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Abstract 

Although the use of LED lighting is now widespread in museums, galleries, and archives, to 
date no confirmed image permanence standards for LED lamp exposure of photographic and 
graphic arts prints have been published.  This paper comprises an overview of the 
considerations involved in the selection and classification of LED lamps for use in an image 
permanence test method standard that is currently under development by ISO Technical 
Committee 42.  Relevant lighting parameters of colour rendering indices, relative spectral 
irradiance, and correlated color temperature will be discussed.  The advantages and 
disadvantages of different methodologies for the measurement and classification of these 
parameters will be assessed.  The effects of these parameters on the fading and color changes 
in photographic prints under LED lamps will be compared with fluorescent and tungsten-
halogen lamps. The paper will conclude with a summary of ongoing research and the next steps 
in the development of the LED lamp image permanence standard test method. 
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Introduction   
ISO/TC42 (Photography) WG5 has published many image permanence test method standards.  
Relevant standards that include light exposure include ISO 18950 for general light exposure 
under museum conditions, ISO 18930 for accelerated outdoor exposure simulations, and the 
ISO 18937 series for indoor light exposures.  We have chosen to separate ISO 18937 into three 
parts, with ISO 18937-1 containing an introduction and the requirements that are common to 
all parts, ISO 18937-2 for testing with a xenon arc lamp, and, currently in development, ISO 
18937-3 for indoor exposure of analog and digital images to LED lighting.  It is noted that there 
are still no published standards for exposure of any types of printed materials or other objects 
to LED lighting, so ISO 18937-3 is very likely to be the first. 
The new LED exposure test method covers two use cases:  home – office – commercial display; 
and museum – gallery – archival applications.   For each use case it has been agreed that 
technical parameters of several types will be specified: correlated colour temperature (CCT), 
relative spectral irradiance (RSI), and metrics for colour fidelity from two colour rendering 
indices (CRI).  The remainder of this paper will be devoted to the description of the history of 
these classes of parameters and their application to LED exposure of images. 
 
Materials and Methods 
A total of 18 consumer blue-pump LED lamps were purchased in 2020 and 2021 at retail outlets 
in the United States to serve as a representative sample of consumer LED lighting in North 
America.  Ten of these lamps had a CCT of approximately 5000 K, and eight of them had a 
CCT around 3000 K.  None of these lamps have the colour rendering indices high enough to be 
deemed suitable for museum and gallery use. In addition, one violet-pump LED lamp with high 
colour rendering index that is currently in use by several major museums was obtained online.  
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The authors had hoped to visit several museums and conferences to obtain more of the high-
CRI LED lamps, but COVID-19 travel restrictions limited those visits. 
The spectra from 250 to 850 nm, CCT, CRI, and other properties of the lamps were measured 
in the Wilhelm Imaging Research lab with an Allied Scientific Pro SRI-2000-UV 
Spectroradiometer.  Additional analysis was performed to calculate accurate values of the IES 
TM-30 colour fidelity and colour gamut indices. 
 
How Do LED Lamps Create “White” Light? 
The bandwidth of an LED emission peak is typically only 10 to 40 nm wide, so it covers a very 
small portion of the visible spectrum and emits a colour characteristic of that spectral range.  
There are currently three ways in which LEDs are used to create light that appears to be white: 

1) The most common method is to use a blue or violet LED chip as a “pump” that emits 
light that is partially absorbed by phosphors that then emit the green – yellow – orange 
– red parts of the visible spectrum via the process of fluorescence.  This approach is 
depicted in Figure 1. The use of violet rather than blue pumps can often improve the 
colour rendition in the cyan region of the spectrum, but it requires more expensive 
LEDs. 

2) Red, green, and blue monochromatic LEDs may be used with colour-mixing optics or 
electronic controls to create white light.  The primary drawback of this approach is that 
there can be large spikes corresponding to the peak wavelengths with very little or no 
spectral irradiance between them. 

3) A hybrid approach can be used in which multiple discrete monochromatic LEDs are 
combined with phosphors in the same lamp.  Red is often the second LED to be added 
in order to improve the colour rendering of the red portion of the spectrum.  The use of 
green LEDs is addressed below. 

 

 
 

Figure 1:  Example of an LED lamp relative spectral irradiance.  This lamp has a violet pump peak at approximately 410 nm that excites 
several phosphors to create the rest of the visible spectrum. 

 
An important innovation in the lighting market has been the development of tunable LED lamps 
that can change their CCT from “warm” to “cool” lighting.  The simplest method to implement 
tunability is to manufacture a strip of lighting elements with both low CCT and high CCT pump-
phosphor LEDs.  Colour temperatures below the minimum and maximum CCT can be 
approximated by controlling the percentage of low CCT and high CCT elements that are 
activated.  It has been discovered recently that the colour accuracy at intermediate CCT levels 
of these tunable systems can be improved by the addition of a green LED, as this keeps the 
output closer to the blackbody locus on a chromaticity diagram (McGrath, 2021). 
A recent development for the museum and gallery use case is LED lamps which employ a filter 
that clips off the blue or violet peak of a pump-phosphor LED lamp (Yamagiwa, 2021).  The 
goal of this development is to approximate the visible spectrum of tungsten-halogen Illuminant 
A and its nearly perfect colour rendition, but with greatly reduced UV and IR content.  The 
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result should be reductions in both the surface temperatures and the photodegradation processes 
of analog and digital images.  
 
Correlated Colour Temperature (CCT) 
The correlated colour temperature may be defined as the colour of light emitted at a particular 
temperature by an idealized opaque, non-reflective, perfectly-emitting blackbody.  For real light 
sources, the closest point along the Planckian locus is taken as the CCT.  For most consumers 
of lighting, it corresponds to their perceptions of “warm” or “cool” light.   
For the home – office – commercial use case, ISO 18937-3 uses a CCT of 5000 ± 250 K as the 
representative value.  For the museum, gallery, and archive use case, the preferred CCT range 
will be 3000 ± 300 K, as this corresponds to the traditional tungsten-halogen lamps that were 
once the dominant light source in museums, galleries, and archives. 
 
Relative Spectral Irradiance (RSI) 
The relative spectral irradiance (or spectral power distribution) of the light source strongly 
influences the photodegradation of photographic and print materials during display.  In general, 
since photon energy increases as the wavelength decreases, shorter wavelengths of light in the 
RSI are associated with increased photodegradation.  However, it should be noted that each 
colorant or material also has its own action spectrum that describes its propensity to participate 
in photodegradation reactions as a function of wavelength. The interaction of the RSI and these 
action spectra determine the types and rates of change for the image and its supports (Saunders, 
2020). 
As an illustration of this effect, consider the changes in RSI for a tunable LED lamp as the CCT 
is changed in Figure 2.  At 5000 K, a daylight or cool lamp setting, the peak emission due to 
the blue LED pump is quite high, but the height and area under this peak is reduced significantly 
as the CCT decreases.   Since that peak is the dominant feature of the short-wavelength end of 
the lamp spectrum, it is expected that for many imaging materials and colorants that the area 
under this peak will correlate with some photodegradation processes. 
 

 
 

Figure 2:  Changes in relative spectral irradiance corresponding to changes in correlated colour temperature for a tunable LED lamp. 
 
As there are many types of LED lamps available, an LED exposure test method standard can 
only be meaningful if the relative spectral irradiance of the lamps can be classified and specified 
in some fashion.  Otherwise, the use of LED lamps with greatly different RSI would give test 
results that could not be considered comparable. 
One issue of concern is that there are no widely-accepted definitions of blue and violet light in 
terms of wavelengths, so the industry terms “blue-pump” and “violet-pump” LED lamps are 
unclear.  For this reason, attempts were made to define classes of LED lamps for this standard.  
However, after decisions were made to use subsets of the “blue-pump” LED lamps to represent 
both use cases and to not use any “violet-pump” LEDs in the initial version of the standard, it 
was decided that we should instead use the CIE terminology “blue excited phosphor type 
LEDs”.  
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Colour Rendering Index (CRI) Metrics 
The International Commission on Illumination (CIE) defines a colour rendering index as the 
effect of an illuminant on the colour appearance of objects by conscious or subconscious 
comparison with their colour appearance under a reference illuminant (CIE, 1995).  The 
reference should be a light source that represents all visible wavelengths well, such as a 
blackbody. Colour quality or accuracy metrics are generally defined so that a value of 100 
corresponds to perfect color accuracy. 
The first commonly accepted, and most widely used, colour metric is the CIE Ra value (CIE, 
1995).  This method specifies a set of 14 “test colour samples” for use in CRI measurements 
(Figure 3), but the CIE Ra value is calculated using only the first eight of the test colour samples. 
 

 
 

Figure 3:  CIE test colour samples for use in CRI measurements (CIE, 1995) 
 
Tungsten filament incandescent lighting generates a continuous spectrum of light that 
represents all wavelengths strongly, so the colour rendering is excellent.  However, that is not 
always the case for other light sources.  Table 1 shows representative values of Ra for many 
common lighting technologies (Wikipedia, 2022) 
 

Table 1:  Representative values of colour rendering index Ra and correlated colour temperature for common light sources.  Non-LED data 
from (Wikipedia, 2022). 

Light Source CCT (K) CRI (CIE 
Ra) 

Coated mercury vapor 3600 49 
Tri-phosphor warm white fluorescent 2940 73 
“Standard” LED lamp 2700-5000 83 
Tri-phosphor cool white fluorescent 4080 89 
High CRI LED lamp (Blue LED with R+G phosphors) 2700-5000 95 
Ultra High CRI LED Lamp (Violet LED with R+G+B 
phosphors) 2700-5000 98 

Tungsten incandescent or halogen bulb 3200 100 
 
The reasons that some LED lamps do not render colour well can be inferred from the RSI in 
Figure 2.  There is a “cyan gap” with low irradiance between the blue LED pump peak and the 
output from the green phosphor, and the irradiance in the red region is not high enough.  These 
two problems cause particular issues with the rendering of test colour patches 9 and 12, 
respectively.  The use of violet LED pumps, blue phosphors, and additional red LEDs are 
typical for the ultra-high CRI LED lamps. 
Although CIE Ra is widely used and cited in packaging and advertisements, several aspects of 
the measurement and calculation methods have been criticized (CREE Lighting, 2019).  The 
most obvious is the selection of test colour samples.  Only the first eight patches in Figure 3, 
all of which are low in chroma, are used to calculate Ra.  Consequently, Ra values can be 
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deceptively high. The addition of test colour samples 9-14 in the calculation can result in 
significant decreases in the CRI index.  The use of only low-chroma patches also penalizes 
brighter light sources that increase chroma, which is often seen as desirable.  Since the test 
colour patches used for Ra are not very representative, the value can often be extremely 
sensitive to the exact location of the blue emission peak in LED lamps (Ohno, 2004). 
The calculation method for Ra uses CIE 1964 U*V*W* colour space, which is not uniform in 
the red region of the spectrum and is not perceptual, so errors in all directions are equally 
weighted. The chromatic adaptation transform does not work well for a CCT above 8000 K or 
below 3000 K (Ohno, 2004), and the method is restricted to white light sources.  The reference 
illuminant for CIE Ra is discontinuous, with a step change at 5000 K CCT.  Below that value 
of CCT the reference illuminant is the theoretical Planckian blackbody radiation spectrum.  
Above 5000 K CCT the reference illuminant is outdoor daylight (CREE Lighting, 2019). 
To mitigate these problems with the CIE Ra, the Illuminating Engineering Society of North 
America (IES) formed a task group to build upon previous colour fidelity and gamut area 
research to develop new metrics.  This resulted in the creation of IES TM-30-15 (and 
subsequent -18 and -20 updates) (United States Department of Energy, 2016).  This system 
utilizes 99 colour patches that were statistically selected from spectral reflectance 
measurements for paints, textiles, inks, and skin tones.  Calculations are performed in the 
perceptually-uniform CIECAM02 space.  The reference illuminant for TM-30 is the same as 
that for CIE 13:3 above CCT of 5500 K and below 4500 K, but is a linear blend of those two 
spectra between 4500 K and 5500 K to avoid the step change present for CIE 13:3 Ra (CIE 
2017). 
The colour fidelity index Rf is analogous to the CIE Ra.  There are also hue fidelity indices for 
16 hue bins and for a series of skin tones.  In addition to all of the fidelity indices, there is also 
a gamut index, Rg, that compares the gamut size to the reference illuminant.  Even more hue-
specific information can be depicted with colour vector graphics that use arrows to show hue 
shifts and local gamut expansions or contractions.  The colour fidelity index Rf has now been 
accepted by CIE and the method was published in CIE 224:2017 (CIE, 2017).  Initial 
psychophysical experiments indicate that Rf correlates better with perceived colour differences 
than Ra (Royer, 2018). 
 
Specifications for CCT, RSI, and CRI for the Two Use Cases 
The spectral data measurements from the 18 LED lamp survey introduced in the Materials and 
Methods section have been used to analyze the RSI characteristics and CRI performance.  The 
CRI statistics are detailed in Table 2 and Figure 4.  As expected (Royer, 2015), the CIE Ra 
values are generally a bit higher than the TM-30 Rf values at high CRI levels.  The early working 
drafts of this test method standard included minimum values of the colour rendering index 
fidelity metrics, but it was decided during the October 2022 meeting (NOTE: Following the 2nd 
Colour Photography and Film Conference presentations in Florence, Italy) that minimum 
values of these colour fidelity metrics would not be specified because many users of the 
standard would not have sufficient data in this regard.  Instead, only the RSI profile and CCT 
will be used as LED lamp specifications for testing.  
 
Table 2:  LED lamp colour rendering statistics from measurements with Allied Scientific Pro SRI-2000-UV Spectroradiometer; data for 420 

nm violet LED taken from the manufacturer (Nichia, 2022) 

LED CCT (K) LED Pump Peak 
Wavelength (nm) 

CIE 13:3 Ra IES TM-30 Rf 

  Average STDEV Average STDEV 
2600 - 3200 440 – 480  blue 92.5 3.3 91.8 2.6 

3055      411  violet 95.2 ----- 91.5 ----- 
4700 – 5300 440 – 480  blue 91.2 4.9 90.1 3.6 
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4985      420  violet 99.0 ----- 97.2 ----- 

 
 

Figure 4:  Correlation between CIE Ra and IES TM-30 Rf from LED lamp survey and spectral measurements 
 
Relative spectral irradiance has the greatest effects on image photodegradation in the 
ultraviolet, violet, and blue regions of the spectrum.  Above 600 nm, radiation does not have 
sufficient energy to cause any reactions that degrade colorants or binders, so it is not critical to 
specify the RSI in passbands above that wavelength.   
The relative spectral irradiance limits for blue excited phosphor type LEDs in Table 3 
correspond to the lamp survey averages plus or minus two to three standard deviations.  For the 
critical region between 400 and 550 nm that is expected to drive most image degradation, 30 
nm passbands are used to define the lamp requirements.  It should also be mentioned that the 
passband edges were intentionally chosen to avoid the 444 – 453 nm range of the blue LED 
pump peaks for most lamps that were measured.  Note that these limits for LEDs in the 
ultraviolet wavelength range are one or two orders of magnitude lower than spectra typical for 
fluorescent, xenon arc, and tungsten halogen lamps. 
 

Spectral Passband 
Wavelength (nm) 

Home – Office – Commercial  
Blue excited phosphor type LEDs  

CCT 5000 K 

Museum – Gallery – Archive  
Blue excited phosphor type LEDs  

CCT 3000 K 
300 – 399 0.0 - 0.2 0.0 - 0.2 
400 - 429 0.0 - 1.7 0.0 - 1.0 
430 - 459 10.2 – 15.8 3.0 – 6.5 
460 - 489 5.5 – 10.5 2.2 – 6.5 
490 - 519 8.6 – 11.9 5.0 – 9.0 
520 - 549 10.6 – 14.2 8.0 – 11.0 
550 - 599 15.0 – 28.0 17.0 – 28.0 
600 – 800 No requirement; will add with 

values above to equal 100% 
No requirement; will add with 
values above to equal 100% 

 
Table 3:  ISO 18937-3 proposed relative spectral irradiance requirements per passband as percentage of total irradiance in 300 – 800 nm 
range. 
 
Plans for Round Robin Test to Investigate Effects of LED Lamp Parameters on Image 
Photodegradation 
It is common for ISO/TC42 WG5 to employ round robin testing to evaluate new test method 
standards (Klemann, 2014).  For this standard a two-phase approach has been proposed.  In the 
first phase two ink-colour print material combinations will be tested at a variety of conditions 
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in order to determine the optimum settings for the test.  More research on the effects of 
wavelength bands on the fade of colorants will also be conducted (Hofmann, 2022).  These 
ranges of LED test chamber settings will be used: 

• Chamber air temperature 21 – 27 °C 
• Black panel temperature 25 – 35 °C 
• Relative humidity 40 – 60 % 
• Illuminance level at specimen plane 20 – 80 klx 

In phase two of the round robin tests, more materials and test chambers will be used to 
determine the reproducibility of the types and rates of photodegradation caused by the test 
conditions.  The following variables and embodiments have been proposed for phase two: 

• LED Lamps:  CCT of 3000 K and 5000 K; multiple LED pump wavelengths 
• Imaging Technologies:  UV curable inkjet, aqueous inkjet, silver halide photography, 

dye sublimation, thermal transfer 
• Imaging Materials:  Photographic film, microporous inkjet paper, coated paper, plastic 

films and sheets 
Many white LED lamps with extremely high CRI are now in use in museums, galleries and 
archives.  Since there is little or no UV irradiance from these lamps, it has been postulated that 
their use will reduce the fading rates of photographs and other colored objects on display.  
Some, but not all, of the data obtained to date has indicated that fading under LED lamp 
illumination will be slower than has been observed for halogen and fluorescent light sources 
(Luo, 2019; Hofmann, 2022).  The round robin test results are expected to provide some 
perspective in this regard. 
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Foreword 
 

After the first successful 2021 online edition of the international conference “Colour 
Photography and Film: Sharing knowledge of analysis, preservation, and conservation of 
analogue and digital materials”, its second edition took place in hybrid, mixed mode, with in-
person participation at the venue in Florence (Italy) and with remote online access. The 
convening was scheduled for two days, the 15th - 16th September 2022. It was organized by 
The Gruppo del Colore – Associazione Italiana del Colore, in collaboration with the Istituto di 
Fisica Applicata “Nello Carrara” of the Consiglio Nazionale delle Ricerche (IFAC-CNR), the 
Opificio delle Pietre Dure (OPD), and the Fondazione Alinari per la Fotografia. 
The organizers firmly believe that uniting the worlds of the conservation of photographic 
materials with that of film, and at the same time placing the analogue and digital worlds in 
conversation with each other will lead to an informative and highly productive dialogue 
between various fields of inquiry. For this reason, three groundbreaking keynote speakers were 
involved: Henry Wilhelm, Joel Meyerowitz, and Nicola Mazzanti. With their extraordinary 
expertise as researchers in the field of color photography and photographic film technology, 
Henry Wilhelm and his wife Carol Brower have been pioneers in the preservation of 
photographic and film material since the 1970s, while Joel Meyerowitz was indisputably a 
trailblazer in color photography. Nicola Mazzanti has dedicated his entire life to the 
preservation of film and media art. The individual professional experiences of all three have 
been valued over decades, they have witnessed the digital turn, and they have been inspirational 
professionals and teachers. The organizers were fortunate and truly honored to have Henry 
Wilhelm, Joel Meyerowitz, and Nicola Mazzanti agree to be the keynote speakers at the 2022 
convening. 
Approximately 130 participants from several countries and four continents had the chance to 
follow the 35 presentations that formed the program. Among them were the three keynote 
lectures, 20 full talks, six technical talks, and six shorter presentations. 
As envisaged by the scientific committee, contributions discussing the history, practices, 
archiving and use of analogue and digital photography proved to be central issues in defining 
new strategies for the conservation and restoration of photographic and film materials. The 
topics covered during the conference ranged from the history of early color systems, such as 
interferential photography and additive screen processes, to issues dealing with identification 
and conservation of contemporary prints and film, and included technical descriptions of 
actualized historical color processes as well as the ways in which they can add value to 
contemporary photography as Art. Oral presentations also addressed the ways in which recent 
digital technology is contributing to the research and development of cultural aspects of 
Photography and Film. 
Altogether 85 authors shared their experiences and recent research on analogue and digital color 
materials, highlighting the history, preservation, conservation, and digitizing issues of color 
photographs and film, giving the audience an insight into how color photography and film 
technologies have influenced society and culture. 
The organizers wish to express their pleasure in witnessing the interest the participants 
demonstrated toward multidisciplinary exploration of color photography and film during the 
conferences. The inspiring presentations and exchange of ideas initiated in 2021 and continued 
in 2022 will surely lead to further stimulating discussions over the years to come. The 
organizers wish to thank everyone who participated in the events and contributed to the 
advancement of the fields of color photography and film. The proceedings serve as a reminder 
of the highlights of the 2022 conference. 
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