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Appendix 3.
Units for photochemical and
photobiological quantities
Optical radiation is able to cause chemical changes in certain living or non-living materials: this property is
called actinism, and radiation capable of causing such changes is referred to as actinic radiation. Actinic
radiation has the fundamental characteristic that, at the molecular level, one photon interacts with one
molecule to alter or break the molecule into new molecular species. In addition, optical radiation at infrared
wavelengths is able to cause thermal damage to living or non-living materials at high exposure levels,
although in this case the interaction is not at the single photon level. These interactions between incident
optical radiation and the material being irradiated can be described by defining specific photochemical or
photobiological quantities in terms of the result of optical radiation on the material in question and the
associated chemical or biological receptors.
In the field of metrology, the only photobiological quantity which has been formally defined for
measurement in the SI relates to the interaction of light with the human eye in vision. An SI base unit, the
candela, has been defined for this important photobiological quantity. Several other photometric quantities
with units derived from the candela have also been defined (such as the lumen and the lux, see Table 4 in
section 2.3.4.
Marginal note: The definition of photometric quantities and units can be found in the ILV: International
Lighting Vocabulary, CIE publication S 017/E:2011 or in the International Electrotechnical Vocabulary,
IEC publication 60050 (IEV), chapter 845: Lighting. The practical realization of these definitions can be
found in the mise-en-pratique for the candela, and further details of the basic conventions and how to apply
these definitions can be found in the joint BIPM/CIE technical report CIE 018 and the joint ISO/CIE
standard ISO 23539 CIE S 010 Photometry – The CIE system of physical photometry.

1.

Action spectrum

Optical radiation can be characterized by its spectral distribution. The mechanisms by which optical
radiation is absorbed by chemical or biological systems are usually very complicated, and are always
wavelength (or frequency) dependent. For metrological purposes, however, the complexities of the
absorption mechanisms can be ignored and the effect is characterized simply by an action spectrum linking
the photochemical or the photobiological response to the incident radiation. This action spectrum (or
weighting function) describes the relative effectiveness of monochromatic optical radiation at wavelength λ
to elicit a given response. It is given in relative values, normalized to one at the wavelength at which the
efficacy is a maximum. Action spectra are defined and recommended by international scientific or
standardizing organizations, particularly the International Commission on Illumination (CIE). The
weighting function may be combined with an efficacy constant relating the absolute photochemical or
photobiological response to the units of optical radiation; in photometry this is the spectral luminous
efficacy, expressed in lm W−1.
In photochemistry and photobiology, optical radiation measurements may be made in terms of the spectral
distribution of a radiant quantity (so-called spectral radiometric system) or the spectral distribution of a
photon quantity (so-called spectral photon system); hereafter referred simply as spectral power distribution
or spectral photon distribution, respectively. As the spectral power distribution and the spectral photon
distribution describe optical radiation in different units, a given photochemical or photobiological effect has
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two efficacy constants, one for each system. Furthermore, since the spectral power distribution is not
proportional to the spectral photon distribution, it follows that the weighting functions for these
measurement systems are also not proportional. To avoid confusion, it is essential when using an action
spectrum or weighting function to state the system (i.e. radiometric or photon) in which it is defined. There
is a close relationship governing the two efficacy constants and their respective weighting functions which
is described in the mise en pratique for the candela and associated derived units for photometric and
radiometric quantities in the International System of Units (SI), section 1.2.
For vision, two radiometric weighting functions have been defined by the CIE and endorsed by the CIPM:
V(λ) for photopic vision and Vʹ(λ) for scotopic vision. These are used in the measurement of photometric
quantities and are an implicit part of the definition of the SI unit for photometry, the candela. Photopic
vision is governed by stimulation of the cones on the retina of the eye, which are sensitive to a high level of
luminance (L > approx. 5 cd m−2), and are used in daytime vision. Scotopic vision is governed by
stimulation of the rods of the retina, which are sensitive to low level luminance (L < approx. 10−3 cd m−2)
and are used in night vision. In the domain between these levels of luminance both cones and rods are used,
and this is described as mesopic vision.
Other radiometric action spectra for other photobiological effects have also been defined by the CIE, such
as the erythemal (skin-reddening) action spectrum for ultraviolet radiation, but these have not been given
any special status within the SI.
Photochemical and photobiological actinic processes are often impacted by other factors. For example,
thermal absorption may alter the actinic efficacy of radiation of a given wavelength, or optical filtering may
arise due to intervening layers between the optical radiation source and the actinic layer. It is often
convenient to use action spectra that combine these types of modifying effects with the actinic effect,
particularly for the various retinal responses to optical radiation. Therefore, the term action spectrum can
also refer to weighting functions used to derive spectrally weighted quantities based on photochemical and
photobiological effects that are not purely actinic.

2.

Measurement of photochemical or photobiological quantities
and their corresponding units

The photometric quantities and photometric units which are defined for vision are well established and
have been widely used for a long time. They are not affected by the following rules. For all other
photochemical and photobiological quantities the rules given below shall be applied for defining the units
to be used. This method was recommended by the Consultative Committee for Photometry and Radiometry
at its 9th meeting in 1977 for use with action spectra expressed in terms of the spectral radiometric system
and was contained in Appendix 3 of the 8th SI brochure. The CCPR at its 23rd meeting in 2016
recommended that this wording be revised for the on-line version of this Appendix in the 9th SI brochure to
clarify the use of action spectra expressed in terms of the spectral photon system as well as the spectral
radiometric system.
A photochemical or photobiological quantity is defined in purely physical terms as the quantity derived
from the corresponding radiant quantity by evaluating the radiation according to its action upon a selective
receptor, the spectral sensitivity of which is defined by the action spectrum of the photochemical or
photobiological effect considered. The quantity is given by the integral over wavelength of the spectral
distribution of the radiant quantity weighted by the appropriate weighting function. The use of integrals
implicitly assumes a law of arithmetic additivity for photochemical or photobiological quantities, although
such a law is often not perfectly obeyed by actual effects. The weighting function is a relative quantity; it is
dimensionless, with the SI unit one. The radiant quantity has the radiometric unit corresponding to that
quantity. Thus, following the rule for obtaining the SI unit for a derived quantity, the unit of the
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photochemical or photobiological quantity is the radiometric unit of the corresponding radiant quantity; this
also means that for compliance with the SI, the efficacy constant is unity. When giving a quantitative value,
it is essential to specify whether a radiometric or spectrally weighted quantity is intended, as the unit is the
same. If a given photochemical or photobiological effect exists in several action spectra, the action
spectrum used for measurement has to be clearly specified.
As an example, the erythemal irradiance, Eer, from a source of ultraviolet radiation is obtained by weighting
the spectral irradiance at wavelength λ by the effectiveness of radiation at this wavelength to cause an
erythema and summing over all wavelengths present in the source spectrum over the full wavelength range
of the action spectrum. This can be expressed mathematically as:
Eer = ∫ Eλ(λ) ser(λ) dλ

Equation A3.1

where Eλ(λ) is the spectral irradiance at wavelength λ (usually reported in the SI unit W m−2 nm−1), and
ser(λ) is the erythema spectral weighting function expressed in the spectral radiometric system and
normalized to 1 at its maximum spectral value. The erythemal irradiance, Eer, determined this way is
reported in the SI unit W m−2.

3.

Conversion of action spectra between spectral radiometric system
and spectral photon system

As described above, in photochemistry and photobiology optical radiation measurements may be performed
in terms of the spectral power distribution or the spectral photon distribution. If an effect is purely actinic,
i.e. a purely chemical/molecular interaction, the magnitude of the effect is governed by the number of
photons absorbed and thus the weighting function in the spectral photon system is proportional to the
absorption spectrum of the actinic material. In this case, it is necessary to apply a conversion to the
absorption spectrum before it can be used in the spectral power distribution system. In contrast, if an effect
is purely thermal, i.e. related to heating without a chemical change and hence dependent on the energy
absorbed, the weighting function in the spectral radiometric system is proportional to the absorption
spectrum; in this case a conversion must be applied to the absorption spectrum to allow use in the spectral
photon system.
Photochemical and photobiological quantities may be determined using either the spectral radiometric
system or the spectral photon system, so it is essential not only to apply the correct weighting function but
also to make clear the system being used when describing the quantity. Thus by analogy to Equation A3.1,
the erythema caused by a source of ultraviolet radiation can be characterized in the units of the spectral
photon distribution system using the erythemal photon irradiance:
Ep,er = ∫ Ep,λ(λ) sp,er(λ) dλ

Equation A3.2

where Ep,λ(λ) is the spectral photon flux 1 per unit area at wavelength λ (usually reported in the unit s−1 m−2
nm−1), and sp,er(λ) is the erythema spectral weighting function expressed in the spectral photon distribution
system and normalized to 1 at its maximum spectral value. The erythemal photon irradiance, Ep,er,
determined in this way is usually reported in the unit s−1 m−2, as the number of photons is dimensionless.
It follows directly from the above equations that the relationship between the expressions for the spectrally
weighted quantity in the two systems depends on both the spectral shape of Eλ(λ) and the action spectrum.
However, for a general response process A, the relationship between the shapes of the two spectral

1

Photon flux is the number of photons emitted, transmitted or received per unit time interval, usually reported in
the unit s−1.
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weighting functions s p,A (λ ) and s e,A (λ ) (in the photon system and radiometric system, respectively) that
can be used to describe the effect is governed by:

sp,A (λ ) = γ A ⋅

hc

λ

⋅ na (λ ) ⋅ se,A (λ )

Equation A3.3

where γ A is a constant (reported in units of J−1), independent of the spectral irradiance, Eλ(λ), that satisfies
the requirement to set the maximum values of s p,A (λ ) to 1, h is the Planck constant, c is the speed of light
in vacuum, and na(λ) is the refractive index in air 2 at the given wavelength, λ. It should be noted that the
two spectral weighting functions s p,A (λ ) and s e,A (λ ) describing the same effect are different in form,
and the peak wavelength of the effect is different when expressed in photon quantities or radiometric
quantities.

2

Action spectra are defined in terms of the magnitude of the effect as a function of wavelength. The wavelength
of radiation depends on the refractive index of the medium, meaning that the value of the action spectrum at any
stated wavelength will vary depending on the medium for which that wavelength is determined. In general, the
medium under consideration is air and the CIE action spectra mentioned above apply for wavelengths measured
in air.
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