the field of view of the 

detecting device, Ωr, then the radiance observed will be independent of the angle of the emitting 

surface.  It will also be independent of the distance, r, again, as long as the surface fills the field 

of view of the detector. 

 The import of this fact is made clear by Mobley (1994): 

"Consider the pleasant situation of sitting in front of a fireplace as you read this 

book.  You look into the fire and perceive a certain "brightness" (in essence, 

radiance), and you feel a certain amount of heat coming from the fire (in essence 

irradiance; it is energy absorbed per unit time per unit area of your body that warms 

you).  If you move your chair farther away from the fire, it appears smaller but the 

flames are just as bright; this is the radiance invariance law in action.  However, 

you feel less heat coming from the fire; this is a consequence of the inverse square 

law for irradiance.  This simple situation holds true as long as our radiometer − in 

this case, our eye − can resolve a finite solid angle for the fire.  If we move so far 

away from the fire that our eye sees it as a true point source of light, then our eye 

responds to the irradiance received from the source.  Thus the fire eventually fades 

from view as we continue to move farther away." 

 

2.11   Black body radiation 

 All real objects emit radiation with an intensity and spectral distribution that is determined 

by their temperature and their ability to emit efficiently.  A blackbody is an ideal object that 
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emits (and absorbs) radiation with perfect efficiency.  This is true for all angles of incidence and 

for radiation of all wavelengths.  A blackbody emits the maximum possible radiation that any 

object can emit in every direction, at every temperature and wavelength.  The spectral 

distribution of blackbody radiation is given by Planck's radiation formula
1
: 

  
( )

1
5

2

2 c
M

exp c / T 1
λ

π
=

λ λ −⎡ ⎤⎣ ⎦
 (2.35) 

 where:   Mλ = spectral exitance or power emitted per unit area at wavelength λ 

  c1 = hc
2
  k = Boltzman's constant 

  c2 = h/k  T = absolute temperature 

   h  = Planck's constant  λ = wavelength 

    c  = speed of light 
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Figure 2.9: Wavelength distribution for a blackbody according to Planck's radiation law 

 

 As shown by the graphs of Planck's equation in Figure 2.9, each temperature produces a 

different curve; the discontinuities between curves follow from the quantum nature of radiation.  

By integrating Planck's equation over all wavelengths, one obtains the total radiation emitted at a 

given temperature (i.e., the area under the appropriate exitance vs. temperature curve) and the 

Stefan-Boltzmann law:  

                                                 
1 Max Planck initially proposed this formula in October of 1900 based on his intuitive observation that it would both 

match experimental data and reconcile the difference between two formula, one by Wein which was applicable 

for the short wavelength limit, and one by Lord Rayleigh which was effective for the long wavelength range.  

Plank quickly provided a theoretical explanation for this formula and presented his results in December of 1900, 

noting that he had needed to assume that energy was discontinuous (e.g., quantized).  He initially believed that 

this was simply a necessary mathematical fiction rather than a fundamental requirement.  Certainly no one 

realized that the implications would go far beyond the theory of radiation.  (For more on Max Plank, see 

http://www.max-planck.mpg.de/frameset_e.html) 
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  4
totM  =  Tσ  (2.36) 

  

where:  σ = Stefan-Boltzmann constant (5.67 x 10
-8 

watts/m
2
 K

4
), and T = absolute temperature.  

The total radiant energy emitted by a blackbody is thus a function only of its temperature. 

 At any temperature or wavelength, a real object (i.e., non-blackbody) will emit only a 

fraction of the radiation that a blackbody would emit at the same temperature or wavelength.  

This fraction is the object's emissivity, ε, or spectral emissivity, ελ. Emissivity is a measure of 

how well an object emits radiation as compared to a blackbody, over all wavelengths, 

  tot tot = M  of object / M  of blackbodyε  (2.37) 

 Thus, the radiant emittance of the graybody (a body with a constant emissivity over the range of 

wavelengths of interest) is expressed as: 

  4
totM  =   Tε σ  (2.38) 

 
 

 Taking the derivative of Planck's formula (Equation 2.45) with respect to wavelength and 

setting it equal to zero yields another important formula, called Wein's Displacement Law, which 

specifies the wavelength at which the emission will reach its maximum value: 

  max

A

T
λ =  (2.39) 

where T is the temperature in °K and A is a constant equal to about 2.898 x 10
-3

 °K m.  A typical 

earth temperature would be ~300°K, which makes λmax ≈ 10µ the wavelength of maximum 

emission from the earth surface.  From Planck's curves (Figure 2.9Figure 2.9), it is apparent that 

a blackbody and most natural objects at temperatures normally encountered on the earth's surface 

will emit maximum radiation near 10 µm.   

 

Example 2.1: Computation of solar radiance and irradiance 

 Much of what has been presented in this chapter can be illustrated by considering the 

radiation from the sun as it illuminates the earth-moon system.  To a good approximation the sun 

may be considered a gray body with an effective temperature of 5800°K and an emissivity of 

εsun = 0.99.  Thus, the sun's total radiant exitance is: 

  Mtot = ε σ T4
 = 6.35 x 10

7
 W m

-2
  

 The radiation that we see from the sun is emitted in the photosphere, the surface of which 

will define for us the diameter of the sun, Rsun≈ 6.96 x 10
8
 m.  The total power radiated by the 

sun is obtained by multiplying the total radiant exitance by the total surface area of the sun: 

  Φsun = (4 π Rsun
2
) Msun = 3.87 x 10

26
 W 

At the earth, a distance of De≈ 1.5 x 10
11

 m, this power is spread out over the surface area of a 

sphere of area 4πDe
2
, making the irradiance at the earth (the solar constant): 

 Esun = Φsun / 4πDe
2
 = 1.37 x 10

3
 W m

-2
  

(Measured values of Esun are presented at http://www.pmodwrc.ch/solar_const/solar_const.html.)  
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Treating the sun as a disk, the solid angle subtended by the sun as seen from the earth is  

  Ωsun= π (Rsun)
2
 / (De)

2
 = 6.71 x 10 

–5
 sr 

The corresponding radiance observed by a detector with a field of view filled by the sun is then, 

  Lsun = Esun / Ωsun = εσT
4
/π ≈ 2.02 x 10

7
 W m

-2
 sr

-1
 

 

2.12  Summary of Radiation quantities 

 Notation in radiometry has a long history, complicated by the fact that developments were 

going on simultaneously in different fields meaning with the result that the notation has varied 

somewhat with time as well as discipline.  The table below summarizes the terms that we will 

use in this class and includes some of the old symbols together with the newer symbols. 

 

                  Symbols  Units 

   new old 

a. Radiant flux or radiant power  Φ  P watts 

The time rate of flow of radiant energy.  We may imagine   (Joules/sec) 

the flow to be in the form of swarms of tiny colored 

particles -- photons.  Each photon contains a well-defined 

amount (a quantum, hf) of radiant energy. 

b. Irradiance  (also: exitance, emittance: notated as M) E, M H, M watts/m
2 

Power per unit area.  The radiant flux incident on 

(irradiance) or emitted by (exitance, emittance) a surface 

divided by the area of that surface. (See Planck's 

equation.) 

d. Radiance  L  N watts/m
2
/sr 

Radiant flux per unit solid angle per unit projected area.  

– If a source is percieved/measured as an extended 

source, radiated power is described by radiance, L.  

– Measure of radiant intensity (I) of many small, but 

known portions of an extended source. 

 

 

2.13  The Electromagnetic Spectrum 

 As shown in Figure 2.4, levels of electromagnetic radiation can be arranged on scales of 

wavelength, λ, frequency, ν, or energy content, Q (Q = hν and ν = v/λ; in free space, v = c).  The 

electromagnetic spectrum extends from highly energetic cosmic radiation to very low energy 

oscillations along transmission power lines.  Its divisions represent regions within which a 

common body of experimental technique exists (common sources or detectors).  These regions 

often overlap, for it is possible to produce and sense a given frequency by two or more methods. 

 The parts of the spectrum, wavelength regions or spectral bands used for electromagnetic 

remote sensing generally range from the ultraviolet through the microwave, with much activity 

in the narrow, visible region.  The most commonly used wavelength units in the ultraviolet, 

visible and infrared regions are micrometers (1 µm = l0
-6

 meters), although nanometers  
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(1 nm = l0-9
 meters) may be used by certain investigators particularly those working in the 

visible and near-visible wavelengths.  Millimeters (1 mm= l0
-3

 meters) and centimeters  

(1 cm = l0-2
 meters) are used to describe wavelengths in the microwave region, but here, 

frequency designations tend to be more common than wavelength designations.  Frequencies 

may be in kilohertz (1 kHz = l0
3
 Hz), megahertz (1 mHz = l0

6
 Hz) or gigahertz (1 gHz = l0

9
 Hz). 

 Although sensors will not be reviewed in this monograph, it should be realized that the 

sensors listed in Table 1.1 are designed or confined to collect radiation in specific spectral bands 

(Figure 2.5).  Photographic films, for example, are not sensitive to wavelengths longer than 

about 0.9 mm, while glass camera lenses will not transmit wavelengths shorter than about 

0.36 µm.  Thermal infrared sensing is normally conducted in the 3 to 5 µm or 3 to 14 µm bands. 
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Figure 2.10: Names ranges of the electromagnetic spectrum in energy, wavelength and 

frequency scales. 
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Figure 2.11: Regions of the electromagnetic spectrum used for remote sensing and the principal 

sensors.
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3.2 Overall Sensor Model

 

An electro-optical sensor may be modeled by the processes shown in Fig. 3-1. The scanning opera-

tion (Chapter 1) converts the spatial at-sensor radiance to a continuous, time-varying optical signal

on the detectors. The detectors, in turn, convert that optical signal into a continuous time-varying

electronic signal, which is amplified and further processed by the sensor electronics. At the

Analog/Digital  (A/D) converter, the processed signal is sampled in time and quantized into discrete

 

DN

 

 values representing the spatial image pixels.   

 

3.3 Resolution

 

No property of images is more widely quoted, and simultaneously misused, than 

 

resolution

 

. It is a

term that conveys a strong intuitive meaning, but is difficult to define quantitatively. Remote sens-

ing systems have “resolution” in the spectral, spatial, and temporal measurement domains. Further-

more, there is a numerical resolution associated with the data itself by virtue of radiometric

quantization. We will discuss the notion of resolution in this section, and in the process, introduce

important concepts such as convolution, mixed pixels, and sampling.

 

FIGURE 3-1.  The primary components in an electro-optical remote-sensing system. A whiskbroom type of

system is illustrated here. Although the platform attitude is external to the sensor per se, it has important

 

effects on the final image characteristics and quality.
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3.3.1 The Instrument Response

 

No instrument, remote-sensing systems included, can measure a physical signal with infinite preci-

sion. If the signal varies in time, the instrument must average over a non-zero integration time; if

the signal varies in wavelength, the instrument must average over a non-zero spectral bandwidth; or

if the signal varies in space, the instrument must average over a non-zero spatial distance. In gen-

eral, we can write the output of most instruments as

(3-1)

where

 = input signal,

 = instrument response (unit area), inverted and shifted by 

 

z

 

0

 

,

 = output signal at , and

 

W = 

 

range over which the instrument response is significant.

The physical interpretation of Eq. (3-1) is that the instrument weights the input signal in the vicinity

( ) of  and integrates the result. If we allow  to have any continuous value, say , then this

relation is known as a 

 

convolution

 

. A convenient, commonly-used shorthand notation for Eq. (3-1)

is,

(3-2)

which reads “the output signal equals the input signal convolved with the response function.” This

mathematical description can be applied to a wide range of instruments.

 

1

 

 In the following sections,

we use it to describe the spatial and spectral response characteristics of a remote-sensing imaging

system.

 

3.3.2 Spatial Resolution

 

While the spatial “resolution” of a sensor (or its image) is often quoted as the 

 

GSI

 

 or 

 

GIFOV

 

, it is

well known that it is possible to 

 

detect

 

 considerably smaller objects if the contrast with the sur-

rounding background is sufficiently high. Even though such objects may be detectable, they are not

necessarily 

 

recognizable

 

, except by the general context of the image. Thus, in TM imagery one fre-

quently “sees” roads or bridges over water that are 10m (one third of a pixel) or less wide

(Fig. 3-2). Similarly, high contrast, linear features much smaller than a pixel are visible in MODIS

and IKONOS imagery (Fig. 3-3).      

 

1. Specifically, systems that are linear (the output for multiple inputs is the sum of their individual outputs)
and invariant (the form of  does not depend on ).

o z
0
( ) i α( )r z

0
α–( ) αd

W

∫=

i α( )
r z

0
α–( )

o z
0

( ) z z
0

=

W z
0

z
0

z

o z( ) i z( )*r z( )=

r z
0

α–( ) z
0
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Suppose we have a sensor that produces a linear 

 

DN

 

 output versus scene reflectance.

 

2

 

 A ground

area that is larger than 

 

GIFOV

 

-squared

 

3

 

 and has zero reflectance produces a zero 

 

DN

 

, and an area

with a reflectance of one produces a maximum 

 

DN

 

, say 255. Now, suppose the area within one

 

GIFOV

 

 contains two types of materials, with reflectances of zero and one. Surrounding pixels con-

tain only the dark material and represent the background against which the pixel of interest is com-

pared. At that pixel, the signal produced by the sensor will be the integrated effect of the mixture of

the two components, target and background, within the 

 

GIFOV

 

. If their relative proportion within

the 

 

GIFOV

 

 is 50%, then the 

 

DN

 

 will be 128 (rounded to the nearest integer 

 

DN

 

). If the brighter

material occupies only 10% of the 

 

GIFOV

 

 area, the 

 

DN

 

 will be 26. Since the sensor presumably

can reliably distinguish two 

 

DN

 

s separated by only one unit, we could theoretically (assuming no

image noise) detect a bright object against a dark background even if it occupied only 0.4% of the

 

GIFOV

 

 area (Fig. 3-4). 

 

FIGURE 3-2.  Example of subpixel object detection. This is part of a TM band 3 image of San Francisco

showing the Berkeley Pier. The pier is 7m wide and made of concrete. An older extension of the same

width, but made of wood with a lower reflectance than concrete, is barely visible. (Acknowledgments to

 

Joseph Paola for providing details on the size and construction of the pier.)

 

2. We simplify the discussion by assuming remote-sensing measurements are a direct function of reflectance,
without intervening influences.

3. The product of the in-track and cross-track 

 

GIFOV

 

s. For brevity, this two-dimensional area will simply be
called a 

 

GIFOV

 

 in the rest of this section

4X1X
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FIGURE 3-3.  More examples of subpixel object detection. At the top are TM and MODIS images of the All

American Canal in California. The Canal carries water for irrigation and is about 60m wide (two TM

pixels). Because of the high contrast to the Imperial Sand Dunes, it is visible in the 250m MODIS band 2

image. Even the narrower Interstate 8 highway at the top is visible. At the bottom is an IKONOS image of

a parking lot and buildings in Tucson, AZ. The parking lot markings are about 10cm wide, or about 1/10

of a IKONOS 1m pan band pixel. (IKONOS image provided by Space Imaging LLC and NASA Scientific

 

Data Purchase Program.)

TM band 4 MODIS band 2

IKONOS pan band
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FIGURE 3-4.  Detectability analysis for a single target at two different contrasts to the surrounding

background and for an idealized sensor. The squares represent the area sampled by a single GIFOV. The

minimum-area detectable target results in a one DN difference from the background. Note that the target

does not have to be centered in the GIFOV (if the sensor response is uniform across the GIFOV); the

spatially-integrated signal will be the same for any internal location. For the same reason, the shape of the

target cannot be discerned from a single pixel. If the target is linear, such as a road or bridge, then the

 

shape may be inferred by the context of several pixels; cases in point are Fig. 3-2 and Fig. 3-3.

50% target coverage of GIFOV

minimum-area detectable target

128 15

1 11

111

pixel DN pixel DN

ρtarget = 1

ρbackground = 0

ρtarget = 0.08

ρbackground = 0.04
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Now, we will make the object reflectances more realistic. The darker background might have a

reflectance of 4% and the lighter target a reflectance of 8%, yielding a 

 

contrast ratio

 

 of 2:1. If the

target covers 50% of the 

 

GIFOV

 

, the 

 

DN

 

 of that pixel will be 15, while the 

 

DN

 

 of pure background

pixels will be 10. The target is still detectable since it differs from the background by five 

 

DN

 

s. If

the size of the target is less than 10% of a pixel, however, it falls below the threshold (one 

 

DN

 

) for

detection. We see, therefore, that the radiometric quantization, coupled with the target and back-

ground reflectances, and the sensor 

 

GIFOV

 

, all conspire to determine the “resolution” of the image.

If there is any noise in the image, the threshold for detection will be higher, i.e., a greater target-to-

background contrast will be required for reliable detection.

An often neglected influence on image resolution is the 

 

sample-scene phase

 

, i.e., the relative

location of the pixels and the target (Park and Schowengerdt, 1982; Schowengerdt

 

 et al

 

., 1984).

This relative spatial phase is unpredictable (and almost always unknown) for any given image

acquisition, and varies from acquisition-to-acquisition with a uniform probability distribution

between ±1/2 pixel. Two of an infinite number of possible sample-scene phases are shown in

Fig. 3-5 for the low-contrast case described previously. On the left, the target appears equally in

each of four 

 

GIFOV

 

s, and on the right, unequally among the four. The resulting 

 

DN

 

s of the four

pixels containing part of the target are shown below the diagram. In the case of equal subdivision of

the target, the four pixels would have a 

 

DN

 

 of 11 and the target would be detectable in each. If the

image pixel grid happened to partition the target unequally as shown to the right in the figure, the

percent coverage by the target in each 

 

GIFOV

 

 would be 30, 5, 2, and 13 (clockwise from the upper

left). The four pixels would thus have 

 

DN

 

s of 13, 11, 10, and 12, respectively.  The target would

remain detectable in three of the pixels (again, if there were no noise).   

Sample-scene phase is important for more complex targets, as well. For example, suppose the

target consists of a series of equally-spaced bright bars against a dark background. If the sensor

 

GIFOV

 

 is equal to the width of one bar, the two extreme sample-scene phases result in a spatial sig-

nal that either has maximum contrast or no contrast! If the sensor 

 

GIFOV

 

 is exactly twice the width

of one bar, the spatial signal will have zero contrast for 

 

any

 

 sample-scene phase.

An enlargement of the TM image in Fig. 3-2 is shown in Fig. 3-6. It can be seen that the 

 

DN

 

profile along each scan line across the pier is different. This is the result of sample-scene phase

variation, because the pier is not oriented at 90° to the scan. Thus, in one particular scan the pier

may appear to be one pixel wide, while in another it appears to be two pixels wide. To estimate the

true width of this subpixel object, an interleaved composite of many lines should be made, with

careful attention to phasing them correctly to fractions of a pixel. The composite would represent

the convolution, Eq. (3-2), of the sensor spatial response function and the pier radiance profile,

sampled at an interval much finer than the pixel 

 

GSI

 

. Just such an analysis is used later in this chap-

ter to evaluate the ALI and QuickBird sensor spatial response functions.   

With the inclusion of factors that come into play in real images, namely sensor noise, non-uni-

form targets and backgrounds, and variable solar angle and topography, it becomes clear that the

situation with respect to image resolution is not simple!  A common statement such as “the resolu-

tion of this image is 30 meters,” probably refers to the sensor 

 

GIFOV

 

 or 

 

GSI

 

, but it is not a precise

statement, as we have seen. In this book, we will assume the term resolution refers simply to the

 

GSI

 

.
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3.3.3 Spectral Resolution

 

The total energy measured in each spectral band of a sensor is a spectrally-weighted sum of the

image irradiance over the spectral passband, Eq. (3-26). This weighting by wavelength is the pri-

mary determinant of the sensor’s capability to 

 

resolve

 

 details in the spectral signal. To see why this

is so, we will take the reflectance data for the mineral alunite (Chapter 1) in the vicinity of the OH

absorption doublet between 1350 and 1550nm wavelength, and simulate its measurement by a mul-

tispectral sensor. Each half of the doublet is only about 10 to 20nm wide, and they are separated by

about 50nm. Now, imagine these data are measured with a hyperspectral sensor having many

 

FIGURE 3-5.  The effect of spatial phasing between the pixel grid and the ground target. Four adjacent

GIFOVs are shown and the target area is 50% of the GIFOV area. On the left, the target fills 12.5% of

each GIFOV. On the right, the target occupies 30%, 5%, 2%, and 13% of the four GIFOVs. The location of

the grid is unpredictable prior to imaging any given scene; it could be anywhere within ±1/2 pixel interval

with equal probability. The imaging of long linear features can sometimes allow precise measurement of

 

the phase to a small fraction of a pixel. The background DN is 10.

DN = 11

DN = 11 DN = 11

DN = 11 DN = 13

DN = 12 DN = 10

DN = 11
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spectral bands, each 10 nm wide (at 50% of the peak responsivity) and spaced at 10nm intervals.

Each band sees an effective reflectance which is the weighted reflectance over the band; the weight-

ing function is the spectral response of the sensor in each band (Fig. 3-7).

 

4

 

 We will use a bell-

shaped function which approximates actual spectral band responsivities. Since the spectral pass-

band is comparable in width to the details in the signal, they are preserved. The exact reflectance

minima are not found, however, because of the location of the bands along the wavelength scale.

 

5

 

 

If we do a similar exercise with 50nm-wide spectral bands, the result shows complete loss of

information about the doublet; it is literally “averaged away” by the broad spectral bands (Fig. 3-7).

Even if the spectral band locations were shifted, the doublet would not be “resolved.” If the spectral

bands do not overlap as they do in Fig. 3-7, (for example, bands 3, 4, 5, and 7 of TM), the sensor’s

ability to resolve even coarser features is seriously hampered. The trade-off, of course, is the

increased data burden of finely-sampled spectra.

To illustrate how the actual TM spectral response modifies the at-sensor radiance, we will use

the Kentucky Bluegrass spectral reflectance shown in Chapter 1 and the atmospheric propagation

model of Chapter 2. The net at-sensor radiance is shown in Fig. 3-8. This is multiplied by the spec-

tral response of each of the four VNIR TM bands (Fig. 3-22), to yield the weighted spectral distri-

bution seen by each band. The integral of this function over wavelength then provides the total

 

effective radiance in each band.

FIGURE 3-6.  A contrast-enhanced enlargement of Fig. 3-2 and DN profile plots along three adjacent

scanlines near the center of the pier, illustrating the sample-scene phase effect. The pier’s profile is

different in each line (the linear interpolation between individual pixels is only to aid visualization of the

graph).

4. To simplify the illustration, we are not including solar irradiance or atmospheric propagation as described
in Chapter 2. These factors would change the input function, but not alter the concept.

5. This is another example of sample-scene phase, but in the spectral dimension rather than the spatial dimen-
sion.
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FIGURE 3-7.  The effective reflectance of alunite as measured by a multispectral sensor. The solid line is the

original reflectance sampled at 1nm and the individual band spectral responsivities are shown as dashed

lines. Each solid dot is the output of the corresponding band. The graph with 10nm-wide spectral bands

represents the response of  a hyperspectral sensor such as AVIRIS or HYDICE. The graph with 50nm-wide

spectral bands represents the response of a sensor such as TM (although TM does not actually have any

spectral bands in this part of the spectrum).

FIGURE 3-8.  The at-sensor radiance for Kentucky Bluegrass (solid curve), the weighted spectral

distribution seen by each TM band (dotted curves), and the total (integrated over the weighted spectral

distribution) effective radiance (solid circles). Note how the broad bandwidth of bands 3 and 4, in

particular, averages spectral detail present in the original radiance.
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Now, in fact, the spectral reflectances of many natural materials are fairly smooth, without fine

absorption lines (see the reflectance curves for soil and vegetation in Chapter 1). So the high spec-

tral resolution of hyperspectral sensors at first seems to be of little value in those cases. With better

understanding of the absorption properties and biochemical interactions among natural material

components, for example, cellulose, lignin and protein in vegetation, the additional resolution

afforded by imaging spectroscopy can be fully utilized (Verdebout et al., 1994; Wessman, 1994).

As seen in the prior examples, the placement of spectral bands is as important as the spectral band-

width to a sensor’s ability to resolve spectral features. Hyperspectral sensors offer generally contig-

uous bands over a wide spectral range, and are, therefore, superior to multispectral sensors with a

few, albeit judiciously-placed, spectral bands.

3.4 Spatial Response

The sensor modifies the spatial properties of the scene in two ways: (1) blurring due to the sensor’s

optics, detectors, and electronics; and (2) distortion of the geometry. In this section, we discuss spa-

tial blurring, which generally occurs on a smaller spatial scale (a few pixels) than distortion.

The image of the scene viewed by the sensor is not a completely faithful reproduction. Small

details are blurred relative to larger features; this blurring is characterized by the net (total) sensor

Point Spread Function (PSFnet), which we can accurately view as the spatial responsivity of the

sensor (just as we described a spectral responsivity in the previous section). PSFnet is the weighting

function for a spatial convolution (refer to Eq. (3-1)), resulting in the electronic signal, eb,

. (3-3)

The sensor response function weights the measured physical signal, which is then integrated over

the range of the response function to produce the output value. The limits of the integral define the

spatial extent of the PSF about the coordinate (x,y). Note that the left side of Eq. (3-3) still depends

on the continuous spatial coordinates (x,y); we do not convert this to discrete pixel coordinates until

the signal is sampled.6

PSFnet consists of several components. First, the optics induce blurring by the optical PSF. The

image formed by the optics on the detectors may in some cases move during the integration time

for each pixel; this introduces an image motion PSF. Then the detector adds additional blurring due

to the detector PSF. The detected signal is further degraded by the electronics PSF. The process is

outlined in the flow diagram of Fig. 3-1. The following type of analysis has been described for the

Landsat MSS (Park et al., 1984), TM (Markham, 1985) and AVHRR (Reichenbach et al., 1995).

6. Throughout this chapter and the remainder of the book, the coordinates (x,y) will represent the cross-track
and in-track directions in image space, respectively. This “path-oriented” coordinate system will suffice for
any sensor that points to nadir relative to the platform track. It would need to be reconsidered for describing
off-nadir imaging by a pointable sensor.

eb x y,( ) sb α β,( )PSFnet x α– y β–( , ) α βdd
βmin

βmax

∫αmin

αmax

∫=
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11.3 Information sensed by radar 

 Since radar is an active system and supplies its own radiation, it is able to collect 

information that is similar to that collected with passive systems (signal strength, angle to an 

object) as well as information that is unique to active systems (range, or distance to the object 

and the relative velocity of the object sensed).  In this section we consider the system and target 

characteristics that affect each of these types of information. 

11.3.1   Signal Strength 

 A radar system transmits pulses of microwave energy in a small range of direction and 

records the strength of the signal scattered or reflected from objects within the system's field of 

view.  Consider an antenna that approximates a point source, radiating in all directions.  If a 

pulse of peak power, Pt , is transmitted, the power density (irradiance) on a sphere of radius R 

centered on the point source will be: 

  t
2

P

4 Rπ
 (11.1) 

 Most real antennas are directive, i.e., they emit radiation into a fixed solid angle.  This 

focusing of radiation may be expressed as the gain of the transmitting antenna, Gt.  Thus the 

energy density reaching a point at a distance R from the antenna is: 

  t t
2

P G

4 Rπ
 (11.2) 

 The target intercepts a portion of the radiated power, and re-radiates (reflects, scatters) 

power back to the radar.  The efficiency with which the target returns energy in the direction of a 

receiving antenna is expressed as the radar cross-section, σ.  Thus, the energy reflected/scattered 

per unit solid angle is: 

  t t

2

P G

44 R

σ
ππ

 (11.3) 

 The concept of cross-section, as its name suggests, is that of effective area of the scattering 

target.  An object that is 1 m
2
 and scatters the same amount of energy as a perfectly diffuse 

scattering sphere with a cross-sectional area of only 0.1 m
2
 has a scattering cross-section of 

0.1 m
2
.  The units of σ are then area units, usually square meters

1
.      

 Assuming that the transmitting and receiving antennae are collocated, the power density at 

the radar  is then  

                                                 
1 The scattering cross-section is sometimes expressed as the ratio of the received backscatter to that from an 

equivalent isotropic scatterer of the same size.  It is then called σ0, a dimensionless quantity that is typically 

expressed in decibels (db).     
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  t t t t

2 2 2 2

P G P G1

44 R R (4 R )

σσ
=

ππ π
  (11.4)

 

 The receiving antenna focuses the incoming radiation so that the power received at the 

antenna, the Radar Equation, is: 

  t t
r r2 2

P G
P A

(4 R )

σ
=

π
 (11.5) 

where Ar = effective receiving aperture.  

 Antenna theory gives a relationship between antenna gain and effective area, A, of the 

antenna.  Let At be the effective area of the transmitting antenna and Ar the effective area of the 

receiving antenna.  Then, the gain of the antennas is given by: 

  transmitting    receiving 

 t
t 2

4 A
G

π
=

λ
 r

r 2

4 A
G

π
=

λ
 (11.6a,b) 

If a single antenna is used for both transmitting and receiving: 

  Gt = G r = G At = Ar = λ2
G / 4π (11.7a,b) 

The radar equation may then be expressed either in terms of the antenna area of the antenna: 

  
2

t
r 2 4

P A
P

4 R

σ
=

πλ
 (11.8) 

or, alternatively, in terms of the area of the antenna: 

  
2 2

t
r 3 4

P G
P

(4 ) R

λ σ
=

π
 (11.9) 

 Unfortunately, there is also substantial noise contaminating the signal.  Some of the noise is 

external (atmosphere, earth, power facilities, other radars, etc.), and some of the noise is 

generated in the transmission of the radar pulse and reception of the return signal.  The 

maximum radar range, Rmax, is the distance beyond which the target cannot be detected.  It is 

reached when the received signal, Pr is just equal to the minimum detectable signal, Smin, above 

the noise level. 

 From Equation 14.8 it is clear that the power will drop off as the 4
th

 power of the distance, 

and that one may increase the received power by increasing the size of the antenna, A, or using 

shorter wavelengths, λ.  The atmosphere limits the usable wavelengths and large antennas are 

more than merely inconvenient on aircraft and satellites.   

 The radar cross-section is the factor that relates to the scattering surface.  This is roughly 

analogous to reflectance in the optical range.  The radar cross-section incorporates the slope, 

roughness, area, dielectric properties, and angular response of the target into a single factor.  

Issues of specular, diffuse and volume reflectance/scattering apply here much as they do in the 
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visible domain.  The difference is that the scale of roughness is much different and instead of the 

index of refraction, we are concerned with the dielectric of the scattering surface.   

11.3.2  Surface Roughness 

 Radar system use wavelengths that are on the order of centimeters to meters.  

Distinguishing between surfaces that will reflect/scatter specularly versus surfaces that will 

reflect/scatter diffusely requires that we understand the nature of roughness at these wavelengths.  

Surfaces that are smooth at these wavelengths are vastly different from surfaces that are smooth 

at optical wavelengths.  The criterion for a smooth surface is that a surface may be considered 

smooth (specular) if: 

  
0

h
A cos

λ
∆ <

θ
  (11.10) 

where ∆h is the root-mean-square variation in the surface height, λ is the wavelength of the radar 

pulse and θ0 is the incidence angle.  There are various ways of defining the value for the constant 

A.  For the Rayleigh Criterion, A = 8.  For the Fraunhoffer criterion, A = 32.  One may also use 

Equation 14.10 to define rough or moderately rough surfaces.  One commonly used states that: 

  If  
0

h
25cos

λ
∆ <

θ
 the surface is smooth and 

  if  
0

h
4.4 cos

λ
∆ <

θ
 the surface is rough. 

The categories of rough, smooth an intermediate surfaces for various satellite radar systems is 

shown in Table 11.2.  A schematic drawing of the relationship between the radar cross-section 

and the incidence angle for surfaces in the different roughness ranges is shown in Figure 11.7. 
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Table 11.3: Roughness scales for various satellite radar systems. 

 

Figure 11.2: Variation in the radar cross-section with incidence angle and surface 

roughness. 

 

11.3.3  Dielectric constant 

 The radar cross-section is also related to the dielectric constant of the target material.   

Recall from Chapter 2, that the dielectric constant is represented as a complex number: 

  r = ' + i "ε ε ε  (11.11) 
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where ε' and ε" are the real and imaginary part of the dielectric constant.  As with the index of 

refraction, the full dielectric constant describes both the relative speed of light and the absorptive 

properties of the medium.  In this case, the permittivity, εr´ described the ability of the material to 

be polarized by the external electric field and ε" (the loss factor) quantifies the efficiency with 

which the electromagnetic energy is converted to heat (absorbed).  For non-polar materials 

(which includes most natural and non-metalic man-made materials) the value of ε' is quite low.  

Furthermore, the absorption of most materials in the microwave is quite low.  Water is the major 

exception to this rule.  Water is a polar molecule and, in liquid form, also absorbs microwave 

radiation very effectively.   The change in the two terms of the dielectric constant with respect to 

wavelength is shown in Figure 11.3.  Note that the real part of the dielectric constant for water is 

quite high (~80) for all wavelengths over a meter and that the absorption peaks at about 10 cm.  

(Actually it's at 12 cm, the wavelength used for microwave ovens since the absorbed radiation is 

converted into heat.)   

 Since the dielectric constant for water is much higher than for most other natural materials 

at radar wavelengths, water tends to dominate the variation in radar return due to dielectric 

properties.  Radar return is then strongly influenced by the moisture content in soil and 

vegetation  (Figure 11.4).  A high moisture content implies a high dielectric constant and a high 

radar reflectivity.  A low moisture content implies a low dielectric constant and a relatively weak 

radar return (assuming that texture and shape factors can be ignored).  The reflectivity of snow 

and ice are also sensitive to the liquid water content.  Water content also affects the penetration 

depth of radar into the soil (or snow or ice).  In very dry soils, radar may penetrate and record 

returns from several meters below the soil surface.  In saturated soils the penetration depth may 

be little more than a centimeter. 

 Water itself reflects radar radiation well, however, it often appears dark in radar imagery 

because the water is "smooth" at radar wavelengths and the radar pulse is reflected away from 

the radar rather than being scattered back.  When the water surface is disturbed by waves or 

turbulence, the radar return can be quite strong (
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Figure 11.5). 

 

Figure 11.3: The real (polarizability), ε', and imaginary (absorbtion), ε", of fresh water 

at 20°C with respect to wavelength.  Note that water absorbs most strongly 

at ~12 cm − precisely the wavelength chosen for microwave ovens since 

the absorbed radiation is converted into heat. 

 

 

Figure 11.4: Radar image acquired near Melfort, Sasdkatchewan, 7 July 92, shows the 

effect of a localized precipitation event on the microwave backscatter.  

Areas where precipitation has recently occurred can be seen as a bright 

tone (bottom half) and those areas unaffected by the event generally 

appear darker (upper half). 
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http://visibleearth.nasa.gov/cgi-

bin/viewrecord?1535 

 

Figure 11.5: This is a radar image of an offshore 

drilling field about 150 km (93 miles) west of 

Bombay, India, in the Arabian Sea. The drilling 

platforms appear as bright white spots.  The dark 

streaks are extensive oil slicks surrounding many 

of the drilling platforms.  The oil flattens the 

water surface resulting in specular reflection of 

the radar radiation.  There are also two forms of 

ocean waves shown in this image. The dominant 

group of large waves (upper center) are called 

internal waves. These waves are formed below 

the ocean surface at the boundary between layers 

of warm and cold water and they appear in the 

radar image because of the way they change the 

ocean surface.  Ocean swells, which are waves 

generated by winds, are shown throughout the 

image but are most distinct in the blue area 

adjacent to the internal waves.  

 

This image was acquired by the Spaceborne 

Imaging Radar-C/X-Band Synthetic Aperture 

Radar (SIR-C/X-SAR) aboard the space shuttle 

Endeavour on October 9, 1994. The colors are 

assigned to different frequencies and 

polarizations of the radar as follows: Red is L-

band vertically transmitted, vertically received; 

green is the average of L-band vertically 

transmitted, vertically received and C-band 

vertically transmitted, vertically received; blue is 

C-band vertically transmitted, vertically 

received. The image is located at 19.25 degrees 

north latitude and 71.34 degrees east longitude 

and covers an area 20 km by 45 km (12.4 miles 

by 27.9 miles). SIR- C/X-SAR, a joint mission of 

the German, Italian and United States space 

agencies, is part of NASA's Mission to Planet 

Earth.  

11.3.4  Angle to Target   

 The strength of the radar return is very dependent on the angle of incidence of the radar 

beam on the surface.  Basically, the more nearly perpendicular the surface is to the direction of 

the radar beam, the stronger the return. Since the radar beam spans an array of angles, the same 

material at different ranges, will reflect/scatter the radiation differently.  For example, consider 

the example illustrated in FIGURE showing a single material with surfaces of various 

orientations viewed from several different viewing.  At angle 1, surface A is nearly perpendicular 
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to the viewing directions and yields the brightest return, surface B is hidden, and surface C is at a 

very oblique angle and is therefore dark.  As the angle changes, the brightness of the return of 

each of the three surfaces varies and the pattern is essentially a function of the viewing angle. 

 

Figure 11.6:  The brightness and relative size of features are dependent on the viewing 

angle.   

11.3.5  Range to Target 

 Ranging − measuring the distance from the radar to a target − is at the heart of most radar 

systems.  Range is determined by measuring the time of travel of the microwave pulse to the 

target and back.  There are two non-imaging instruments that rely on ranging and direction 

finding: the Plan Position Indicator − one of the earliest forms of radar − and the radar altimeter.   

     

Figure 11.7: PPI display is essentially a map of the surrounding area with the antenn 

located at the center of the display.   

 The intensity of the radar return is often quite low − the intensity falls off as 1/r
4
 − and the 

detected signal will likely be corrupted by extraneous noise. Since each pulse typically has a 

duration (pulse width) of 10-50 microseconds, rather than looking for the echo directly in the 

received signal, the echo is sought in the correlation between a reference signal (a copy of the 

original transmitted signal) and the received signal.  This cross-correlation will be large at the 

lag time associated with the time duration of the signal to the reflecting object and its return, and 

the random noise in the signal will be small when averaged over a time appropriate for the 

correlation.  

 If the radar transmits a very short pulse which is reflected (scattered) by an object at 

distance R from radar, total distance traveled by the pulse is 2R;  the time, t, required for 

the"round trip" is then found from the relation:  2R = c * t, where c is the velocity of light.  Thus 

the range of the target is given by: 

  / 2R c t= ∗  (11.12) 
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a vector of brightness values, which might be the blue, green and red components

of the pixel in a colour scene or, for a remote sensing multispectral image, may

be the various spectral response components for the pixel. Most image enhancement

techniques relate to scalar images and also to the scalar components of vector imagery.

Such is the case with all techniques given in this chapter. Enhancement methods that

relate particularly to vector imagery tend to be transformation oriented. Those are

treated in Chap. 6.

4.2
The Image Histogram

Consider a spatially quantised scalar image such as that corresponding to one of the

Landsat thematic mapper bands; in this case the brightness values are also quantised.

If each pixel in the image is examined and its brightness value noted, a graph of

number of pixels with a given brightness versus brightness value can be constructed.

This is referred to as the histogram of the image. The tonal or radiometric quality

of an image can be assessed from its histogram as illustrated in Fig. 4.1. An image

which makes good use of the available range of brightness values has a histogram

with occupied bins (or bars) over its full range, but without significantly large bars

at black or white.

An image has a unique histogram but the reverse is not true in general since a

histogram contains only radiometric and no spatial information. A point of some

importance is that the histogram can be viewed as a discrete probability distribution

since the relative height of a particular bar, normalised by the total number of pixels

in the image segment, indicates the chance of finding a pixel with that particular

brightness value somewhere in the image.

4.3
Contrast Modification in Image Data

4.3.1

Histogram Modification Rule

Suppose one has available a digital image with poor contrast, such as that in Fig. 4.1a,

and it is desired to improve its contrast to obtain an image with a histogram that has a

good spread of bars over the available brightness range, resembling that in Fig. 4.1c.

In other words, a so-called contrast stretching of the image data is required. Often

the degree of stretching desired is apparent. For example the original histogram may

occupy brightness values between 40 and 75 and we might wish to expand this range

to the maximum possible, say 0 to 255. Even though the modification is somewhat

obvious it is necessary to express it in mathematical terms in order to relegate it

to a computer. Contrast modification is a mapping of brightness values, in that the
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Fig. 4.1. Examples of image histograms.The image in a shows poor contrast since its histogram

utilizes a restricted range of brightness value. The image in b is very contrasty with saturation

in the black and white regions resulting in some loss of discrimination of bright and dull

features. The image in c makes optimum use of the available brightness levels and shows

good contrast. Its histogram shows a good spread of bars but without the large bars at black

and white indicative of the saturation in image b
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brightness value of a particular histogram bar is respecified more favourably. The

bars themselves though are not altered in size, although in some cases some bars may

be mapped to the same new brightness value and will be superimposed. In general,

however, the new histogram will have the same number of bars as the old. They will

simply be at different locations.

The mapping of brightness values associated with contrast modification can be

described as

y = f (x) (4.1)

where x is the old brightness value of a particular bar in the histogram and y is the

corresponding new brightness value.

In principle, what we want to do in contrast modification is find the form of f (x)

that will implement the desired changes in pixel brightness and thus in the perceived

contrast of the image. Sometimes that is quite simple; on other occasions f (x) might

be quite a complicated function. In the following sections we look at simple contrast

changes first.

4.3.2

Linear Contrast Modification

The most common contrast modification operation is that in which the new (y) and

old (x) brightness values of the pixels in an image are related in a linear fashion, i.e.

so that (4.1) can be expressed

y = f (x) = ax + b .

A simple numerical example of linear contrast modification is shown in Fig. 4.2,

whereas a poorly contrasting image that has been radiometrically enhanced by linear

contrast stretching is shown in Fig. 4.3.

The look-up table for the particular linear stretch in Fig. 4.2 has been included in

the figure. In practice this would be used by a computer routine to produce the new

image. This is done by reading the brightness values of the original version, pixel by

pixel, substituting these into the left hand side of the table and then reading the new

brightness value for a pixel from the corresponding entry on the right hand side of the

table. It is important to note in digital image handling that the new brightness values,

just as the old, most be discrete, and cover usually the same range of brightnesses.

Generally this will require some rounding to integer form of the new brightness

values calculated from the mapping function y = f (x). A further point to note in

the example of Fig. 4.2 is that the look-up table is undefined outside the range 2

to 4 of inputs. To do so would generate output brightness values that are outside

the range valid for this example. In practice, linear contrast stretching is generally

implemented as the saturating linear contrast enhancement technique in Sect. 4.3.3

following.
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Fig. 4.2. Simple numerical example of linear contrast modification. The available range of

discrete brightness values is 0 to 7. Note that a non-integral output brightness value might be

indicated. In practice this is rounded to the nearest integer

Fig. 4.3. Linear contrast modification of the image in a to produce the visually better product

in b
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4.3.3

Saturating Linear Contrast Enhancement

Frequently a better image product is given when linear contrast enhancement is used

to give some degree of saturation at the black and white ends of the histogram. Such is

the case, for example, if the darker regions in an image correspond to the same ground

cover type within which small radiometric variations are of no interest. Similarly,

a particular region of interest in an image may occupy a restricted brightness value

range; saturating linear contrast enhancement is then employed to expand that range

to the maximum possible dynamic range of the display device with all other regions

being mapped to either black or white. The brightness value mapping function y =

f (x) for saturating linear contrast enhancement is shown in Fig. 4.4, in which Bmax

and Bmin are the user-determined maximum and minimum brightness values that are

to be expanded to the lowest and highest brightness levels supported by the display

device.

Fig. 4.4. Saturating linear contrast mapping

4.3.4

Automatic Contrast Enhancement

Most remote sensing image data is too low in brightness and poor in contrast to give an

acceptable image product if displayed directly in raw form. This is a result of the need

to have the dynamic range of satellite and aircraft sensors so adjusted that a variety

of cover types over many images can be detected without leading to saturation of

the detectors or without useful signals being lost in noise. As a consequence a single

typical image will contain a restricted set of brightnesses.

Image display systems frequently implement an automatic contrast stretch on the

raw data in order to give a product with good contrast.

Typically the automatic enhancement procedure is a saturating linear stretch.

The cut-off and saturation limits Bmin and Bmax are chosen by determining the mean

brightness of the raw data and its standard deviation and then making Bmin equal

to the mean less three standard deviations and Bmax equal to the mean plus three

standard deviations.
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4.3.5

Logarithmic and Exponential Contrast Enhancement

Logarithmic and exponential mappings of brightness values between original and

modified images are useful for enhancing dark and light features respectively. The

mapping functions are depicted in Fig. 4.5, along with their mathematical expres-

sions. It is particularly important with these that the output values be scaled to lie

within the range of the device used to display the product (or the range appropriate to

files used for storage in a computer memory) and that the output values be rounded

to allowed, discrete values.

Fig. 4.5. Logarithmic a and exponential b brightness mapping functions. The parameters a, b

and c are usually included to adjust the overall brightness and contrast of the output product

4.3.6

Piecewise Linear Contrast Modification

A particularly useful and flexible contrast modification procedure is the piecewise

linear mapping function shown in Fig. 4.6. This is characterised by a set of user

specified break points as shown. Generally the user can also specify the number of

Fig. 4.6. Piecewise linear contrast modifica-

tion function, characterised by the break points

shown. These are user specified (as new, old

pairs). It is clearly important that the function

commence at 0,0 and finish at L − 1, L − 1 as

shown, where L is the total number of bright-

ness levels
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break points. This method has particular value in implementing some of the contrast

matching procedures in Sects. 4.4 and 4.5 following.

It should be noted that this is a more general version of the saturating linear

contrast stretch of Sect. 4.3.3.

4.4
Histogram Equalization

4.4.1

Use of the Cumulative Histogram

The foregoing sections have addressed the task of simple expansion (or contraction)

of the histogram of an image. In many situations however it is desirable to modify the

contrast of an image so that its histogram matches a preconceived shape, other than

a simple closed form mathematical modification of the original version. A particular

and important modified shape is the uniform histogram in which, in principle, each

bar has the same height. Such a histogram has associated with it an image that utilises

the available brightness levels equally and thus should give a display in which there is

good representation of detail at all brightness values. In practice a perfectly uniform

histogram cannot be achieved for digital image data; the procedure following however

produces a histogram that is quasi-uniform on the average. The method of producing

a uniform histogram is known generally as histogram equilization.

It is useful, in developing the actual methods to be used for histogram equalisation,

if we regard the histograms as continuous curves as depicted in Fig. 4.7, adapted from

Castleman (1996). In this hi(x) represents the original image histogram (the “input”

to the modification process) and ho(y) represents the histogram of the image after it

has had its contrast modified (the “output” from the modification process).

In Fig. 4.7 the number of pixels represented by the range y to y + δy in the

modified histogram must, by definition in the diagram, be equal to the number of

pixels represented in the range x to x +δx in the original histogram. Given that hi(x)

and ho(y) are strictly density functions, this implies

hi(x)δx = ho(y)δy

so that in the limit as δx, δy → 0, using simple calculus

ho(y) = hi(x)
dx

dy
(4.2)

We can use this last expression in two ways. First, if we know the original (input)

histogram – which is usually always the case – and the function y = f (x), we can

determine the resulting (output) histogram. Alternatively, if we know the original

histogram, and the shape of the output histogram we want – e.g. “flat” in the case of

contrast equalisation – then we can use (4.2) to help us find the y = f (x) that will

generate that result. Our interest here is in the second approach.
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Fig. 4.7. Diagrammatic representation of contrast modification by the brightness value map-

ping function y = f (x)

Note that if y = f (x), and thus x = f −1(y), (4.2) can be expressed

ho(y) = hi(f
−1(y))

df −1(y)

dy

which is a mathematical expression for the modified histogram1,2.

To develop the brightness value modification procedure for contrast equalisation

it is convenient to re-express (4.2) as

dy

dx
=

hi(x)

ho(y)

For a uniform histogram ho(y) and thus 1/ho(y) should be constant – i.e. independent

of y. This is a mathematical idealisation for real data, and rarely will we achieve a

totally flat modified histogram, as the examples in the following will show. However,

1 This requires the inverse x = f −1(y) to exist. For the contrast modification procedures

used in remote sensing that is generally the case. Should an inverse not exist – for example if

y = f (x) is not monotonic – Castleman (1996) recommends treating the original brightness

value rangex as a set of contiguous sub-ranges within each of whichy = f (x) is monotonic.
2 If we apply this expression to the brightness value modification function for linear contrast

enhancement we have y = ax + b, giving x =
y−b
a so that ho(y) = 1

a h
(

y−b
a

)

. Relative

to the original histogram, the modified version is shifted because of the effect of b, is

spread or compressed depending on whether a is greater or less than 1 and is modified in

amplitude. The last effect only relates to the continuous function and cannot happen with

discrete brightness value data.



92 4 Radiometric Enhancement Techniques

Fig. 4.8. a simple histogram and b the corresponding cumulative histogram

making this assumption mathematically will generate for us the process we need to

adopt to equalise image histograms. With this we can write the last expression as

dy

dx
= constant hi(x)

so that

dy = constant hi(x)dx

giving by integration

y = constant

∫

hi(x)dx .

How should we interpret the integral on the right hand side of this last expression?

In effect it is the continuous version of a cumulative histogram which, in discrete

form, is a graph of the number of pixels below a given brightness value as a function

of brightness value as illustrated in Fig. 4.8. The cumulative histogram is computed

by summing the bars of the ordinary histogram from left to right.

If we call the cumulative histogram C(x), then

y = constant C(x)

is the brightness value modification formula for histogram (contrast) equalisation.

How do we find the value of the “constant”? We note first that the range of values of

y is required to be 0 to L−1 to match the L brightness values available in the image.

Secondly, note that the maximum value of C(x) is N , the total number of pixels in

the image, as seen in Fig. 4.8. Thus the constant needs to be (L − 1)/N in order to

generate the correct range for y. In summary, the brightness value mapping function

that gives contrast equalisation is

y =
L − 1

N
C(x) . (4.3)

where C(x) is the discrete cumulative histogram.

Equation (4.3) is, in effect, a look-up table that can be used to move histogram

bars to new brightness value locations. To illustrate the concept, consider the need to
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Fig. 4.9. Example of histogram

equalisation. a Original his-

togram; b Cumulative his-

togram used to produce the

look up table in Table 4.1; c

The resulting quasi-uniform

histogram

“flatten” the simple histogram shown in Fig. 4.9a. This corresponds to a hypothetical

image with 24 pixels, each of which can take on one of 16 possible brightness values.

The corresponding cumulative histogram is shown in Fig. 4.9b, and the scaling factor

in (4.3) is (L − 1)/N = 15/24 = 0.625. Using (4.3) the new brightness value

location of a histogram bar is given by finding its original location on the abcissa of

the cumulative histogram (x) and then reading its unscaled new location (y) from

the ordinate. Multiplication by the scaling factor then produces the required new

value. It is likely, however, that this may not be one of the discrete brightness values

available (for the output display device) in which case the associated bar is moved to

the nearest available brightness value. This procedure is summarised, for the example

at hand, in Table 4.1, and the new, quasi-uniform histogram is given in Fig. 4.9c.

It is important to emphasise that additional brightness values cannot be created nor

can pixels from a single brightness value in an original histogram be distributed over

several brightness values in the modified version. All that can be done is to re-map

the brightness values to give a histogram that is as uniform as possible. Sometimes
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Table 4.1. Look up table generation for histogram equalization example

Fig. 4.10. Image with linear contrast stretch a compared with the same image enhanced with

a stretch from histogram equalization b

this entails some bars from the original histogram being moved to the same new

location and thereby being superimposed, as is observed in the example.

In practice, the look up table created in Table 4.1 would be applied to every pixel

in the image by feeding into the table the original brightness value for the pixel and

reading from the table the new brightness value.

Figure 4.10 shows an example of an image with a simple linear contrast modifi-

cation compared to the same image but in which contrast modification by histogram
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Table 4.2. Look up table for histogram equalization using 8 output brightnesses from 16 input

brightnesses

equalization has been implemented. Many of these subtle contrast changing tech-

niques only give perceived improvement of detail on some image types and some-

times require all components of a colour composite image to be so processed before

an “improvement” is noticeable.

It is not necessary to retain the same number of distinct brightness values in an

equalized histogram as in the original. Sometimes it is desirable to have a smaller

output set and thereby produce a histogram with (fewer) bars that are closer in height

than would otherwise be the case. This is implemented by redefining L in (4.3) to

be the new total number of bars. Repeating the example of Table 4.1 and Fig. 4.9

for the case of L = 8 (rather than 16) gives the look up table of Table 4.2. Such a

strategy would be an appropriate one to adopt when using an output device with a

small number of brightness values (grey levels).

4.4.2

Anomalies in Histogram Equalization

Images with extensive homogeneous regions will give rise to histograms with large

bars at the corresponding brightness values. A particular example is a Landsat mul-

tispectral scanner infrared image with a large expanse of water. Because histogram

equalization creates a histogram that is uniform on the average by grouping smaller

bars together, the equalized version of an image such as that just described will have

poor contrast and little detail – quite the opposite to what is intended. The reason for

this can be seen in the simple illustration of Fig. 4.11. The cumulative histogram used

as the look-up table for the enhancement is dominated by the large bar at brightness

value 0. The resulting image would be mostly grey and white with little grey level

discrimination.
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Fig. 4.11. Illustration of anomalous histogram

equalization caused by large bars in the original

histogram. a Original, with large bar at 0; b Cu-

mulative histogram of the original; c Equalized

histogram

A similar situation happens when the automatic contrast enhancement procedure

of Sect. 4.3.4 is applied to images with large regions of constant brightness. This

can give highly contrasting images on colour display systems; an acceptable display

may require some manual adjustment of contrast taking due regard of the abnormally

large histogram bars.

To avoid the anomaly in histogram equalization caused by the types of image

discussed it is necessary to reduce the significance of the dominating bars in the

image histograms. This can be done simply by arbitarily reducing their size when

constructing the look up table, remembering to take account of this in the scale factor

of (4.3). Another approach is to produce the cumulative histogram and thus look-up

table on a subset of the image that does not include any, or any substantial portion,

of the dominating region. Hogan (1981) has also provided an alternative procedure,

based upon accumulating the histogram over “buckets” of brightness value. Once a

bucket is full to a prespecified level, a new bucket is started.
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4.5
Histogram Matching

4.5.1

Principle of Histogram Matching

Frequently it is desirable to match the histogram of one image to that of another

image and in so doing make the apparent distribution of brightness values in the two

images as close as possible. This would be necessary for example when a pair of

contiguous images are to be joined to form a mosaic. Matching their histograms will

minimise the brightness value variations across the join. In another case, it might be

desirable to match the histogram of an image to a pre-specified shape, other than the

uniform distribution treated in the previous section. For example, it is often found of

value in photointerpretation to have an image whose histogram is a Gaussian function

of brightness, in which most pixels have mid-range brightness values with only a

few in the extreme white and black regions. The histogram matching technique, to

be derived now, allows both of these procedures to be implemented.

The process of histogram matching is best looked at as having two stages, as

depicted in Fig. 4.12. Suppose it is desired to match the histogram of a given image,

hi(x), to the histogram ho(y); ho(y) could be a pre-specified mathematical expres-

sion or the histogram of the second image. Then the steps in the process are to

equalize the histogram hi(x) by the methods of the previous section to obtain an

intermediate histogram h∗(z), which is then modified to the desired shape ho(y).

If z = f (x) is the transformation that flattens hi(x) to produce h∗(z) and z =

g(y) is the operation that would flatten the reference histogram ho(y) then the overall

mapping of brightness values required to produce ho(y) from hi(x) is

y = g−1(z), z = f (x) or y = g−1{f (x)}. (4.4)

If, as is often the case, the number of pixels and brightness values in hi(x) and

ho(y) are the same, then the (L − 1)/N scaling factor in (4.3) will cancel in (4.4)

and can therefore be ignored in establishing the look up table which implements

the contrast matching process. Should the number of pixels be different, say N1 in

the image to be modified and N2 in the reference image then a scaling factor of

Fig. 4.12. The stages in histogram matching
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N2/N1 will occur in (4.4). All scaling considerations can be bypassed however if the

cumulative histograms are always scaled to some normalised value such as unity, or

100% (of the total number of pixels in an image).

4.5.2

Image to Image Contrast Matching

Figure 4.13 illustrates the steps implicit in (4.4) in matching source and reference

histograms. In this case the reference histogram is that of a second image. Note that

the procedure is to use the cumulative histogram of the source image to obtain new

brightness values in the manner of the previous section by reading ordinate values

corresponding to original brightness values entered on the abcissa. The new values

are then entered into the ordinate of the cumulative reference histogram and the final

brightness values (for the bars of the source histogram) are read from the abcissa;

i.e. the cumulative reference histogram is used in reverse as indicated by the g−1

operation in (4.4). The look up table for this example is shown in Table 4.3. Again,

Fig. 4.13. An illustration of the steps in histogram matching
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Table 4.3. Look up table generation for contrast matching

note that some of the new brightness values produced may not be in the available

range; as before, they are adjusted to the nearest acceptable value.

An example using a pair of contiguous image segments is shown in Fig. 4.14.

Because of seasonal differences the contrasts are quite different. Using the cumulative

histograms an acceptable matching is achieved. Such a process, as noted earlier, is an

essential step in producing a mosaic of separate contiguous images. Another step is

to ensure geometric integrity of the join. This is done using the geometric registration

procedures of Sect. 2.5.

4.5.3

Matching to a Mathematical Reference

In some applications it is of value to pre-specify the desired shape of an image

histogram to give a modified image with a particular distribution of brightness values.

To implement this it is necessary to take an existing image histogram and modify it

according to the procedures of Sect. 4.5.1. The reference is a mathematical function

that describes the desired shape.A particular example is to match an image histogram

to a Gaussian or normal shape. Often this is referred to as applying a “gaussian

stretch” to an image; it yields a modified version with few black and white regions

and in which most detail is contained in the mid-grey range. This requires a reference

histogram in the form of a normal distribution. However since a cumulative version

of the reference is to be used, it is really a cumulative normal distribution that is

required. Fortunately cumulative normal tables and curves are readily available. To

use such a table in the contrast matching situation requires its ordinate to be adjusted

to the total number of pixels in the image to be modified and its abcissa to be chosen

to match the maximum allowable brightness range in the image. The latter requires

consideration to be given to the number of standard deviations of the Gaussian

distribution to be contained in the total brightness value range, having in mind that

the Gaussian function is continuous to ±∞. The mean of the distribution is placed
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Fig. 4.14. a Contiguous Landsat multispectral scanner images showing contrast and brightness

differences resulting from seasonal effects. The left hand image is an autumn scene and that

on the right a summer scene, both of the northern suburbs of Sydney, Australia. b The same

image pair but in which the histogram of the autumn scene has been matched to that of the

summer scene
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Fig. 4.15. Illustration of the modification of an image histogram to a pseudo-Gaussian shape. 
a Original histogram; b Cumulative normal histogram; c Histogram matched to Gaussian 
reference

usually at the mid-point of the brightness scale and commonly the standard deviation 
is chosen such that the extreme black and white regions are three standard deviations 
from the mean. A simple illustration is shown in Fig. 4.15.
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CHAPTER 2

Optical Radiation Models

 

2.1 Introduction

 

Passive remote sensing in the optical regime (visible through thermal) depends on two sources of

radiation. In the visible to shortwave infrared, the radiation collected by a remote sensing system

originates with the sun. Part of the radiation received by a sensor has been reflected at the earth’s

surface and part has been scattered by the atmosphere, without ever reaching the earth. In the ther-

mal infrared, thermal radiation is emitted directly by materials on the earth and combines with self-

emitted thermal radiation in the atmosphere as it propagates upward. In this chapter, we outline the

basic models appropriate to the optical region from the visible through the thermal infrared. The

science of radiometry is applied here as a means to an end, i.e., to define the major processes

involved in remote sensing in this spectral region. For thorough treatments of optical radiometry in

remote sensing, the books by Slater (1980) and Schott (1996) are recommended.
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2.2 Visible to Shortwave Infrared Region

 

All materials on the earth’s surface passively absorb and reflect solar radiation in the 0.4 to 3

 

µ

 

m

spectral range. Some materials also transmit solar radiation; for example, water bodies and plant

canopies. At longer wavelengths, materials at normal temperatures begin to actively emit thermal

radiation, which is discussed later in this chapter. A description of how solar radiation propagates

and is modified prior to sensing by an optical system follows.

 

2.2.1 Solar Radiation

 

The source of energy for remote sensing in the 

 

solar-reflective

 

 spectral region (visible to shortwave

IR) is the sun. The sun is a near-perfect 

 

blackbody

 

 radiator; that is, it emits radiation at nearly the

maximum efficiency possible for a body at its effective temperature. The 

 

spectral radiant exitance

 

,

 

M

 

λ

 

, from the sun can therefore be modeled by 

 

Planck’s blackbody equation

 

,

(2-1)

where 

 

T 

 

is the blackbody’s temperature in Kelvin (K), 

 

C

 

1

 

 = 3.74151 10

 

8

 

 W-m

 

-2

 

-

 

µ

 

m

 

4

 

, and

 

C

 

2

 

 = 1.43879 10

 

4

 

 

 

µ

 

m-K. 

Using these values and specifying the wavelength, 

 

λ,

 

 in 

 

µ

 

m and the temperature in Kelvin results in

units for spectral radiant exitance of W-m

 

-2

 

-

 

µ

 

m

 

-1 

 

(Slater, 1980), i.e., power (or flux) per unit area of

the sun’s surface, per unit wavelength interval.

The blackbody function peaks at a wavelength given by 

 

Wien’s Law

 

,

. (2-2)

where the blackbody’s temperature is in Kelvin and the wavelength at which the radiation is a max-

imum is in 

 

µ

 

m. Thus, as the temperature of a blackbody increases, the wavelength of maximum

radiant exitance decreases.

We, of course, are interested in the radiation that reaches the earth. To calculate that, the spectral

radiant exitance of Eq. (2-1) must first be propagated to the top of the earth’s atmosphere and then

converted to 

 

spectral irradiance

 

, . This transformation is accomplished with the following

equation,

 

top-of-the atmosphere:  

 

 . (2-3)
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The units of spectral irradiance are the same as those of spectral radiant exitance, namely those

of 

 

spectral flux density

 

, W-m

 

-2

 

-

 

µ

 

m

 

-1

 

. The spectral content of the radiation does not change in the

transit through space, but the magnitude of solar irradiance at the earth changes by a few percent as

the sun-earth distance changes throughout the year. The exo-atmospheric flux density is plotted in

Fig. 2-1 using a blackbody model and a more detailed, empirical function stored in the atmospheric

modeling program MODTRAN. As can be seen from the figure, the blackbody model with a tem-

perature of 5900K is a good approximation to measured solar radiation.   

As the wavelength increases to the shortwave IR, less radiation is available from the sun for sig-

nal detection by remote sensing. If we ignore atmospheric effects, the solar radiation arriving at the

earth is matched by self-emitted thermal energy from the earth at about 4.5

 

µ

 

m (Fig. 2-2). The

wavelength at which they are equal contributors to the 

 

at-sensor radiance above the atmosphere

 

depends on earth surface reflectance and emissivity (see Sect. 2.3) and the atmosphere, and can

range between 2.5 and 6

 

µ

 

m (Slater, 1980). 

 

2.2.2 Radiation Components

 

The major radiation transfers of concern in the visible through SWIR spectral regions are shown in

Fig. 2-3. There are generally three significant components in the upwelling at-sensor radiation:

 

•

 

the unscattered, surface-reflected radiation, 

 

FIGURE 2-1.  Comparison of the exo-atmospheric (top-of-the-atmosphere) solar spectral irradiance as

used in the atmospheric modeling code MODTRAN (Berk et al., 1989) to that produced by a blackbody

object at a temperature of 5900K and at the same distance as the sun. Deviations from the blackbody

 

model are mainly in narrow absorption lines present in the actual solar spectrum.
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•

 

the down-scattered, surface-reflected skylight, 

 

•

 

the up-scattered path radiance, 

We can therefore write for the total upwelling radiance at a high altitude or satellite sensor,

 

1

 

. (2-4)

In the following sections, we will look at appropriate models for each component.

 

Surface-reflected, unscattered component ( )

 

The atmosphere is an unavoidable influence in satellite and high altitude aerial remote sensing in

the visible through shortwave IR. It scatters and absorbs radiation between the sun and the earth

along the solar path, and again between the earth and the sensor along the view path. The fraction

of radiation that initially arrives at the earth’s surface is called the 

 

solar path transmittance

 

, 

 

,

 

and is, by definition, between zero and one, and unitless. A typical spectral transmittance curve for

the solar path, as generated from atmospheric models, is shown in Fig. 2-4. 

 

FIGURE 2-2.  Spectral distributions at the top-of-the-atmosphere for the two radiation sources in the visible

through thermal infrared spectral regions. The earth is assumed to be a blackbody at T = 300K and the sun

a blackbody at T = 5900K, and atmospheric effects are ignored. Blackbody curves for different

temperatures cannot cross each other; it only appears to occur here because the solar radiant exitance has

 

been scaled as described in Eq. (2-3).

 

1. We use the superscript 

 

s

 

 to denote “solar,” thereby distinguishing these terms from thermal emitted radia-
tion, described later.
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FIGURE 2-3.  The most significant radiation components seen by the sensor in solar reflective remote

sensing are the “direct” component, the “skylight” component, and the “path radiance” component

(commonly called “haze”). The shading in the diagram portrays the decreasing atmospheric density at

higher altitudes. Other radiation can reach the sensor, such as from the “adjacency” component,

consisting of a direct reflection from a nearby GIFOV, followed by either an up-scatter directly to the

sensor, or a down-scatter into the GIFOV of interest, followed by a second reflection toward the sensor.

The adjacency phenomenon increases local spatial correlation among pixels and reduces the contrast of

dark-light boundaries, such as a shoreline. Multiple surface reflections and atmospheric scatterings

generally are of less significance, because the radiation magnitude is reduced by each reflection or

scattering event. Note that, because of the great distance to the sun, its rays are effectively parallel when

 

entering the earth’s atmosphere.
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The molecular absorption bands of water and carbon dioxide cause “deep” absorption features

that, in two bands near 1.4

 

µ

 

m and 1.9

 

µ

 

m, completely block transmission of radiation. These spec-

tral regions, therefore, are avoided for remote sensing of the earth’s surface. They can be useful,

however, for the detection of cirrus clouds, which are not easily distinguished from lower altitude

clouds or surface features, at other wavelengths (Gao

 

 et al

 

., 1993). Since cirrus clouds are above

most of the atmosphere’s water vapor, they return a signal to a high-altitude sensor, while the sig-

nals from the earth’s surface and lower altitude clouds are absorbed in the 1.4

 

µ

 

m band. This appli-

cation is the motivation for the MODIS band 26 (Table 1-1). The water absorption bands near

0.9

 

µ

 

m and 1.1

 

µ

 

m are much narrower, but can still block the surface signal significantly in narrow-

band remote sensors and can reduce the signal in broadband sensors when the water vapor content

of the atmosphere is high.

 

FIGURE 2-4.  Transmittance of the atmosphere as calculated by the program MODTRAN. This is the

transmittance along the solar path, i.e., between the sun and the earth’s surface, for a solar elevation

angle of 45°. The absorption bands are primarily associated with water vapor and carbon dioxide.

 

 

 

This

figure, and many of the others in this chapter, are produced with specific atmospheric parameters in the

modeling program MODTRAN (Berk et al., 1989). The atmosphere model is “mid-latitude summer” with

a “visibility” of 23km (a relatively high value, implying that Mie scattering effects are small relative to

Rayleigh scattering effects). The solar elevation angle is 45° and the azimuth angle from north is 135°.

Special thanks to Dr. Kurt Thome, who performed the MODTRAN runs and provided assistance in data

interpretation. The reader should realize that these curves are intended to be only examples; the specifics

of any particular atmospheric condition will be different, and other atmospheric modeling programs, e.g.,

 

6S (Vermote et al., 1997),  may yield somewhat, but not vastly, different curves.
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The transmittance generally decreases towards the blue spectral region. This is largely the result

of light being scattered out of the solar path by air molecules, whose diameter is less than 

 

λ/π

 

(Slater, 1980). The magnitude of scattered light is approximated by pure 

 

Rayleigh scattering

 

 with a

 

λ

 

-4

 

 dependence on wavelength. The short wavelength blue light is scattered out of the direct trans-

mitting path more than the longer wavelength red light, which explains the red sky at sunrise and

sunset, when the solar path through the atmosphere is greatest. In an atmosphere containing aero-

sols and particulates (smoke, smog, dust, haze, fog), 

 

Mie scattering

 

 is also present. For particle

sizes larger than about 2

 

λ/π

 

, the magnitude of Mie scattering does not depend on wavelength.

Thick clouds are white from above because of Mie scattering by water droplets. For particle sizes in

the range from about 

 

λ/π

 

 to about 2

 

λ/π

 

, there is a wavelength dependence that is less than that of

Rayleigh scattering. Real atmospheres with a full range of molecular, aerosol, and particulate sizes

exhibit a combination of Rayleigh and Mie scattering.

The spectral effect of atmospheric transmission on the solar radiation is shown in Fig. 2-5. The

atmosphere significantly alters the spectral irradiance before it arrives at the earth. Mathematically,

the irradiance  on a plane perpendicular to the solar path and at the earth’s surface is given by, 

 

earth’s surface:  

 

 (2-5)

where 

 

τ

 

s

 

 is the solar path atmospheric transmittance. Note that, by the definition of transmittance,

 must be less than or equal to . 

 

FIGURE 2-5.  Solar irradiance in the visible and shortwave IR regions (for a solar elevation angle of 45°),

above the atmosphere and at the earth’s surface.  The ratio of these two curves is the path transmittance

 

depicted in Fig. 2-4.
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With the exceptions of cast shadows or clouds,  can be assumed to be constant across the

GFOV of a sensor such as ETM+. The irradiance at the surface depends on the incident angle, being

a maximum if the surface is perpendicular to the incident angle, and less as the angle decreases.

The decrease varies as the cosine of the angle, which can be calculated by a dot product of two vec-

tors (Fig. 2-6) (Horn, 1981). The incident irradiance  in Eq. (2-5) must then be modified to

account for terrain shape as follows,

earth’s surface:    (2-6)

The next energy transfer occurs upon reflectance at the earth’s surface. The irradiance down-

ward onto a Lambertian surface is converted to the surface radiance  leaving the surface with

the aid of a geometric factor π and a diffuse spectral reflectance ρ,

earth’s surface:   (2-7)

Like transmittance, reflectance is, by definition, unitless and between zero and one. Example spec-

tral reflectance curves for some natural earth surface materials were shown in Chapter 1. Reflec-

tance varies with wavelength and spatial location but does not depend on the view (sensor)

FIGURE 2-6.  The geometry of solar direct irradiance on the earth’s surface. The unit length vector  

points to the sun and the unit length vector  is normal to the surface. The solar elevation angle is

β and the solar zenith angle is 90° – β. The solar incidence angle to the surface is θ and the exitance angle
from the surface normal toward the sensor is φ. The cosine of the angle θ is given by the vector dot product

. For simplicity in this diagram, the surface normal is assumed to lie in the vertical plane

through the solar vector, but the dot product calculation is valid for any two vectors. Note this terrain-

related effect does not involve the view angle of the sensor.
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direction for a truly Lambertian surface.2 Deviation from this simple model by real materials is

expressed in a Bi-directional Reflectance Distribution Function (BRDF), which can be measured

for a particular material by finding the ratio of outgoing radiance to incoming irradiance, as a func-

tion of incident and view angles. The quantity  in Eq. (2-7) is then replaced by the

BRDF (Schott, 1996).

The outgoing radiance from the earth’s surface traverses the atmosphere to the sensor. The

transmittances of the atmosphere along a nadir view path and along a view path at 40° from nadir

are shown in Fig. 2-7. These curves differ from the one in Fig. 2-4 only by virtue of different path

lengths through the atmosphere. Sensors such as Landsat TM with a small FOV show little within-

scene atmospheric variation (other than localized clouds, smoke, and haze) over areas with moder-

ate terrain relief, since the path through the atmosphere is nearly constant for all pixels. In areas of

high terrain relief, even Landsat images can show pixel-to-pixel atmospheric variation due to pixel-

to-pixel altitude differences (Proy et al., 1989). Wide FOV sensors, such as the AVHRR, can show

considerable scan-angle effects due to  changes in the atmospheric path in the cross-scan direction.

Note that the differences among the curves in Fig. 2-4 and Fig. 2-7 are relatively greater at shorter

wavelengths. Visible and NIR imagery will therefore be particularly sensitive to changes in view

angle across the FOV (Plate 2-1).  Atmospheric view path and vegetation canopy radiance variation

with view angle are the rationale for the MISR sensor that records images from nine cameras in

four spectral bands at different in-track view angles (Plate 2-2).   

We now must modify Eq. (2-7) according to the view path transmittance, , to obtain the

at-sensor radiance,

at-sensor:    (2-8)

This component carries the signal of interest, namely the spatial-spectral reflectance distribution,

.

Surface-reflected,  atmosphere-scattered component ( )

The sensor also sees radiance arising from radiation that is scattered downward by the atmosphere

(“skylight”) and then reflected at the earth upward into the IFOV of the pixel of interest. This term,

, is responsible for the commonly-observed fact that shadows are not totally dark. The

2. A Lambertian surface exhibits equal radiance in all directions. Visually, we say it appears equally bright at
any view angle. Such a surface is also termed perfectly diffuse, with no mirror-like specular reflection.
Many natural surfaces are approximately Lambertian within a limited range of view angles, typically 20°–
40°; as the view angle increases beyond that, most materials become non-Lambertian and show unequal
reflectance in different directions. This property can be measured by sensors such as the Muli-angle Imag-
ing SpectroRadiometer (MISR) to better characterize the surface radiative characteristics (Diner et al.,
1989).

ρ x y λ, ,( ) π⁄

τv λ( )

Lλ
su

τv λ( )Lλ=

ρ x y λ, ,( )
τv λ( )τ

s
λ( )Eλ

0

π
--------------------------------- θ x y,( )[ ] .cos=

ρ x y λ, ,( )

Lλ
sd

Lλ
sd

x y,( )



54 Chapter 2  Optical Radiation Models

reflected-skylight term is proportional to the diffuse surface reflectance, ρ, and the irradiance at the

surface due to skylight, . This quantity is used because it is directly measurable with ground-

based instruments. We accommodate the possibility that the sky may not be entirely visible from

the pixel of interest due to intervening topography with a factor, ,3 

at-sensor: . (2-9)

Path-scattered component ( )

The path radiance term is a combination of molecular Rayleigh scattering, which varies with wave-

length as , and aerosol and particulate Mie scattering, which depends less strongly, or not at all,

on wavelength. The combined effect of Rayleigh and Mie scattering in a clear atmosphere results in

a net wavelength dependence of between  and  (Curcio, 1961).

FIGURE 2-7.  Atmospheric path transmittance as viewed by a satellite sensor. View angle is defined as the

angle from nadir. Note the similarity in shape, but differences in magnitude, compared to Fig. 2-4. The

transmittance for a view angle of 40° is less because the path through the atmosphere is longer, leading to

more scattering and absorption.

3. F is the fraction of the sky hemisphere that is visible from the pixel of interest. For completely flat terrain,
F equals one. A detailed description and calculated examples are given in  Schott (1996).

0

0.2

0.4

0.6

0.8

1

0.4 0.8 1.2 1.6 2 2.4

view path, nadir
view path, view angle = 40 degrees

tr
an

sm
it

ta
n
ce

wavelength (µm)

Eλ
d

F x y,( )

Lλ
sd

F x y,( )ρ x y λ, ,( )
τv λ( )Eλ

d

π
-------------------=

Lλ
sp

λ
4–

λ
2–

λ
0.7–



2.2   Visible to Shortwave Infrared Region 55

Path radiance can vary within a scene, for example, between a rural and an urban area, or in the

presence of smoke plumes from fires. It also will vary with view angle, which is particularly impor-

tant for a wide FOV sensor (such as AVHRR) or a sensor pointed off-nadir (such as SPOT). For

scenes of homogeneous landscapes and for nadir-viewing sensors with relatively small FOVs (such

as TM or ETM+), the path radiance is reasonably assumed to be a constant over the entire scene,

and we simply write this term as .

Total at-sensor, solar radiance ( )

The total at-sensor, solar radiation is the sum of the three components described previously,

    at-sensor: 

(2-10)

The essence of Eq. (2-10) is that:

• the total spectral radiance received by the sensor is linearly proportional to the surface 

diffuse reflectance, modified by

• a multiplicative, spatially- and spectrally-variant factor that depends on the terrain 

shape, and

• an additive, spatially-invariant, spectrally-variant term due to view path scattering.

As an example, Fig. 2-8 shows how the at-sensor radiance components vary with wavelength

for a reflecting surface described by Kentucky Bluegrass (Fig. 1-7). The sum of these two compo-

nents is the total radiance seen by a satellite or high altitude aircraft sensor and is compared to the

spectral profile of an AVIRIS pixel containing grass and trees in Fig. 2-9. Even though there has

been no attempt to emulate the atmospheric conditions, surface reflectance magnitude, or solar

angles of this particular AVIRIS scene, the data are remarkably similar in shape to the results of the

MODTRAN simulation. The MODTRAN atmospheric models are evidently realistic, and if actual

atmosphere values are used in predicting the radiances of a particular image with a program such as

MODTRAN, good agreement is possible. The problem, of course, is that such calibration data are

almost never available for a given scene. Measurements of the atmosphere and ground reflectance

in conjunction with aircraft or satellite overpasses require substantial planning and effort, and are

subject to the vagaries of weather and equipment failure. Therefore, there has been a great amount

of interest in image-based atmospheric calibration techniques (Teillet and Fedosejevs, 1995).     
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The at-sensor spectral radiance and the spectral reflectance of Kentucky bluegrass are dramati-

cally different (Fig. 2-10)! How then is it possible to even hope to use remote sensing to recognize

different terrestrial materials? The major reason why this drastic alteration of  spectral “signatures”

is not, in fact, a disaster, is that many image processing algorithms rely only on relative spectral dif-

ferences among pixels. It is clear, however, that remote sensing data must be corrected for

atmospheric, topographic, and solar effects if they are to be compared to a library of spectral

reflectance curves. Furthermore, relative atmospheric correction is needed if data signatures from

one image date are to be compared to those from another date. These aspects of data calibration are

discussed in detail in Chapter 7.        

FIGURE 2-8.  The path-scattered and ground-reflected components of the total upwelling radiance seen by

a satellite sensor for a surface reflectance of Kentucky Bluegrass. These components, as defined in

MODTRAN, are related to the terms of Eq. (2-10) as follows. The path-scattered component is , plus

radiation that is reflected by the surface in a direction other than toward the sensor (remember, we assume

the surface is perfectly diffuse and reflects equally in all directions), and is then scattered into the IFOV

(we have not included this term in our discussion). The strong increase in the path-scattered component

below 0.7µm is due to molecular scattering and is primarily the  term, since the surface reflectance

here is relatively low. Above 0.7µm, the influence of the reflected and then scattered component is

apparent.  The ground-reflected component is the sum of  and . In the ground-reflected

component, little information about the grass signature is seen until above 0.7µm, where the reflectance

becomes relatively high. The ground-reflected component only exceeds the path-scattered component

above 0.7µm, but both contain information about the signal (grass reflectance). Note the atmospheric

water vapor absorption bands near 0.9, 1.1, 1.4, and 1.9µm (compare to Fig. 2-4).
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FIGURE 2-9.  The spectral response of Kentucky Bluegrass as predicted by the MODTRAN model and a plot

of a mixed grass and trees response from the AVIRIS image of Palo Alto (Plate 1-3). The shapes of the

curves are quite similar, even though the MODTRAN model parameters have no direct relation to this

particular AVIRIS data.

FIGURE 2-10.  Comparison of the reflectance and remotely-sensed radiance spectral signals for grass. The

characteristic features in the reflectance curve are masked and modified by all the factors involved in

optical remote sensing. The most significant feature however, the “red edge” near 0.71µm, is preserved.
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2.2.3 Image Examples in the Solar Region

Some image examples are used in this section to illustrate the theory and models of optical radia-

tion transfer in the solar reflective portion of the spectrum.

Terrain shading

The cosine factor arising from terrain relief (Eq. (2-10)) can be important to the spatial content of

images as demonstrated in Fig. 2-11. The Digital Elevation Model (DEM)4 has a GSI of 30m,

matching the TM GSI. A shaded relief image is created from this DEM by calculating the

cos[θ(x,y)] term at each pixel and assuming that the surface reflectance is diffuse (i.e., the surface is

Lambertian) and constant everywhere. In this case, we have set the solar elevation and azimuth

angles to correspond to those for the particular TM image in Fig. 2-11. The shading caused by the

terrain relief is clearly predictable with the DEM data.   

The differences that remain between the contrast-stretched TM image and the shaded relief

image of Fig. 2-11 are partially due to the reflectance spatial variations that are not modeled in the

relief image. The modeling of vegetation reflectance from plant canopies is quite complex and is a

matter of considerable research interest. The reader is referred to an extensive review (Goel, 1988)

as a starting point for this subject and to Liang (2004) for more details.

The influence of terrain geometry on remote sensing measurements has been discussed in detail

in Sjoberg and Horn (1983) and Proy et al. (1989), including the possibility of reflectance by neigh-

boring ground elements in mountainous terrain into the IFOV at a pixel of interest. Looking at

Eq. (2-10), we see that the image spatial content results from the product of two spatially-varying

terms, the reflectance and the terrain-dependent cosine factor (assuming the down-scattered term is

small). Either may be considered to spatially modulate the other. This relationship is useful in cer-

tain algorithms for image fusion, as described in Chapter 8.

Shadowing

Analysis of the DEM in Fig. 2-11 provides information on shadowing in the TM image (Dubayah

and Dozier, 1986; Giles et al., 1994). For example, the self-shadowed points can be found directly

from the shaded relief image (see Exercise 2-1); these are terrain segments that face away from the

solar irradiance direction. With a “line-of-sight” algorithm, one can also find the pixels that lie

within projected shadows (Fig. 2-12). Because of the mild terrain relief and high solar elevation for

the TM image, there are relatively few projected shadows. Both types of shadow regions may be

used to estimate atmospheric path radiance if a reasonable estimate is made of the reflectance

within the shadowed area.

4. A DEM is a regular spatial grid of elevation values. It can be created in a variety of ways, for example, indi-
rectly via analysis of stereo imagery (see Chapter 8) or satellite Interferometric SAR (InSAR) data, or
directly from airborne laser LIght Detection And Ranging (LIDAR) measurements.
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FIGURE 2-11.  The influence of terrain relief on image structure is depicted with a co-registered DEM and

TM band 4 image near Berkeley, California. Elevation is coded as brightness in the DEM image. The solar

elevation angle of 35° and azimuth angle of 151° for the October 25, 1984, TM image are used to create a

shaded relief image from the DEM. The contrast of the TM image is significantly lower than that of the

shaded relief image because of atmospheric contrast reduction and the fact that the displayed image

contrast is controlled by the high reflectance man-made feature in the lower left. If the contrast of the TM

image is adjusted to match that of the shaded relief image, the similarity of the two is evident. The residual

differences are due to surface cover reflectance variation in the TM image and reflected skylight within

shadows, neither of which are modeled in the shaded relief image. (The DEM is courtesy of William

Acevedo and Len Gaydos of the U.S. Geological Survey.)

digital elevation model (DEM) shaded relief image

TM image contrast-stretched TM image
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An image’s appearance can vary dramatically with different solar angles, as illustrated in

Fig. 2-13. The difference in acquisition dates of four months creates a dramatically different image

because the changes in solar elevation and, to a lesser extent, azimuth cause changes in the

cos[θ(x,y)] term of Eq. (2-10) and in shadowing.  

FIGURE 2-12.  Maps of the self-shadowed pixels and projected shadows for the solar angles and DEM of

Fig. 2-11. (The projected shadows map was produced by Justin Paola, Oasis Research Center.)

FIGURE 2-13.  Landsat MSS images of the Grand Canyon, Arizona, acquired on two dates. The lower sun

elevation of 38° for the October image dramatically increases the shadowing in the Canyon, compared to

the June image with a sun elevation of 65°.

self-shadowed pixels projected shadows

October 20, 1980June 11, 1981 
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Atmospheric correction

A portion of a Landsat TM scene near Oakland, California, is shown for bands 1 through 4 in

Fig. 2-14. These data, although not calibrated for sensor gain and offset (Chapters 3 and 7), never-

theless indicate the general properties of atmospheric influence as a function of wavelength. A com-

mon technique for atmospheric correction of multispectral imagery uses a “dark object” as a

calibration target (Chavez, 1988). The dark object may be a region of cast shadow or, as in this

case, a deep body of water. It is assumed that the dark object has uniformly zero radiance for all

bands, and that any non-zero measured radiance must be due to atmospheric scattering into the

object’s pixels.5 For the images in Fig. 2-14, the Briones Reservoir is a good choice for a dark

object (it is significantly darker than the San Pablo Reservoir at shorter wavelengths). Averaging the

darkest pixels in the Reservoir yields DNs of 53, 20, 11, and 14 for bands 1 through 4. It is tempting

at this point to remove the atmospheric path scattering bias by simply subtracting these DN values

from every pixel in the corresponding band, given that the at-sensor radiance-to-DN calibration is

linear. However, that would not correct the data for the sensor gain and would therefore not be a

complete calibration. Calibration of the raw image DNs to at-sensor radiance and correction to

reflectance are discussed in Chapter 7.  

2.3 Midwave to Thermal Infrared Region 

At longer wavelengths, beyond the SWIR and into the MWIR spectral region, the importance of

solar radiation declines and that of emitted thermal radiation increases for objects that are Lamber-

tian reflectors (Fig. 2-2). At the longer wavelengths of the TIR, direct solar radiation is not a factor

compared to self-emitted thermal radiation, other than solar-induced heating of the surface. The

only exception to these statements is if the objects of interest are specular reflectors; in that case the

solar reflected component may exceed the emitted component, even in the TIR (Slater, 1996). We

will ignore this relatively rare circumstance in the remainder of this section.

2.3.1 Thermal Radiation

Every object at a temperature above absolute zero (0K) emits thermal radiation due to kinetic

energy of molecules within the object. The radiation obeys Planck’s equation (Eq. (2-1)) if the

object is a perfect emitter and absorber, i.e., a blackbody. Real objects are not perfect emitters or

absorbers, and Eq. (2-1) is modified by an emission efficiency factor, the emissivity, which is gener-

ally a function of wavelength. Real materials are sometimes referred to as greybodies, but their

spectral radiant exitance may not follow the blackbody curve because of the wavelength depen-

dence of emissivity.

5. If any data are available on the actual reflectance of the “dark object,” then it should be used to obtain a bet-
ter estimate of the at-sensor path radiance for this correction (Teillet and Fedosejevs, 1995).
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