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6.1 Introduction

Natural light at the surface of the Earth is almost synony-
mous with light from the sun. Light from other stars has, as
far as is known, photobiological importance only for naviga-
tion by night-migrating birds and some beetles Dacke et al.
(2013).

Moonlight, which originates in the sun, is important for
the setting of some biological rhythms. A full moon may per-
turb the photoperiodism of some short-day plants and also
synchronize rhythms in some marine animals.

However, the majority of photobiological phenomena are
ruled by daylight, and we shall devote the remainder of this
chapter to this topic. We shall treat the shortest wavelength
components of daylight, UV-B radiation, at the end of this
chapter, as special problems are involved with this wave band.

6.2  Principles for the Modification

of Sunlight by the Earth’s Atmosphere

As mentioned earlier, the radiation from the sun (Fig. 6.1) is
spectrally very similar to blackbody radiation of 6,000 K
(above 700 nm 5,777 K). There are, however, deviations
both in the basic shape and due to reabsorption (Fraunhofer
lines) of some light by gases in the higher, cooler layers of
the sun.

The Earth’s atmosphere reflects, refracts, scatters, and
partially absorbs the radiation from the sun and thereby
changes its spectral composition considerably. Part of
the absorption and Rayleigh scattering is due to the main
gases in the atmosphere, the concentration of which can
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be regarded as constant. Another part is due to ozone and
water vapor (see Stomp et al. 2007), which occur in highly
variable amounts. A third part is due to aerosol, which is
also highly variable. The absorption causes loss of light,
while scattering causes some light to be lost to space, while
another part appears as diffuse light (skylight). Light is also
reflected by clouds and thereby mostly lost to space, but this
will not be considered in detail here. Light reflected from
the ground is partly scattered downward or reflected from
clouds and again appears at the surface as diffuse light, and
for this reason, the ground reflectivity has some effect on
skylight.

Daylight is also strongly dependent on the elevation of
the sun above the horizon (90° minus the solar elevation is
called the zenith angle of the sun and often symbolized by
the Greek letter theta, @), because the lower the sun, the
more air the rays must pass before they reach the ground.
Daylight can be considered as composed of two compo-
nents—direct sunlight and scattered light. The scattered
light is in most cases dominated by skylight, while some
may reach the observer as scattered from the ground,
trees, etc.

Extraterrestrial solar spectrum
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Fig. 6.1 The spectrum of sunlight on a plane perpendicular to the
direction to the sun, outside the Earth’s atmosphere
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6.3 The UV-A, Visible, and Infrared
Components of Daylight in the Open
Terrestrial Environment Under Clear

Skies

Accurate methods for computational modeling of daylight
depart from the radiative transfer theory described by
Chandrasekhar (1950). However, the fundamental formulas
usually cannot be used directly; different approximations
have to be used for various cases, and this is nothing for the
average biologist to work with. However, as long as we are
dealing with clear skies (no clouds) and relatively long
wavelengths (near-infrared, visible, and UV-A radiations)
and as long as we stay above water and vegetation, daylight
can be well described by methods that are more easily
handled.

A simple and for most purposes adequate procedure for
this has been published by Bird and Riordan (1986). Their
model, SPCTRAL?2, has become very popular, and their
paper had been cited over 340 times when this is being writ-
ten. An alternative approach for part of the spectrum is that
of Green and Chai (1988). We shall use the approach of Bird
and Riordan (1986) here to show how the direct component
(sunlight) and the component scattered by the atmosphere
(skylight) vary with the solar elevation (i.e., with the zenith
angle). The same algorithm can be used also for visualizing
how other factors, such as air pressure, air humidity, aerosol,
ozone column, and ground albedo, affect daylight. We show
the result only from 300 to 800 nm, but the paper by Bird and
Riordan (1986) can be used to model radiation up to 4 pm,
i.e., 4,000 nm. Hulstrom et al. (1985) have published values
for airmass 1.5 (i.e., a solar elevation of 41.8° above the hori-
zon for a standard atmosphere).
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Fig. 6.2 Irradiance at noon (leff) and just before sunset (right) from
above on a horizontal plane in Lund (south Sweden, 55.7°N, 13.4°E) on
July 15, 2002, as computed using the algorithm of Bird and Riordan
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Figure 6.2 shows three spectra, representing the direct
sunlight, the skylight (diffuse radiation), and their sum, the
so-called global radiation (the total daylight). Note that the
skylight has its maximum moved toward shorter wavelengths
compared to the direct sunlight. This corresponds to the fact
that the sky appears blue in color and also to the fact that
Rayleigh scattering is inversely proportional to the fourth
power of the wavelength.

Figure 6.3 shows the irradiance on a horizontal plane and
the one for the irradiance on a vertical plane in the compass
direction (azimuth) toward the sun. These spectra are rather
different. The sunset sunlight is of course much stronger in
the horizontal direction (on a vertical plane). The scattered
light is now not only skylight but also light scattered from the
ground, and therefore, it contains much more long-wave
components. Note also how deep the absorption bands for
water vapor and oxygen have become, because the light must
pass so much air when the sun is so low in the horizon. We
can see from this that the concept “daylight spectrum” has no
meaning if the geometry of measurement is not specified. We
would get a third set of spectra for the fluence rate. The flu-
ence rate can also be readily calculated using the algorithm
of Bird and Riordan (1986), slightly modified: the diffuse
component should be doubled, and the factor cosinus of inci-
dence angle should be dropped in the expression for the
direct component (sunlight).

The algorithm of Bird and Riordan (1986) assumes the
skylight to come equally from all over the sky, or, in other
words, the sky radiance is uniform. This is an approxima-
tion, and other more accurate descriptions exist. A model
based on radiative transfer theory has been published by
Liang and Lewis (1996), while the group of R. H. Grant
(Grant and Heisler 1997; Grant et al. 1996a, b, 1997), based
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(1986). The ozone column was assumed to be 300 Dobson units and the
ground albedo 0.2, aerosol 0, and air pressure 1,000 mbar
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Fig. 6.3

on measurements, has developed a set of very simple models
for various cloud conditions.

The paper by Bird and Riordan (1986), as stated in its
title, deals only with clear skies. In modeling the diffuse sky-
light, it assumes the sky to have uniform (isotropic) radiance.
This latter approximation works very well as long as we are
interested only in the irradiance on a horizontal or nearly
horizontal plane. For some other purposes, it may be of inter-
est to model more exactly the variations in sky radiance, and
how this can be done (in a relative sense also for cloudy con-
ditions and for UV-B radiation) in a simple way has been
described by Grant et al. (1996a, b, 1997) and Grant and
Heisler (1997) in a series of papers, with a summary pres-
ently available at http://shadow.agry.purdue.edu/research.
model.skyrad.html.

For direct sunlight, another method that is said to have
some advantages (although not tested by the present author)
has been published by Oke et al. (2010). In one test, under
stable cloud-free conditions, it agreed well with the model of
Bird and Riordan (1986), while in another, under frequently
changing clouds test, it agreed much better with measured
data than the older model did. This is not a pure calculation
method, but requires for each occasion normalization against
a pyrheliometer measurement, which explains the better
agreement with spectroradiometer measurements under
changing cloud conditions.

Sky radiance distribution, i.e., distribution of brightness
across the sky, depends on several factors, including the
position of the sun, cloudiness, and wavelength. The reader
is referred to Roman et al. (2012) for information about mea-
surement and computer modeling of this.

Skylight is elliptically polarized (i.e., partly plane polar-
ized), which is important for some animals who are able to
determine the direction of polarization and use it for orienta-
tion (see, e.g., Labhart 1999). The degree of polarization can
be approximated by p = p,-sinu/(1+cos’u), where u is the
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Same as Fig. 6.2, except that the plane is vertical and pointed in the compass direction of the sun

angular distance from the sun. The value of p, is never more
than 94 %, usually lower, depending on aerosol in the air,
reflection from the ground, etc. The direction of the major
electrical vector is approximately along the circumference of
“circles” on the sky with the sun in the center (e.g., Schwind
and Horvath 1993). A few comments should be added to this
simplified description (again, a more exact mathematical
description can be obtained using the radiative transfer the-
ory). Thus, the polarization is increased in the spectral bands
where the terrestrial atmosphere absorbs strongly (Aben et al.
1999). When the sun is higher than about 20° above the hori-
zon, there are two points within 20° of the sun, one above and
one below, where polarization is zero. When the sun is less
than about 20° above the horizon, one such point is located
about 20° above the antisolar point (Bohren 1995, 2004).

6.4  Cloud Effects

Clouds usually decrease both the irradiance and the degree
of polarization of daylight. However, under some circum-
stances, clouds can cause the irradiance above the values it
would have had without clouds. This effect is particularly
pronounced when most of the sky is overcast but the sun is
not in clouds and when the ground is snow covered or other-
wise highly reflecting.

6.5 Effects of Ground and Vegetation

Reflection from the ground is particularly important in the
ultraviolet, since ultraviolet light reflected upward by the
ground is partially scattered downward again by the atmo-
sphere and the ground cover thus affects also downwelling
radiation. The effect of reflection from the ground is greatest
when it is covered by snow. Reflection from the ground can
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be quite important for the visible spectrum and for plant
growth, as shown by Hunt et al. (1985) and Kasperbauer and
Hunt (1987).

Penetration of light into the ground is important for the
germination of seeds. Soil transmission generally increases
with increasing wavelength, thus giving buried seeds a far-
red-biased environment (Kasperbauer and Hunt 1988).

Plant canopies absorb visible light and ultraviolet radiation
but reflect and transmit far-red light and near-infrared radia-
tion. Light in or under green vegetation is therefore strongly
biased toward the longer wavelengths, a fact that is of para-
mount importance to the plants subjected to this regime. The
plant-filtered light forces the phytochrome system to the Pr
(inactive) state (Holmes and Smith 1977; Kasperbauer 1971,
1987; Smith 1986).

It is now possible to measure light inside plants and ani-
mals (Marijnissen and Star 1987; Star et al. 1987; Vogelmann
1986).

6.6 The UV-B Daylight Spectrum

and Biological Action of UV-B

At the short-wavelength end of the daylight spectrum is
the UV-B spectral band, 280-315 nm. This band is of par-
ticular interest because it is highly biologically active
(mostly inhibitory). It is more difficult to measure than
visible light and UV-A radiation because irradiance and
fluence rate are lower. It is also more difficult to model
than other daylight, because the spectral irradiance at
ground surface is highly variable and dependent on
other factors in addition to those influencing the longer
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Fig. 6.4 The variation of daylight during a cloud-free day (July 5,
1994) at Abisko in northern Sweden (68.35°N, 18.82°E). The left panel
shows photosynthetically active radiation (PAR, 400-700 nm), the right
panel UV-B radiation. The UV-B radiation was weighted with a
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wavelength components. The main factors influencing
UV-B spectral irradiance at ground level are the elevation
of the sun above the horizon and the amount of ozone in
the atmosphere (Fig. 6.4).

A computer program to study the effects of these and
other factors on the UV-B spectral irradiance and estimate
the biological action was designed by Bjorn and Murphy
(1985) based on Green (1983) and is further described by
Bjorn (1989) and Bjorn and Teramura (1993). A more accu-
rate code that can also be used for visible light and is based
on radiative transfer theory is that of S. Madronich, presently
available on the Internet (http://cprm.acd.ucar.edu/Models/
TUV/).

UV-B is more highly scattered than longer daylight com-
ponents, and even under clear skies, much of it reaches the
ground as skylight rather than direct sunlight. Thus, the flu-
ence rate can be appreciable even in shadow. If the ground is
snow covered and especially if the snow is fresh, much radia-
tion can reach the observer from snow. Snow also increases
the ultraviolet component of skylight, because radiation
reflected from the ground is to an appreciable extent scat-
tered down again by the atmosphere.

Also, underwater ultraviolet radiation has its special mea-
suring and modeling problems. In freshwater bodies and
coastal water, the amount of UV-B-absorbing dissolved sub-
stances is usually so high that UV-B radiation does not pen-
etrate very far. Exceptions are some Alpine lakes. But in
clear ocean water, such as that in the Southern Ocean, UV-B
radiation can be measured down to 60 m, and biological
effects can be recorded at a depth of 20 m.

We shall return to UV-B radiation later, especially in
Chaps. 21, 22, 23, 24, and 25.
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mathematical function to enhance the biologically more active shorter
wavelength components. The horizontal axis shows Universal Standard
Time. Note that the UV-B is more concentrated toward the middle of
the day than is PAR (From Bjorn and Holmgren 1996)
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