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Camouflage 

Underwater photo of a coral head.  What animal do you see? 



https://www.youtube.com/watch?v=eS-USrwuUfA 

https://www.youtube.com/watch?v=eS-USrwuUfA
https://www.youtube.com/watch?v=eS-USrwuUfA
https://www.youtube.com/watch?v=eS-USrwuUfA


Who Cares About Underwater Visibility? 

Alexander the Great 
~330 BCE 



Who Cares About Underwater Visibility? 

Every Navy in the world 



Who Cares About Underwater Visibility? 

Dolphins, fishermen, 
divers, swimmers, marine 
archaeolgists, and the 
Creature from the Black 
Lagoon 



Grocery Shopping in China 



Liu Bolin: The Invisible Man 



WWII Razzle-Dazzle Camouflage 



WWII Razzle-Dazzle Camouflage 



Detection: I can see that there is 
something in the water (but I can’t 
tell what it is) 
 
 
 
Classification: I can see what 
general type of thing it is (it’s a fish, 
not a scuba diver) 
 
 
 
 
Identification: I can see exactly 
what it is (it’s a hungry great white 
shark) 

Levels of Visibility 



particles: 

image steady 

but blurred 

turbulence: 

image 

twinkles 

or breaks up 

absorption: 

image crisp 

but fades out 

• Absorption 
 
• Scattering by particles 
 
• Scattering by turbulence 
 
affect visiblity in different ways 
 

Environmental Effects on Visibility 



Today 

Visibility 
 

• Photometry vs. Radiometry 
• Contrast  
• Secchi Depth 
• Beam Spread Function (BSF) 
• Point Spread Function (PSF) 

 
Lidar Remote Sensing 

• Example Applications 
• The Lidar Equation 



The Radiance Difference Law 

Assume that 
• A small object illuminated by amblient daylight 
 
• The radiance leaving the target does not significantly affect the 

ambient radiance that is present in the absence of the target. 
 

• The two directions        and        are almost parallel,                            , so 
that the absorbing and scattering losses and additions to each beam 
are the same between the target area and the imaging system. 



governs the changes along path      in the initial radiances for both the 
background and the target.  Because the ambient radiance distribution 
and the IOPs are assumed to be the same for each path, the path 
radiance term L*, which describes scattering into the beam, will be the 
same for both background and target radiances.  Thus the two radiances 
obey 

The RTE 

The Radiance Difference Law 



Subtracting Eq. (2) from Eq. (1) gives 

The Radiance Difference Law 

This equation has the solution 

Usually c(r,) can be assumed constant along the viewing path (a 
few tens of meters at most), in which case this solution reduces to 

Even though each radiance LT and LB individually depends on all 
IOPs, their difference depends only on the beam attenuation c. This 
is known as the radiance difference law (e.g., Preisendorfer, 1986). 



Photometry:  Light Measures for the Human Eye 

The preceeding was written in terms of radiance at a single wavelength.  
This applies to instruments measuring the light as a function of 
wavelength, one wavelength at a time. 
 

When the human eye is the sensor, all wavelengths are seen at once, but 
the eye is not equally sensitive to all wavelengths. 
 
To quantify “visibility” by humans, we must use broadband radiometric 
variables weighted by the relative response of the eye at different 
wavelengths.  The “eye equivalents” of radiometic variables are called 
photometric variables. 
 
Every radiometric quantity, IOP, and AOP has a photometric equivalent. 
 
The photometric equivalent of radiance is called luminance, and 
corresponds to what we think of as “brightness”. 



Luminosity Functions 

The photopic luminosity function shows the relative sensitivity of a normal 
human eye to light of different wavelengths, for bright-light (daytime) 
illumination.  The scotopic luminosity function shows the sensitivity for dim 
(nighttime) illumination. 

https://commons.wikimedia.org/w/index.php?curid=5009764 



Radiometry to Photometry 

Radiometric variables are in energy units of watts = J/sec.   
 
Photometric  or “vision” variables are in units of lumens, which is a 
measure of “brightness” as seen by the human eye. 

photopic luminosity function (nondimen) 

SI unit of brightness:  1 Candela (cd) = 1 lumen/steradian 
(an ordinary candle is about 1 Candela) 

The power-to-brighness conversion factor Km is called the maximum 
luminous efficacy.  Its value traces back to a “standard candle.” (For 
scotopic, Km = 1700 lm/W) 



Light and Water 

Typical Luminances 

The sun is roughly a black body at T = 5782 K.  The corresponding luminance is 

from the web book page 
on black body radiation 



60 W x 683 lumens/W = 40,980 lumens 
 
Actually getting 820 lm, so just 2% of energy 
used is converted to what you can actually 
see.  The rest is heat. 

Lightbulb Inefficiency 

from the web book page 
on black body radiation 



Radiometric IOPs become Photometric AOPs 

The photopic beam 
attenuation 

The photopic beam attenuation cv depends on the viewing direction, 
even though beam c does not, because of the weighing by the 
ambient radiance.  
 
cv is therefor an AOP, not an IOP.  There are no IOPs for photometric 
variables because their photometric equivalents are computed by 
equations like that for cv. 

The photometric equivalents of IOPs are computed by equations of the form 



The Luminance Difference Law 

We can repeat the previous derivation of the radiance difference law 
using luminances and photopic IOP equivalents and get the luminance 
differenct law: 

This is the basis for classical visibility theory for the human eye. 



The visual contrast of the target viewed against the background as 
seen from zero distance is the inherent contrast, defined as  

Inherent and Apparent Constrast 

If the target is darker (brighter) than the background, C(0) is negative 
(positive). The apparent contrast keeps the same sign as C(0) as r 
increases and C(r) approaches zero. 
 
For a black background, LBv(0) = 0, the inherent contrast becomes 
infinite.  For a black target, LTv(0) = 0, and C(0) = -1 

The visual contrast of the target viewed against the background as 
seen from distance r is the apparent contrast, defined as  



The Law of Contrast Reduction 

The luminance difference law allows the apparent contrast to be rewritten as 

Either of the last two equations is called the law of contrast 
reduction (or contrast transmittance). 

If  , (e.g., horizontal viewing) this reduces to 



Koschmieder’s Law 

For horizontal viewing and a black target (C(0) = -1), experience shows that 
the target can be detected at a visual range VR corresponding to  
C(r = VR)/C(0) ≈ 0.02 (0.015 to 0.05 in the literature).   Then 
 
 
 
can be solved for this minimum contrast to get 
 
 
 
 
This result, originally developed for horizontal viewing of dark targets in 
the atmosphere, is known as Koschmieder’s law.  
 
Note: for a black background (e.g., viewing a distant lighthouse at night), 
C(0) = , and a different analysis is required (Allard’s Law) 



The Secchi Depth 

Fr. Angelo Secchi, 1818-1878 

Astronomer (esp. solar and 
spectroscopy) 



“Classic” Secchi Disk Theory 

Light onto the disk is described by 
downwelling plane illuminance 
Edv(z), which attenuates by Kdv(z) 

 
Angularly small white disk is a 
lambertian reflector with Rv = 
Euv/Edv  (typically 0.85) 
 
Reflected light from the disk to the 
eye is luminance Lv(z,), which 
attenuates by cv(z,) 
 
Must include loss of contrast to 
surface roughness 

(Reviewed by Preisendorfer, L&O, 1986) 



Classic Secchi Disk Theory 



Classic Secchi Disk Theory 



Secchi Disk Theory Revised 



Secchi Depth by the Lee Formula 

Still to be done:  Comparison of classic and Lee results.  Need to measure 
Ed(z,), c(z,), zSD, and disc properties, for a wide range of waters. 

Based on SeaBASS 
data with zSD and 
Rrs at 443, 488, 
532, 555, 665 nm. 
 
a and bb estimated 
from Rrs 

 
Kd estimated from 
a, bb, and SZA of 30 
deg  



Underwater Visbility by Zaneveld and Pegau Formula 

(Optics Express, 2003) 

Re-examined visibility of a black 
target underwater. 
 
When viewed horizontally,  
Visual Range =  
4.8/[c(532)*0.9 + 0.081]  10% 



The Beam Spread Function (BSF) 

Collimated source 
emitting spectral 
power P 
 
Cosine detector 
measuring spectral 
plane irradiance E(r,)  

The VSF describes a single scattering event.  The BSF accounts 
for all (multiple) scattering and absorption between the source 
and the detector. 



The  Point Spread Function (PSF) 

Cosine source 
emitting spectral 
intensity I() 
 
Collimated detector  
measuring spectral 
radiance L(r,) 



The  Point Spread Function (PSF) 

The glow around a distant streetlight is essentially the PSF 



  BSF = PSF by EM Reciprocity 

redrawn from Mertens and Replogle JOSA (1977) 

Equality of PSF and BSF 
finally proved by Gordon 
(AO 1994) 



  The PSF Depends on 

IOPs and Distance 

These PSFs were computed by 
Monte Carlo simulations 



The  PSF is the Key to Image Analysis 

When viewing point (or direction) (xo,yo), light is scattered into that 
direction from all other points in the scene according to the PSF value 



The  PSF is the Key to Image Analysis 

Let S(x, y, 0) be the pattern of bright and dark values (e.g., 0 to 255 at a 
given wavelength) at each point of a scene, when seen from zero 
distance (or through a vacuum).  Then when looking at point (xo, yo) of 
the scene from a distance z, the value of S(xo, yo, z) is 

The PSF completely characterizes the effect of 
the environment on an image.  If you know 
the PSF, you can predict what any image will 
look like. 

BTW, integrals of the form h(y) = f(x) g(y – x) dx are called convolution 
integrals.  They have wonderful properties, which you will learn about in 
your Fourier Transforms class. 



Lidar 

Lidar:  Light Detection and Ranging (like radar).  The light source is 
usually a laser. 
 
Range gating:  Sending out temporally short pulses (~1 ns) and 
observing the return signal as a function of time at high temporal 
resolution (~1 ns bins or “gates”).  Used to convert the time of 
return to the depth where the backscattering occurred. 
 
Spotlight lidar:  The emitted pulse is well collimated so that the 
“footprint” of the illuminated area is relatively small (order 1 m for 
an airborne system, to get meter-scale horizontal resolution). 
 
Floodlight lidar:  The emitted pulse is spread out so that the 
footprint is large.  The receiver is usually a 2D CCD, so that a spatial 
image is created. 



The Basic Idea 
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c = 3 x 108 m/s 
n = 1.34 
a 1 ns pulse and resolution gives ~20 cm 
depth resolution 



Detection of Scattering Layers and Bathymetry 
(Hoge et al. (1988) . Cover of the Oct 1988 issue of Appl. Optics) 



Bathymetric Surveys 

Bathymetry chart (copied 
from an Optech advertising 
brochure;  
www.teledyneoptech.com) 



Bathymetric Surveys 

Detection and mapping of fish cages on the sea bed by Optech CZMIL 
(Coastal Zone Mapping and Imaging Lidar).  Lidar is very important for 
underwater archaeology. 



Bathymetric Surveys 

Channel morphology by Optech CZMIL 



A relatively large area of the ocean surface is illuminated by a laser 
pulse, and various layers within the water are imaged by time gating the 
imaging camera at times corresponding to the depths to be observed. 

Floodlight (Wide Area) Imaging LIDAR  

US Navy ALMDS 
system cost $255 
million for 45 systems 
 
NASA OBPG budget < 
$4 million 



Wide Area (or Floodlight) Imaging LIDAR  

Note:  You can match your reflection to the background, but you can 
never hide from your shadow. 

Unclassified viewgraph provided by Dr. Norris Keeler, Kaman Aerospace. 



Wide Area (or Floodlight) Imaging LIDAR  

Images scanned from unclassified viewgraphs provided by Dr. Norris Keeler, 
Kaman Aerospace. 



The Lidar Equation 

Quantitative 
understanding of Lidar 
data requires 
understanding the 
environmental and 
system optics effects on 
the returned signal. 
 
This is given by the 
Lidar equation (various 
forms, depending on 
the application) 



The Lidar Equation 

The Lidar equation is derived on the Web Book at  
radiative_transfer_theory/level_2/the_lidar_equation 

http://www.oceanopticsbook.info/view/radiative_transfer_theory/level_2/the_lidar_equation


The Lidar Equation 

The IOPs you need to know are 
the BSF and VSF(=180) = 


 

 

See the web book for numerical 
examples. 




