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Figure 1.Diver encounters cctopus off of Catalina 
Island, Cilif. (Photo courtesy of John Forsythe, Marine 
Biomedical Institute, Galveston, Texas.) BY I. ALEX VITKIN 

Snapshot: Vitkin analyzes the 

optical effects generated 

when squids, octopi, and 

others create melanin clouds. 

He also provides instructions 

on creating your own "smoke 

screen." 

The cephalopoda class of the mollusca phylum includes marine crea
tures such as squids, octopi, cuttlefish, and nautiluses. They have 
developed rather interesting mechanisms for escaping danger, 
based primarily on optical effects. For example, they have pigment

ed cells called chromatophores in their skin and can change color rapidly by 
expanding and contracting different-colored chromatophores. This enables 
them to blend in with the background coloration, thus avoiding detection. 

Most cephalopods also have a large ink sac which permits them to 
inject into the sea a cloud of brown or black pigment called melanin 
when fleeing from danger (Figure 1). It may be that the chasing predator 
confuses the resulting black cloud for the animal itself (the "pseudo
morph" effect); however, it is also likely that the cloud is simply a "smoke 
screen" that hides the cephalopod from the hungry eyes of the hunter. 

The question is: if you are the cephalopod with a given quantity of 
melanin at your disposal, how do you use it to maximize protection? You 
would want to disperse it into a cloud volume somewhat larger than your 
own body dimensions, yet opaque enough to prevent direct viewing 
though it. You would not want to use a few large clumps—your cloud 
will have many transparent "holes," and it will sink to the bottom as 
melanin is considerably denser (1.6 times) than water. On the other hand, 
an excessively fine mist of melanin may cause the very small particles to 
stick together in the ink sac, or the whole suspension may spread too 
quickly when ejected. In addition to these physical constraints, it is well 
known from optics that the light attenuation properties of a collection of 
particles strongly depend on the sizes of the individual particles. 

We performed some calculations based on Mie and multiple scatter
ing theories to examine the dependence of optical attenuation on size, 
and compared the results with theactual size distribution of cuttlefish 
(Sepia officinalis) melanin. 
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What causes opacity? 
The opacity or hiding power of a cloud of particles is due 
to the absorption and scattering of light by the particles, 
which prevents direct viewing of the object behind the 
"smoke screen." Absorption terminates the existence of 
the photon, and the absorbed energy usually manifests 
itself as heat. Scattering, on the other hand, does not 
extinguish the photon, but rather changes its direction. 
For photons in the visible region of the electromagnetic 
spectrum, the directional change takes place with no loss 
of photon energy, and the scattering is termed elastic. 
Both processes are effective in attenuating the radiation, 
and often it is impossible to discern the relative contri
butions of each from a simple observation. 

Detailed calculations of optical properties of a single 
particle are performed using Mie theory.1 These absorp
tion and scattering characteristics depend on the optical 
refractive indices of the parent material (melanin in our 
case) and of the surrounding medium (water), and are 
also greatly influenced by the size of the particle, this 
dependence being quite pronounced when the particle 
dimension is of the order of the photon's wavelength. The 
computed results include the absorption efficiency Qa 
and the scattering efficiency Qs. Like their name implies, 
these quantities indicate how effective a particle is in 
either absorbing or deflecting a photon. With respect to 
the latter, it is important to have information about the 
direction of travel of the photon after its interaction with 
the particle; this is specified by an angular distribution 
function called the phase function, or more commonly 
by the average cosine of the scattering angle, g, which is 
equal to the first moment of the phase function. 

Analyzing the melanin cloud 
Now we will derive a few simple mathematical relations 
that will enable us to analyze the melanin cloud. First, 
how do the single-particle properties computed from 
Mie theory (Qa, Qs, and g) translate into the optical 
properties of a collection of particles? Basically, we need 
to know the number of particle per unit volume, N. 
Then the volumetric optical coefficients ( μ a = absorp
tion, μ s = scattering) that represent the probability of a 
particular interaction per unit pathlength, and have the 
dimensions of inverse length, are: μa,s = Qa,s X A X N 
(A the cross-sectional area of the particle). Assuming a 
cloud consisting of spherical particles of diameter d 
with volume concentration fv, 

Thus, there are two ways in which attenuation depends 
on size: first, the efficiency Q is size-dependent through 
Mie theory, and second, there is the 1/d factor seen in 
Eq. 1. So, the particle size yielding the highest single-
particle efficiency Q may not result in the highest volu
metric optical coefficient m, a point often overlooked in 
going from Mie theory calculations (properties of a sin
gle particle) to multiple scattering formalism (proper
ties of a suspension of particles).2 

The obtained μ values can then be used to calculate 
the transmission through the attenuating medium of 

thickness z. Using a modified form of Beer's Law, we 
have 

which clearly delineates the extinction of the transmit
ted beam due to both the absorption and the scattering 
processes. A more rigorous analysis using radiative 
transfer theory incorporates the effect of the angular 
distribution of scattering, and predicts to first order 
that the transmission should be T exp [-μ t r z], where 
μ t r = μ a + μ s X (1-g) is the transport attenuation coeffi
cient.3 Generally, this predicts a greater transmission 
than Eq. 2, because some of the scattered photons still 
travel in the forward direction (depending on how large 
g is), and can still be considered part of the beam. 

The foregoing analysis of optical transmission is 
valid in the independent scattering and absorption 
regime. Independent in this context means that the par
ticles are assumed to interact with the radiation inci
dent upon them as if uninfluenced by the presence of 
their neighbours. An interesting situation (seldom con
sidered in optics literature) occurs if many particles are 
crowdedinto a small space—the ratio of interparticle 
distance c to wavelength λ in the medium decreases, 
and one observes less scattering and more absorption 
than in the independent regime. If this ratio becomes 
sufficiently small, dependent effects begin to manifest 
themselves. It can be shown4 that this occurs when 

where K is a numerical factor that depends on the 
details of the packing arrangement of particles at close 

Figure 2. Optical attenuation coefficients of a suspension of 
melanin particles as a function of particle size. Both the total and 
the transport attenuation coefficients are plotted. The top abscissa 
axis checks for the presence of dependent absorption and scattering 
effects, calculated from Eq. (3) with fv = 1%. For c/λ values lower 
than ~ 0.5, the calculated curves may be invalid due to the pres
ence of these effects. 
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proximity, with K ~ (π /6 ) 1 / 3 ~ 0.9 in most situations. 
Thus, one must be aware of the possibility of dependent 
effects as the particle diameter decreases, the particle 
volume fraction increases, and the wavelength increases. 

Finally, we are ready to analyze the melanin cloud of 
our cephalopod. Our strategy for evaluating the hiding 
power of melanin suspension of different particle sizes is 
the following. We use the recently published5 values of 
its complex refractive index (n = 1.655, k = 0.861 X (1-

0.99λ 0 ) 2 ), assume three representative wavelengths in 
the mid-visible (n 0 = 0.45, 0.55, 0.65 μm), and use the 
refractive index value of the surrounding water (n0 = 
1.33). We then calculate the absorption efficiency Q a , the 
scattering efficiency Q s, and the scattering anisotropy g, 
using Mie theory for homogeneous spheres.6 Then, we 
compute μ a and μ s, and determine the value of the total 
and of the transport attenuation coefficients, μ t o t = μ a + 
μ s and μ t r = μ a + μ s

χ ( 1 - g ) , expressing the results on a 
per-percentage basis (see Eq. 1). Finally, we check 
whether dependent scattering effects need to be invoked 
by computing the c/λ ratio from Eq. 3. For this, we need 
to assume a value of fv. In other words, what is the 
melanin concentration in the cloud? It was estimated as 
follows:7 for Sepia officinalis cuttlefish, typical amount 
of ejected melanin is ~ 10% of ink sac mass; density of 
melanin ~ 1.6 g X cm - 3 ; the typical melanin cloud is a 
sphere of diameter slightly larger than the cross-sectional 
area of the fleeing cephalopod; ignoring the spatial and 
temporal variations in the dispersion, these numbers 
yield fv ~ 1% for a typical ~ 200 g animal. In the absence 
of dependent scattering, the particle diameter leading to 
the highest value of μ t o t or μ t r maximizes the hiding 
power of the cloud of particles. 

The results for the central of the three examined visi
ble wavelengths are displayed in Figure 2. As indicated in 

the top abscissa axis, the dependent scattering parameter 
is generally >> 0.5 for all but the smallest particles, so 
the complicating effects due to dependent absorption 
and scattering are not likely to occur at these concentra
tions. As well, the curves for the total and the transport 
attenuation coefficients show similar trends, indicating 
that either parameter can be used to study the extinction 
dependence on particle size (although the former is big
ger, and reaches a maximum at larger values of d with a 
more pronounced peak). The magnitude of both attenu
ation coefficients decreases with wavelength, probably 
indicative of the decreasing value of the imaginary part 
of the refractive index (that is to say, melanin is strongly 
absorbing across the entire visible spectrum, but more so 
in the blue than in the red). Not surprisingly, the peak 
extinction at each wavelength occurs when d ~ λ. The 
linear drop-off past the peak is due to the d-1 depen
dence in Eq. 1, once the total extinction efficiency has 
reached its asymptotic limit of Q t o t ~ 2. As well, it inter
esting that despite its rather high imaginary part of the 
refractive index (i.e., melanin is very black), scattering as 
well as absorption contributes to extinction. In fact, the 
scattering effects can contribute up to 40% of the total 
extinction at some particle sizes. 

Does the actual size distribution of cephalopod 
melanin corresponds to the optically-optimum size cal
culated above? In Ref. 8, the authors studied cuttlefish 
(Sepia officinalis) melanin. They found the 'primary' 
particles for optical attenuation to be spherical, with 
diameters ~0.160 ± 0.040 μm. From Figure 2, we find 
the diameter that maximizes μ t r is is about twice this 
value. However, the μ t r curves are relatively flat, so that 
even at this measured size, extinction is nearly (~95%) 
of its maximum. Given that, and the particle size varia
tion in the melanin sample, it seems that cuttlefish has 
optimized the diameters of its melanin granules to yield 
a most effective optical shield. 

There are several limitations in our treatment of the 
problem. For instance, the Mie theory calculations are 
applicable to smooth spheres, and the somewhat irregu
lar shape and porosity of the melanin particles may not 
comply to such a description. There could be other, 
non-optical considerations at work. The physiological 
reasons for synthesizing particles of a particular size 
may include the minimization of energy expended dur
ing their synthesis, the ease and speed of ejection,9 the 
ease of particle storage in the ink sac without agglomer
ation, the ability to remain local and in suspension fol
lowing ejection, and so on. In other words, it could be 
that the actual melanin cloud is "opaque enough" for 
the purposes of camouflage and escape at d ~ d 0 p t i m u m , 

and the cephalopod has other factors to consider which 
we have not included in our analysis. 

In conclusion, we have analyzed the "smoke screen" 
escape tactics of cephalopods using Mie and radiative 
transfer theories, and examined the possibility of 
dependent absorption and scattering. We find that the 
actual particle size distribution of cuttlefish ( Sepia offic
inalis) melanin affords it close-to-optimum optical hid
ing power. An impressive evolutionary achievement 
confirmed by optical analysis! 

CREATING YOUR OWN 
SMOKE SCREEN 

How can some of these effects be tested at home? It's difficult to do 
accurately because one can't easily find small uniformly-sized 

spheres. However, the general concept of how equal amounts of 
material can have different appearances depending on their aggrega
tion state be demonstrated as follows. Take two 1-gm pieces of chalk, 
put each into a thick plastic bag, and smash both witha hammer sev
eral times. Then take a rolling pin and roll over one bag until all the 
larger bits of chalk have been milled into fine dust. Then put the 
contents of each bag into large beer mugs (or ~0.5 litre glass jars) 
filled with water, and stir with a spoon. Now place the mugs on a 
sunny window sill side by side; keep stirring to avoid settling. The 
suspension with the milled chalk should appear more opaque (it has 
a larger fraction of micron-sized particles, close in dimension to the 
visible light wavelength). In some cases, you may even notice the dif
ference in the darkness of the shadows, a direct measure of light 
transmission through the chalk "smoke screen." 
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Duarte for invention of an electro-
optical interferometric microdensit
ometer system. The optical instru
ment and interferometric technique 
have been applied to measure and 
detect features and surface defects 
otherwise undetectable by tradi
tional instrumentation. 

Duarte received both his B.A. 
and Ph.D. in physics from Macquar
ie University in Sydney, Australia. 
After teaching at the University of 
Alabama and serving as an analyst 
for the U.S. Army, he joined East
man Kodak in 1985 as a senior 
research physicist; he is now Busi
ness Leader at Kodak. 

John D. Gonglewski (U.S. Air 
Force Phillips Laboratory) is recog
nized for exceptionally creative opti
cal engineering that produced the 
first high resolution images of satel
lites passing over optical space sur
veillance sites during the daytime. 
This work extended optical space 
surveillance coverage from 4 to 15 
hours a day. 

As both chief engineer and chief 
scientist, Gonglewski is directly 
responsible for every aspect of the 
passive program for space object 
identification. He engineered the 
daytime imaging system from con
cept design to telescope integration, 
specifying and sponsoring the fabri
cation of a detector chip with a very 
challenging combination of low 
noise, fast frame rate, and large size. 
Gonglewski also engineered the cam
era, data acquisition system, satellite 
tracker, and image processor. 

Due to his technical expertise, 
imagination, and creativity, the Air 
Force was able to taken an optical 
site of marginal utility and trans
form it into its premier optical facil
ity. His current project—combining 
adaptive optics and thermal imag
ing—is expected to give the U.S. 
Space Command 24-hour optical 
imaging capability. 

Gonglewski received a B.S. and 
an M.S. in mathematics from Junia
ta College and Indiana University, 
respectively, and a Ph.D. in applied 
mathematics from the University of 
Houston. He joined the USAF 
Phillips Laboratory in 1987 and is a 
research optical physicist. 

Gary Guenther (NOAA) is rec
ognized for significant contributions 
to airborne lidar bathymetry and, in 
particular, development of the depth 
extraction algorithm. In the late 
1980s, he became involved in a joint 
U.S.-Canadian effort to develop the 
Scanning Hydrographic Operational 
Airborne Lidar Survey (SHOALS). 
As a member of this team, he can be 
credited with introduction of a sur
face detection channel at the 
Raman-shifted wavelength and the 
recording of the time signature of all 
the surface channels. These elements 
have extended the performance 
envelope of the system and have 
opened up new possibilities for 
analyses/applications that were not 
even considered in the beginning. 

However, Guenther's most signif
icant contribution was development 
of the SHOALS depth extraction 

algorithm—the heart of the ground-
based processing and real-time air
borne systems. His quest for com
plete understanding of the hardware 
and how it relates to the physics of 
the light-water interaction and the 
coupling of this knowledge into his 
software algorithm has resulted in 
very accurate water depths from the 
system. In large part due to Guen
ther's contributions, the technique 
of airborne lidar hydrography has 
matured to the level it enjoys today. 

Guenther received B.S. in science 
engineering and M.S. in physics 
from Northwestern University. He is 
a general physical scientist at the 
National Oceanic & Atmospheric 
Administration, National Ocean 
Service, Nautical Charting Develop
ment Laboratory. 

Melvyn H. Kreitzer (Opcon Asso
ciates) is recognized for contributions 
to the design of numerous photo
graphic lenses and projection displays 
and for advancing the state of the art 
in these fields. Kreitzer has been a 
major contributor to optical design, 
providing superior optical instru
ments for photography and enter
tainment. He is a recognized expert 
on photographic lenses and lenses for 
projection displays whose versatility 
and expertise is demonstrated in the 
breadth of his many patents and lens 
designs, including zoom lenses, pro
jection lenses, wide angle lenses, tele-
photo lenses, a hybrid color-correct
ed projection television system 
insensitive to temperature variations, 
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