Capturing Color in Photography
This is being written for people who don’t need it. I am going to describe the main features of
how the capturing and rendering of color is done in photography, both film and digital, for an
audience without much scientific or technical background. I am not going to touch upon the
why, on the aesthetics of color; that’s a far bigger subject and one I’m not notably qualified to
talk about. Nor am I going to cover any of the how-to, the manipulation of your camera or
computer, for the obvious reason that it differs from case to case and for the less obvious reason
that it’s an enormous area also. To be successful in either the why or the how-to it’s really not
necessary to dig into the how. But some of you are curious.
There is nothing new or exotic here. Everything I’ll say is available on the internet or (for those
of antiquarian leanings) in books1. The one virtue of writing it out is to have it in one place, and
to point out some implications.
The prism exercise
Suppose we take a prism, a triangular bit of glass, and hold it up to a window on a sunny day.
After a bit of manipulation, because light goes off at odd angles, we come up with a colorful
thing like this projected on the wall off to one side:

You don’t need an actual scientific-technical prism to make colors like this, of course. Anything
transparent, with flat faces that aren’t parallel, but that are reasonably smooth and polished will
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Two of the images, that of the Bayer pattern and that of the Foveon sensor, are taken from Wikipedia and here
used under a Creative Commons license. For other uses, you should refer to the original pages. The graph of color
vision curves is also taken from Wikipedia, and is in the public domain.

do. And you don’t need the Sun, though it helps to have a light much brighter than anything in
the surrounding room.
In this picture (and also in first-person experience) it looks like there are three colors: red, green
and blue, so that we’ve split white light into three parts. (Sometimes you’ll pick out a yellow
between the green and blue and an orange between the red and green, and occasionally a violet
or indigo beyond the blue.) I’d prefer you to forget that until I bring it back in, a few pages from
now. Instead, I’ll point out that there are different kinds of blue. They may look to have the
same color in the picture, but they are projected onto different places, and so are different in an
observable and definable way. The same goes for the green and the red parts. The three colors
are actually broad regions of a continuously-varying something. Each place along the spectrum
is different and has different effects on things; color is one effect.
There are others. Sir William Herschel found, a couple of centuries ago (I told you this was not
new stuff), that when he held a thermometer in various parts of a projected solar spectrum it got
hottest somewhat to the left of red—beyond where he could see anything. That does not mean
that he found some kind of invisible magic “heat rays,” only that the thermometer was better at
interacting with this part of the something than with other parts. It also means that what we see
is not the whole of the spectrum; it extends off past the end of the red. As one might guess, it
also extends beyond the blue end.
This is an idea I want to put in your mind: you can only determine the presence of this something
by its interaction with some kind of detector, and that the strength of the interaction depends on
exactly where in the spectrum we are talking about. That’s probably the main underlying point
of this essay.
This something is electromagnetic energy, part of whose spectrum we can perceive as light
(using our eyes as detectors). Rather than bog down my prose by substituting nine syllables for
two, I’m going to call it all light, and accept the existence of the oxymoron invisible light. I
don’t think it will be too confusing if I’m reasonably careful. Each point along the projected
spectrum can be designated by a particular wavelength. I’m not going to get into waves or any
of the physics associated with that term, only using it as a way to pick out a specific point on the
spectrum.
In going from an idea of light as having three, or five, or maybe seven colors to one in which
there is a continuous range of wavelengths, I have in principle made the situation immensely
more complicated. In normal usage, to call something “green” means it has more green that the
other two (or four or whatever) colors, and one can make it definite by specifying how much of
each color it has. But to match a whole range of wavelengths requires a whole lot of numbers,
and a mathematician or a philosopher will not accept that two things are exactly the same color
unless this (formally infinite) set of numbers is identical in each case. In practice, it’s not nearly
that hard, as we shall see. And your brain helps. But before we talk again about color matching
we need to look again at detectors.

Detectors: silver halide chemistry
By the first third of the nineteenth century it had long been known that certain silver salts were
sensitive to light. That is, silver chloride, silver bromide and silver iodide, if exposed to sunlight
(but not candlelight, an important fact), would turn from white to black. Chemically, the silver
ions in the compounds were being reduced to tiny flakes of silver metal, which block the light
coming from behind and thus look black. (Chlorine, iodine and bromine are three of the halogen
elements, hence silver compounds with them are collectively silver halides. Fluorine and
astatine are the other halogens. I’ve not come upon any reference to these two as photographic
ingredients, so I suspect that if even a century of Kodak research couldn’t turn up anything,
either their silver compounds are not usefully light-sensitive or they’re too difficult to work
with.) These silver halides are thus in principle light detectors.
And in fact you can take a sheet of while paper coated with silver chloride, place a leaf or a bit of
lace or a photographic negative on it, and set it out in the sun; after a certain time you’ll have an
image of the leaf or lace or picture. It will be a negative image, because the places the Sun has
shone on will be black while the shadows will be white (which is of course exactly what you
want with the photographic negative). The trouble was to stop things there, to keep the whole
sheet from turning black as you looked at your picture in daylight. The breakthrough was to find
a way to wash out the un-reduced silver halide when the picture was as dark as you wanted it to
be, a problem in chemistry. It was solved by William Henry Fox Talbot with the aid of Sir John
Herschel (the son of the man with the thermometer) in the 1830s. That was the basis of
essentially all photography up until about the 1980s.
There were, of course, enormous advances in sensitivity, reliability, convenience, and everything
else in the course of a century and a half, most of which are not important for us here2. The
starting point was always the chemistry of silver halide. And that chemistry is not the same as
our eyes. In particular, you can get silver halides to darken with ultraviolet light, invisible light
found out beyond the blue end of the visible spectrum; but you cannot do it with green or red
light. (You could safely look at a pre-Fox Talbot sunlight picture under candlelight, for instance,
which has little blue and almost no UV.)
So early photographs (up through the beginning of the twentieth century) look a bit different
from what we’re used to seeing. The sky is too bright (having a lot of blue and UV); most skin
tones are rather dark; red hair, freckles and red lipstick are black. (I understand that Max Factor
got his start by devising cosmetics that would make actors look normal on the early UV/bluesensitive movie film.) Later on, dyes were discovered that would capture the green light and
send its energy to the silver halide, making “orthochromatic” film; and eventually other dyes that
would do the same for red, giving “panchromatic” film.
It’s still possible to take pictures on ordinary film (with a special filter) in invisible ultraviolet
light. It’s not often done, but here is an example (on the next page). It shows an early autumn
2

The most important one was chemical development: finding that light would affect the silver halide, forming an
invisible latent image, without reducing it to silver immediately. The reduction step was actually carried out by a
chemical, the developer, later.

2014 urban farmers’ market, with vegetables out on the tables. This picture shows silver halide
chemistry that doesn’t correspond to our eyes. (What you would not see in an authentic antique
photograph is the sunscreen on some of the people, showing up like a coating of black oil.)
So have we detected color with silver halide photography? In a sense, yes. If we have an image,
the brighter parts must have shone in the UV or blue (or green or red, with the later films). As
far as representation of color goes, we haven’t. Once a bit of silver halide is reduced to silver,
there is no way to tell what wavelength of light did the trick.

Let’s go back to the prism spectrum, and this time take a picture with normal (panchromatic)
black-and-white film.
Of course it’s not nearly as pretty as the colored
version, and from a scientific point of view lacks
some of the information: you can’t tell where is
green and where is red, unless you already know
something about how prism spectra work. But it
demonstrates the fact that a spectrum is continuous,
and not in fact broken up into different blobs of color.
This color-blindness of a black-and-white picture allowed (and still allows) a great deal of
manipulation and interpretation, even in those far-off days before computers. Because a clear
sky is blue, one could place a yellow filter over the camera and make the sky look darker
(because yellow will absorb blue but pass other colors). A green filter would make vegetation
look brighter, and so forth. In principle the system is infinitely adjustable, subject only to the

cost of making a filter that would have the desired characteristics: passing everything above or
below a certain wavelength, for example, or between certain limits. In practice, such flexibility
is not often necessary, since almost everything that we’ll want to photograph has a pretty smooth
spectrum. That is, it doesn’t make much difference whether we consider this particular
wavelength or one nearby. (Which is good, because making custom filters is difficult and
expensive.)
Here is an example of an exception. This
is a spectrum of Sirius, a star near the Sun
but of a different class. As before, red is
to the left and blue to the right. If you
compare this to the Sun’s spectrum, you
can see that there are specific wavelengths
(black vertical lines) where Sirius hardly
shines at all. (There are dark lines in the
Sun’s spectrum also, but they aren’t
visible in my first picture because the Sun
shows a large disk that smears them out.) If your camera had a filter passing only one of these
narrow bands, you could make Sirius dark in your pictures. There are other stars in which these
same wavelengths are bright, and the surrounding spectrum dim. Astronomers like to play with
narrowband filters.
Color in the human eye
We do see color, so the human eye must be fundamentally different from a black-and-white
silver halide photograph. Under some conditions, though, its behavior is similar. When the
light-level is low, at night and even under bright moonlight, we use one type of detector in the
eye that does not distinguish color—this is scotopic vision. That’s why moonlight is silvery.
Under daylight, however, the eye shifts to a different set of detector-cells. These come in three
types, with three different sensitivities to color. They look like this:

The way to read the graph is to take a wavelength—say 450nm in the blue region. The “S”-type
detector-cell will respond greatly (the curve is high; the light will look bright to this kind of cell)
while the “M” and “L” cells will respond just a little. By 500nm the greatest response will be
from the “M” cells, though there will be some from each of the others. By about 650nm only the
“L” cells will respond at all. This is the raw photo-chemistry that goes on inside your eye.
The processing that goes on in the eye-brain system has to go the other way: given the response
from each of the type of cells, it must put them together and synthesize a particular perception of
color. Suppose (to take an easy example) the light you see is uniformly strong across the visible
spectrum. The response of each cell would be the same, and you see white. You would also see
white with just a narrow emission at each of 450, 540 and 570nm (the peaks of each of the
response-curves). The two situations would come from entirely different physical sources, but
would look the same color to you. This is how we get out of the problem I mentioned at the
beginning, of a spectrum in principle having an infinite number of degrees of freedom: your eye
reduces them to three. It’s how you can have, for example, a reasonably accurate painting of a
tree without having to glue leaves and bark onto the canvas.
You may note that the three curves are not very symmetric. In particular, the maximum for the
“S” cells (blue) is way out in the blue (where the background color in the picture is actually
almost black), while the “M” (green) and “L” (red) are very close. We’d probably call 570nm
green-yellow, not red. They don’t look very much like the three more or less evenly-spread
blobs in the first picture I showed you of a solar spectrum. That is another indication of the large
amount of processing that goes on inside your head before you’re allowed to see the result.

In fact much of the processing makes it easier to show things as you expect to see them.
Suppose you’re working at your desk in an office under a fluorescent light. You receive a
normal letter: the paper looks white, as it should. You take it home to think about it some more,
and read it again by the light of an incandescent bulb in your living-room lamp: it still looks like
white paper. But the “white” you see by a fluorescent lamp contains almost no red, and the
“white” of an incandescent bulb is mostly red (in fact most of the energy it puts out falls in the
invisible infrared). Your eye-brain system automatically makes this “white balance” adjustment
that is such a nuisance to digital photography (and, except for special cases, beyond the capacity
of film photography). You only notice it under certain conditions; for example, if you see an
office building with fluorescent interior lighting silhouetted against a magnificent red-orange
sunset.
Although the general behavior of the light-sensitive chemicals in the eyes is very much the same
in most people, there are variations. Suppose someone lacked the “M” type of cells entirely
(which happens). Then they would be unable to distinguish between the situation I mentioned
earlier, of narrow emissions at 450, 540 and 570nm, and one containing only 450 and 570nm:
both would look white. (One could come up with an infinite number of variations of this.) This
is one type of color-blindness. On the other hand, I’ve seen references to people who appear to
have four different types of color detectors in their eyes. I can only speculate on what a vivid
world they must live in.

Showing color with film
The problem of reproducing color has now been separated into two parts: first, reducing a scene
to its component brightnesses in a three-color system; then combining those monochromatic
images with the proper coloring into a reconstructed image. A scientist will worry about how
close we need to come, with filters and dyes and such, to the exact response-curves of the
chemicals in our eyes. It’s a valid concern, but one I want to leave aside for the moment.
One obvious way of capturing color in photography is to take monochrome pictures of a scene
through each of a set of filters, then shine light of the proper color through each of the pictures
projected on some convenient screen. This was done in the 1860s. Nowadays, we can do
something almost identical by combining the three monochrome pictures in a computer. Here’s
a scene in monochrome blue and green (notice, for instance, that the sky gets darker in green
light):

Now the red monochrome version (with the sky very dark indeed), and the combined color
picture:

This is reasonably successful, even without any of the sophisticated adjustments of color than
one can do on computers these days. However, you’ll notice that the people sometimes show up
as ghostly images in primary colors, because they’ve changed positions while the various filters
were being changed. That’s the main drawback of this method, its inability to get a color image
of moving objects. (Sometimes one does want surreal images in primary colors against a normal
background, but not often. And it’s hard to get good color images of people this way.)
There were a number of ingenious methods for capturing and reproducing color developed
during the first century of silver halide photography, some extremely clever and some
exceedingly difficult to do well. By far the most successful and generally useful technique used
different (very thin!) layers of chemicals coated onto the plastic film base.
The top layer, the one nearest the light, contains a version of the original silver halide emulsion,
sensitive to blue but not green or red. Next comes a yellow filter layer that prevents any blue
light penetrating further. After the yellow filter comes an orthochromatic layer, which is
sensitive to green and blue—but the blue light has been filtered out, so it only responds to green.
Below that is a silver halide layer sensitive to red and blue (with just the “pan” chemical, not the
“ortho”), which again sees no blue. If we stopped here we’ve have three monochrome images
captured at the same time, which is a step up from what I’ve demonstrated above.

But we can do better. In the top layer is a dye-coupler: a chemical that is normally clear, but
turns blue in the presence of reduced silver, in proportion to how much silver there is. That
means we get a blue image that reproduces the silver halide blue-sensitive image. In the middle,
green-sensitive layer is a green dye-coupler, and in the bottom layer a red dye-coupler. In
processing we wash out the reduced silver (which would give an interfering, grey-scale image)
and we’re left with a color transparency for projecting on the wall.
With different dye-couplers, we can turn blue sensitivity into a yellow image, green into magenta
and red into cyan: a color negative, which can then be printed by a similar color-negative process
to give a color print on paper.
The problem to solve in this technique is a chemical one—and I want to emphasize how difficult
it is. For each dye-coupler we need a chemical that is (i) sensitive to silver halide reactions, in a
specific and controllable way, and (ii) has a specific color when it does follow the silver halide.
The attempted solutions are many, all rather different, giving rise to a myriad of brands and types
of color film. Initially the color dyes were very subject to fading with time, were pretty slow
compared with black-and-white, required—still require—very careful temperature control in
processing, and were less convenient in other ways. Over decades they were tremendously
improved, to the point that monochrome images became unusual among the general public.

Some implications of color photography
So in the heyday of color film we have many different sets of dye couplers, plus different
approaches to the silver halide side of things, giving many different film emulsions. Each color
of each film has its own spectral sensitivity curve and its own contrast curve. Each film, then,
has its own particular look—a fertile ground for argument and prejudice among photographers
(which, of course, is the important part of any hobby). Each was a compromise between what
you wanted to show, and what the chemicals would allow.
Several families of emulsions were made in versions of intense color and natural color, the
former better for (say) landscapes with wildflowers, the latter for portraits of people. Each had
its own “white balance”—the color of light for which it gave accurate renderings. For example,
Kodachrome came in two distinct types, one for daylight use and a different one for tungsten
lights (which have much more red and much less blue than daylight). For more subtle variations
in illumination, there was (and is) a whole library of color-correction filters to get a good match.
It was something of a black art, both at the stage of taking the photograph and in the darkroom
later, printing it.
(Consider, for instance, a situation in which your green dye-coupler had a steeper contrast curve
than the other two. That means it would respond less strongly to weak light and more strongly to
bright light. Your shadows would look magenta: not enough green. The brightest areas would be
fine, but the middle-bright sections would be too green. There is an infinite number of variations
on this theme.)

In a way it’s surprising that the process works at all. None of the dye sets matches the color
sensitivity of the eye exactly, so in principle we’re working with inaccurate data to begin with.
What saves us from total disaster is the fact that very few things in normal life have abrupt
changes in their spectra. Even if something appears brightly colored, it doesn’t change much in
brightness from one wavelength to another nearby, so the exact curve we use is not important—
as long as we can adjust the three colors we’re using among themselves. (This is not always
true: remember the dark lines of the Sirius spectrum. I’ll come back to it at the end.)
There’s something of a paradox in the difficulty of getting a good color picture with film, and the
eye’s willingness to treat both fluorescent light and candlelight as “white.” I think it’s part of the
general rule that the eye is not good at detecting absolute levels—it adjusts to its environment.
But it is good at detecting differences. So once “white” has been established, the eye is not very
tolerant of unbalanced colors. It was a truism of the film days that, while one could do a great
deal in the way of expression in black-and-white (by working with filters and contrast and such),
color was either right or wrong.

Detectors: the charge-coupled device
But, of course, film photography is (except for a few of us dinosaurs) all in the past. Digital
cameras don’t use silver halide chemistry to detect light, and in its place something quite
different.
A charge-coupled device (CCD), the basis of digital photography, has a square array of lots of
picture elements—“pixels.” Each one is part of a large crystal of silicon, with some other
elements present in tiny quantities that are important to the function. A positive charge is
imposed on one face of the pixel, a negative on the other, by external electronics.
Light comes in distinct chunks called photons. (I am not going to go into the wave-particle
duality, or Planck’s constant; just accept this.) When one of these hits a crystal of silicon, it
often knocks an electron loose from one of the atoms. Normally the negatively-charged electron
is attracted back to the atom, which now has a positive charge, and no harm is done. But because
of the charge imposed on our CCD pixel’s faces, when the electron is knocked loose there, it
migrates to the face with the positive charge. Other electrons migrate away from the negative
face, which effectively move the atom now missing an electron toward that face. The net result
is a buildup of separated charges in our pixel proportional to the intensity of light. By carefully
shifting these around, a pixel-by-pixel map of light intensity can be read out, and we have a
digital picture.
The basic reaction, then, is light interacting with the silicon crystal. It turns out that, if properly
done, not only does silicon interact with a much higher proportion of light than silver halides do
(meaning it’s roughly a hundred times as sensitive to begin with), but it interacts with light
across the visible spectrum, plus out into the ultraviolet and infrared. So CCDs are panchromatic
to begin with.
But once the charges in the pixel are separated by the incoming photon, there’s no way to tell
what color that photon was. The basic reaction of the CCD is as color-blind as silver halide;
even more, if you want to count the extended spectral sensitivity. So we’re back to the situation
of a century ago if we want to capture and reproduce color electronically.
Astronomers are generally happy with monochrome CCDs, imposing filters at will, and making
color pictures the way I did a few pages ago, using separate exposures. Most astronomical
objects don’t change quickly enough for the delay imposed by shifting filters to be a problem.
The general public, though, is quite used to single-shot color, and expects it in cameras, so some
way of implementing it with this new detector had to be found.
The method used in almost all digital cameras today imposes a tiny colored filter in front of each
pixel. In each set of four pixels there are two green, one red and one blue filter, so the sensitivity
of the array matches roughly that of the human eye (which peaks in the green)3. The signal
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There’s also a filter that stops any invisible ultraviolet or infrared light, since people generally are not interested
in taking pictures of things they can’t see. The filter can be removed, if you know what you’re doing and are willing
to void your camera’s warranty. Digital infrared pictures are not hard to find on the internet.

(count of electrons on the positive face of the pixel) from all the green-filtered pixels is sent to
the green channel, which forms the green image; similarly for the red and blue pixels. There is a
certain amount of manipulation to account for the fact that each channel is shifted by a pixelwidth from the others, but that’s unimportant for us here. Here’s a diagram of the Bayer array of
filters over the grid of pixels:

A different way of recording color digitally, so far not very prevalent, takes advantage of the fact
that different wavelengths can penetrate further into the silicon before they’re absorbed. The
difference is not very much, thousandths of a millimeter, but it’s enough to work with. It
happens like this:

To record the colors, three sensors are installed at three different depths. Since it’s mostly the
red photons that reach the deepest, those are sent to the red channel; the middle ones go to the
green channel and the shallow ones to the blue channel. Now each color can be recorded for
each pixel. There are complications, different ones from the Bayer array, but in each case we
wind up with three different color channels.
The first important fact about digital color is that it is now controllable. Each channel is an
electronic file that can be adjusted for overall balance and contrast curve, well beyond anything
possible in the film days. In that sense, color photography as an expressive art only started with
digital imaging4.
The second important fact is that digital images are reproduced by many, many different devices,
each of which has its own set of colors. Each computer monitor is at least slightly different, each
set of printer inks different again; not counting the invisible software that controls the expression
of each color. Contrast this with the single set of dyes going into a given silver halide-based
color print, which might be seen by many people.
So while in principle digital color photography is far more controllable than film, and one can
produce an image more nearly according to one’s own vision; in practice it requires careful
calibration of camera, computer monitor and printer setup. And even then, if you opt for
publication on the internet, every computer will show it differently.
The third important fact about digital color, something it shares with film color, is that once the
three channels are determined (by the construction of the machine or the film) they’re set: you’ve
reduced the infinite number of degrees of freedom to three—a particular set of three. Most of the
time, for most scenes and objects, you can convert numbers in your set of three to a nearly
equivalent triad of numbers in another set.
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This is an overstatement, but about as true as any blanket pronouncement can be. Professional photographers
who work in color have agreed with it.

Final thoughts
What are the implications of all this for your photography? For most purposes, there aren’t any:
you’ll get reasonable color pictures automatically.
But as I scientist, I have a couple of lingering doubts about color photography. Capturing color
channels and then rendering them as black-and-white is not the same thing as capturing a full
spectrum in the first place. The difference is almost always imperceptible. But it shows up
when one plays with a prism, as in this picture of a solar eclipse:

The blobs of color would be smoothed out if I’d used black-and-white film. (But then, of course,
it wouldn’t be nearly so pretty.)
And there is an example I can think of in taking pictures on Earth, where the color triad you use
is very important. Here are two spectra of a streetlight, a low-pressure sodium-vapor light, taken
with two different types of film:

Most of the light emitted by such a lamp comes off in the orange sodium doublet, about halfway
between the main green and the red blobs in the pictures. It doesn’t look very bright here
(especially in the top one), because it falls between the maximum sensitivities of the color layers
of the film: it’s between the blobs in the eclipse spectrum above. So you’ve just thrown away
most of your light.

More importantly (and here I’m at the mercy of all the different devices that could be used to
render this file), the sodium doublet is a different color in each film. In the top it’s a sort of
yellow (at least in the original), showing about equal in the red and green channels; in the
bottom, clearly green—no red channel to speak of. There is no way to adjust the sodium
numbers in one system to match the other. Neither one, by the way, shows the orange color our
eyes see.
Now, low-pressure sodium lights are not prevalent today. They are more efficient at
transforming electricity to light than many other types, but the orange illumination bothers many
people. (I suspect this is because the light is both colored and monochromatic, which bothers our
processing circuitry.) But there are other line-emitting lights.
In general, if the colors of your rendering device are different from those in your capturing
device, you can expect to have difficulty in reproducing the exact colors you saw. If you are
very demanding or the differences are large, even the tremendously capable software now
available might not be capable of it. How often this situation comes up depends on your own
situation.
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