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1. Introduction

1.1 Background

Radiometry refers to the measurement of electromagnetic radiation. In practice,
the term is typically only used to refer to measurements in the ultraviolet (UV),
the visible, and the infrared (IR) regions, corresponding to wavelength ranges of
about 100 nm – 400 nm, 380 nm – 760 nm, and 760 nm – 1 mm [1], respectively,
with some variation in the ranges depending on the quoted source. Photometry
refers to the measurement of light as perceived by human visual system, with
the wavelength range of interest from 360 nm to 830 nm [2]. Both of these
fields are of vital importance due to their close relation with areas of health,
environment, and energy.

Broadband measurements of electromagnetic radiation in a limited wave-
length range are carried out in some cases, e.g., when measuring the total
UV-A (from 315 nm to 400 nm) and UV-B (from 280 nm to 315 nm) content of
solar radiation [3]. In addition, weighted measurements of incoming radiation
can be carried out using broadband instruments whose spectral responsivities
mimic given phenomena, e.g., the spectral effectiveness of the radiation to cause
sunburn [3, 4]. Nevertheless, much of the focus in radiometry is dedicated to
spectral, i.e., wavelength resolved, measurements of electromagnetic radiation.

Spectral irradiance Ee,λ(λ), where λ is the wavelength of radiation, is the
density of radiant flux (unit W) incident on a surface per unit wavelength [5].
Spectral irradiance is commonly expressed in units of W m−2 nm−1. Measure-
ment of spectral irradiance is of interest in many applications, either directly,
such as when measuring the solar spectral irradiance reaching the surface of
the Earth, or indirectly, such as when calculating the corresponding photomet-
ric quantity – illuminance (unit lux, lx) – from the spectral irradiance of a
light source, or when retrieving the total ozone column (TOC) values from the
measured solar spectral irradiance.

Spectral irradiance is typically measured using a spectroradiometer [6]. Sev-
eral factors affect the accuracy of these instruments, and to reach low uncer-
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tainties, a careful characterization of the instrument is required. The factors
influencing the overall uncertainty include, but are not limited to, the irradi-
ance and wavelength calibration, temperature dependence, angular response,
nonlinearity, and stray light. To what extent each of these factors affects the
uncertainty, depends on the application.

Monitoring of solar UV irradiance is important due to various health concerns
of UV radiation. At the same time, accurate solar UV spectral irradiance mea-
surement poses several challenges [7]. First, when measuring global spectral
irradiance – i.e., spectral irradiance at ground level originating from the entire
visible hemisphere of the sky – deviations from the ideal angular response of
the instrument can lead to large uncertainties. Calculating a correction that
accounts for the angular response error is possible, but can be difficult in prac-
tice due the constantly changing sky conditions. A second set of challenges is
caused by the fact that solar spectral irradiance level drops rapidly – by several
orders of magnitude in a span of tens of nanometers – in the UV-B region with
decreasing wavelength. This feature imposes stringent requirements on the
spectroradiometers both in terms of the linearity between input and output
signals, and the stray light – the phenomenon common to all spectroradiometers,
by which the signal at one wavelength is affected by radiation from other wave-
lengths. Finally, the temperature dependences of various instrument properties
need to be considered, as the ambient temperature can vary by tens of degrees
between different measurements.

The importance of accurate photometric measurements has increased in the
recent years due to the active development of new, energy efficient lighting
solutions, such as light-emitting diodes (LEDs). Photometric quantities can be
derived from corresponding spectral radiometric quantities by a simple numer-
ical weighting and integration [5]. However, this approach is rarely selected
in practice in high-accuracy photometric measurements due to the difficulty
of measuring the absolute spectrum of a light source at high enough accuracy.
Instead, illuminance and other photometric quantities are measured using pho-
tometers which are broadband instruments whose spectral responsivity mimics
the CIE-defined (Commission internationale de l’éclairage, the International
Commission on Illumination) luminous efficiency function V (λ) which in turn
approximates the average spectral responsivity of the human visual system [8].
As the spectral responsivity of the photometers is never ideal, a relative spectral
measurement is often required in order to perform a spectral mismatch correc-
tion and to lower the uncertainty of the measurement. The absolute spectral
responsivity of the photometer needs also to be characterized carefully. LEDs
and other novel lighting products pose new challenges but also create new oppor-
tunities in photometry which up until now has focused mainly on incandescent
and fluorescent lamp measurements.
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1.2 Thesis outline

Chapter 2 of this thesis gives an overview of monochromator-based scanning
and array spectroradiometers used in spectral irradiance measurements. As the
needs and challenges of spectral irradiance measurements are highly application-
specific, two applications are introduced in the following chapters. Chapter 3
discusses the measurement of solar UV spectral irradiance and the determi-
nation of ozone layer thickness based on the UV measurements. Solar UV
measurements are the topic of Publications I, II, and III. Chapter 4 discusses
the use of spectral irradiance measurements in photometry, specifically in re-
lation to a new method for photometric scale realization which is the topic of
Publication IV.

In Chapter 5, the most important sources of uncertainty in spectral irradiance
measurements with spectroradiometers are discussed, with emphasis on angular
response (subject of Publication I), nonlinearity (Publication II), and stray light
(Publication III). Different uncertainty components are discussed on a general
level and in relation to the applications presented in the previous chapters.

1.3 Scientific contribution

The thesis contains the following scientific contributions:
Publication I: A software for simulating and optimizing the angular response

of diffuser entrance optics of UV spectroradiometers and broadband instruments
was developed. A setup for measuring the angular response of a prototype
diffuser assembly was built, and used to determine the material parameters
required for the simulation, and to validate the simulation results. The software
was then used to optimize the diffuser geometry. To the author’s knowledge,
diffuser entrance optics have not been optimized using simulations before.

Publication II: Two array spectroradiometers were measured for nonlinearity
using three characterization setups in the UV at a wide range of irradiance
levels. Large nonlinearities, in excess of 10 % as a function of spectroradiometer
counts were discovered, with potential additional nonlinearities caused by long
integration times. No irradiance-based nonlinearities were seen in the results.
While results of nonlinearity characterization have been reported before, to the
author’s knowledge the publication is unique in the spectral irradiance range
of the characterization, spanning four orders of magnitude. In addition, to the
author’s knowledge, different nonlinearity characterization setups have not been
compared systematically before.

Publication III: The stray light properties of two single-monochromator Brewer-
type spectrophotometers were characterized. Brewer spectrophotometers com-
prise a major global network of UV and ozone monitoring instruments, making
the thorough characterization of these spectrophotometers vitally important.
Stray light measurements were carried out at both in- and out-of-range wave-
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lengths. In addition, bandpass filters used for limiting the out-of-range stray
light were characterized. The measurement results were used to simulate the
stray light contribution from different wavelength regions. The contribution of
radiation from wavelengths above 340 nm to the overall stray light was found
to be negligible, while radiation above the nominal measurement range of the
instrument still had a considerable effect on the overall stray light. To the
author’s knowledge, the results of the out-of-range stray light characterizations
of Brewer spectrophotometers have not previously been published.

Publication IV: A highly accurate method of measuring the illuminance of a
lamp based on white LEDs was presented. The method utilized a predictable
quantum efficient detector (PQED), a new primary standard for optical power, in
combination with a spectroradiometer to perform the illuminance measurement
without having to rely on photometric filters. The measurement results were
compared with those obtained with a traditional photometer. While the same
method has been demonstrated for single-color LEDs, this is the first time a
combination of a PQED and a spectroradiometer has been used to measure white
LEDs. Additionally, in the publication, the decrease of uncertainty related to
the spectral mismatch correction when LED-based calibration sources are used
to calibrate LED-measuring photometers was demonstrated in calculation. The
work has partly inspired CIE to start defining LED reference spectra that would
help in reducing the uncertainties of photometer calibrations in LED lighting
applications.
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2. Spectroradiometers

Spectrally resolved measurements of radiation can be carried out using different
types of instruments, such as monochromator-based spectroradiometers, filter
radiometers, and Fourier transform spectrometers. This chapter focuses on
monochromator-based spectroradiometers (hereafter referred to as spectrora-
diometers), as they are the most commonly used instrument type for spectral
measurements in UV and visible wavelength ranges. There are several ways
to categorize spectroradiometers. In this thesis, the way in which different
wavelength components of radiation are detected – i.e., whether the instrument
scans through the wavelength range or measures it near-simultaneously using
an array sensor – is used as the demarcation point, because this distinction
affects several instrument properties considerably.

2.1 Scanning spectroradiometers

Figure 2.1 shows the structure of a typical scanning single-monochromator spec-
troradiometer, consisting of entrance optics, a monochromator, and a detector.
In the figure, a diffuser assembly – typical for spectral irradiance measurements
– that collect radiation from a wide range of angles is used as the entrance op-
tics. Other entrance optics, such as integrating spheres, lens systems, and bare
optical fibers can also be used, depending on the application and radiometric
quantity of interest. In the example of Figure 2.1, a portion of the radiation
incident on the entrance optics is coupled to an optical fiber and guided to the
entrance slit of the monochromator. [9]

Inside the monochromator, the radiation is directed to the dispersive element,
typically grating or a prism, using mirrors and/or lenses. The dispersive element
alters the propagation direction of different wavelength components of the radi-
ation by different amounts. In Figure 2.1, the dispersive element is assumed to
be a reflective diffraction grating which is an optical component where a periodic
structure – e.g., a set of evenly spaced grooves – results in the reflected radiation
having strong periodic maxima at discrete wavelength-specific angles due to
constructive and destructive interference. With the help of proper optics, the
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Figure 2.1. Schematic drawing of a scanning single-monochromator spectroradiometer. The
control and signal processing electronics are omitted in the drawing.

radiation from a specific narrow wavelength band of one of the diffraction orders
can be directed at the output slit of the monochromator, and finally to the single
element detector. In a scanning instrument, the dispersive element is rotated
using a motorized stage to measure the signal at adjacent wavelength bands
sequentially. The width of the wavelength band of the radiation passing through
the exit slit is determined by the properties of the dispersive element, the widths
of the monochromator slits, and the optical configuration. Depending on the
properties of the dispersive element and the configuration of the monochromator,
order-sorting filters may need to be placed in front of the detector element to
prevent radiation from other diffraction orders from affecting the result. [6,9]

Figure 2.2 shows the structure of a typical scanning double-monochromator
spectroradiometer [10] operating in the additive dispersion mode. The oper-
ating principle of the instrument is very similar to the single-monochromator
model, with the key difference that the monochromator part of the instrument
consists of two monochromators separated by a common slit. The dispersive
elements of the two monochromators move synchronously with each other. Quasi-
monochromatic radiation at the exit of the first monochromator passes through
a second monochromator which further filters out the signal outside the wave-
length band of interest. Double-monochromator in the additive configuration
is commonly used to decrease the stray light and to filter out radiation from
other diffraction orders [11]. Double-monochromators can also be used in a sub-
tractive dispersion configuration [12], where the dispersion caused by the first
monochromator is compensated by the second unit, such that a dispersion-free
image of the entrance slit in the selected wavelength band is seen at the exit
slit. [9]

Commonly used detector elements in scanning spectroradiometers include
photomultiplier tubes (PMT) and different types of photodiodes. Multiple detec-
tors can also be used in the same instrument if the monochromator is equipped
with multiple exit slits. The operating principle of a PMT is illustrated in
Figure 2.3 [13]. A photon arriving at the detector has a certain probability to
detach an electron from the photocathode to the vacuum tube. This electron
is accelerated in a strong electric field to the first dynode where the number of
free electrons is multiplied. This process is repeated at subsequent dynodes,
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Figure 2.2. Schematic drawing of a scanning double-monochromator spectroradiometer operating
in the additive dispersion mode. The control and signal processing electronics are
omitted in the drawing.

resulting in a significant increase in the number of propagating electrons which
are finally collected at the anode. The responsivity range of the PMTs depends
on the material of the photocathode. As an example, the responsivity range of a
typical bialkali PMT is about 160 nm – 650 nm [13]. PMTs are typically more
sensitive than photodiodes, and are therefore well suited to applications where
low light levels need to be measured [9].

Figure 2.3. Schematic drawing of a photomultiplier tube.

Photodiodes are often used in scanning spectroradiometers in place of or in ad-
dition to PMTs. The working principle of a photodiode is illustrated in Figure 2.4.
A region with no free charge carriers, known as a depletion region, is formed
between n-type and p-type regions, i.e., regions where electron concentration
is larger than the hole concentration, and vice versa. A photon incident on the
material can create an electron-hole pair through photoelectric effect. When
this occurs in the intrinsic region, the electron and the hole are accelerated
by the electric field of the intrinsic region towards the n- and p-type regions,
respectively. If the n- and p-type regions are connected by an electrical circuit, a
photocurrent proportional to the photon flux is generated, as the charge carriers
travel to the opposing regions to maintain equilibrium. [14]

One of the benefits of photodiodes is that they can provide a wider spectral
responsivity range than can be achieved with a single PMT. They can also be used
to extent the wavelength range of the instrument to regions not reached with
common PMTs [9]. As an example, the responsivity range of silicon photodiodes
(Si) is around 190 nm to 1100 nm [15], while indium gallium arsenide (InGaAs)
can be used in the wavelength region from 900 nm to 2600 nm [16].

The noise performance of both PMT and photodiode systems can be improved
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Figure 2.4. Working principle of a photodiode. The structure does not correspond to the physical
structure of actual photodiodes.

using a lock-in amplifier scheme [17], where the incoming radiation is modulated,
e.g., by using a chopper, and the signal at the modulation frequency is measured.
This technique is not as common for array sensors where charge is collected
over a period of time, although array sensors with lock-in amplifiers have been
demonstrated in literature, see, e.g., [18].

2.2 Array spectroradiometers

Figure 2.5 shows the structure of a typical array spectroradiometer. The ba-
sic operating principle of the instrument is very similar to a scanning single-
monochromator spectroradiometer, apart from signal detection [19]. After the
dispersive element, instead of focusing a narrow wavelength band of radiation to
the exit slit of the monochromator, different wavelength components are focused
on an array of detector elements whose signals can be read individually. This
configuration enables simultaneous or near-simultaneous measurement of the
different wavelength bands, which can reduce the overall measurement time,
and make the determination of relative spectrum less sensitive to fluctuations in
the output of the radiation source. Since there is no need to rotate the dispersive
element, no moving parts are required, which allows for a more robust and,
potentially, cheaper and more compact design compared with the traditional
scanning instruments [20]. On the other hand, array spectroradiometer can only
be used in a single-monochromator configuration, which means that the stray
light level will remain significantly higher than that of a scanning instrument
in a double-monochromator configuration [20].

Detectors in array spectroradiometers are commonly based on charge-coupled
device (CCD) or complementary metal oxide semiconductor (CMOS) technologies.
Elements of both sensor array types convert incoming photons to electric charge
through photoelectric effect. In CCD arrays, the accumulated charge is trans-
ported through the neighboring array elements towards the edge of the array.
The charge of each array element is converted to voltage by a charge amplifier,
and subsequently to digital signal by an analog-to-digital converter (ADC). By
contrast, in CMOS arrays with active pixel sensors (APSs), each array element
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Figure 2.5. Schematic drawing of an array spectroradiometer. The control and signal processing
electronics are omitted in the drawing.

has dedicated charge amplifiers. CMOS arrays are easier to manufacture and,
thus, typically cheaper than CCD arrays [21]. However, the electronics of each
pixel reduce the area available for photon collection, which reduces the efficiency
of CMOS arrays compared with CCD arrays. CCD arrays are typically less
noisy and have lower dark signals [21] – signal levels recorded in the absence of
incoming photons – than CMOS arrays. [22]
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3. Solar ultraviolet measurements

Continuous and accurate monitoring of solar ultraviolet radiation is important
because of its various environmental and health implications. This chapter gives
an overview of the solar ultraviolet spectrum as well as the ozone layer which
largely governs the amount of ultraviolet radiation reaching the surface of the
Earth. Methods for monitoring solar UV radiation and ozone layer thickness are
also discussed in this chapter, with emphasis on spectral measurement methods.

3.1 Solar ultraviolet spectrum

Figure 3.1 shows the UV spectral irradiance of the sun outside the atmosphere,
and at ground level at different solar zenith angles (SZA). Solar UV spectrum
can be divided into three subcategories [1]. In UV-A region (315 nm – 340 nm),
radiation is only weakly absorbed in the atmosphere. In UV-B region (280 nm –
315 nm), the absorption increases rapidly with decreasing wavelength, until, in
UV-C region (100 nm – 280 nm), practically all of the solar spectral irradiance
is absorbed in the atmosphere. Even though the spectral irradiance level de-
creases drastically towards shorter wavelengths, monitoring of the solar spectral
irradiance in the UV-B region is of vital importance, due to the various health
and other effects associated with high-photon-energy radiation. [23]

The strong absorption of short UV radiations is predominately caused by
atmospheric ozone (O3). While commonly referred to as the ”ozone layer”, ozone
in the atmosphere is in reality very sparsely distributed over tens of kilometers
in elevation, with a majority of the ozone residing in the stratosphere (altitudes
between about 10 km to 50 km). The amount of ozone in a vertical column –
total ozone column (TOC) – is commonly expressed in Dobson units (DU), with
1 DU corresponding to ozone layer thickness of 0.01 m at standard conditions
for temperature and pressure (STP). A typical value for TOC is about 300 DU,
which corresponds to an equivalent ozone layer thickness 3 mm at sea level. [26]

Figure 3.2 shows the absorption cross section σo3(λ) of ozone as a function of
wavelength λ [27]. Absorption cross section relates the radiant intensity level
before the absorbing medium I0(λ) to the radiant intensity level I(λ) after the
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Figure 3.1. Extraterrestrial solar UV spectral irradiance, and ground-level spectral irradiances
at different solar zenith angles (SZA). Extraterrestrial solar spectrum is based
on Atlas data [24], while ground-level spectral irradiances are simulated using
libRadtran [25]. A detailed description of the simulations is found in PIII.

absorbing medium through Beer-Lambert law

I(λ)= I0(λ)exp
(
−σo3(λ)

∫l

0
no3(z)dz

)
, (3.1)

where l is the path length of the radiation and no3(z) is the number density by
volume of ozone. In addition to ozone absorption, the spectral distribution of
solar UV is also affected by other factors such as Rayleigh scattering [28] and
absorption by other trace gases, albeit to a lesser extent. Equation (3.1) can be
used to estimate the absorption due to other trace gases as well.
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Figure 3.2. Ozone absorption cross sections as determined by Bass and Paur [27]. Multiple
datasets of ozone cross sections in the UV have been published, see, e.g., [29] and [30].

The thickness of the ozone layer has been monitored, to an extent, since the
early 1900s century, using the so-called Dobson spectrophotometer [31]. The
interest in the ozone layer grew considerably after Molina and Rowland [32]
proposed that halogenated compounds, such chlorofluorocarbons (CFCs), can
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cause a large-scale destruction of the ozone layer, and after the subsequent
discovery of the ozone depletion and the Antarctic ozone hole [33–36]. The use
of these ozone-depleting substances (ODSs) was subsequently banned in ”The
1987 Montreal Protocol on Substances that Deplete the Ozone” [37,38], ratified
by all members of the United Nations and put into force in 1989. Even then,
continuous monitoring of the ozone layer remains important due to concerns
of the rate of ozone layer recovery as well as potential new sources of ozone
depletion.

3.2 Health effects of ultraviolet radiation

Solar UV radiation has significant and direct effects on human health [23]. Due
to its high photon energy, UV radiation can produce changes in the structure of
organic molecules. In particular, UV radiation can cause direct DNA (deoxyri-
bonucleic acid) damage where absorbed UV radiation alters the structure of the
DNA [23,39]. This damage is recognized by the immune system [39], and the
resulting immune response can cause the many symptoms of UV-induced ery-
thema (sunburn), such as inflammation, redness of the skin, and physical pain.
Figure 3.3 shows the erythema action spectrum – standardized by International
Organization for Standardization (ISO) and CIE [40] – which approximates the
effectiveness of different wavelengths of radiation in causing sunburn. It is
evident that short-wavelength radiation is more effective than long-wavelength
radiation in causing sunburn. It should be noted that the action spectrum of
Figure 3.3 approximates the erythema effectiveness is in fair, Caucasian skin
types. The sensitivity to erythema, as well as to other radiation related effects
in the skin, depends on skin type/color [41,42].
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Figure 3.3. Erythema action spectrum standardized by ISO and CIE [40], and the weighted solar
spectral irradiance at SZA 50◦. The action spectrum depicts the erythema sensitivity
for fair, caucasian skin types.

UV radiation can also cause indirect DNA damage in which UV radiation
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excites a chromophore to a higher energy state, which can then trigger DNA
damage through oxidation when the chromophore comes into contact with the
DNA strand. Indirect DNA damage is more likely than direct DNA damage to
be caused by UV-A radiation [39,43].

UV radiation can cause several forms of skin cancer, such as basal-cell skin
cancer, squamous-cell skin cancer, and melanoma [39]. A cancer can form when
the growth-controlling pathways within and between cells are disrupted due to
damage in tumor suppressor genes, resulting in an uncontrollable multiplica-
tion of the mutated cell [39]. As a qualitative indicator of the effectiveness of
different wavelength regions in inducing cancer, Figure 3.4 depicts the action
spectrum of skin cancer for hairless albino mice, corrected for the transmittance
of human skin [44]. In addition to causing DNA damage, UV radiation can
also increase the cancer risk by immunosuppression [23,45], which hinders the
ability of the immune system to react to DNA damage. An action spectrum
for immunosuppression, presented in article [46], has two peaks, one at the
wavelength of about 300 nm and the other at 370 nm with 5 % the magnitude of
the UV-B peak.
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Figure 3.4. Action spectrum for skin cancer in mice, corrected for the transmittance of human
skin [44], and the weighted solar spectral irradiance at SZA 50◦.

In addition to inducing skin burn and skin cancers, UV exposure also affects
the ageing of the skin. Heavy exposure of eyes to UV can lead to photokeratitis
(also known as snow blindness or welder’s flash) [47], which is caused by the
inflammation of the cornea and the conjunctiva, in a process similar to erythema.
Prolonged exposure to UV can also lead to cataract. [23]

The most important beneficial health effect of UV radiation is that it induces
vitamin D production in the skin [48,49]. In this process, UV radiation photolyzes
– breaks down – 7-dehydrocholesterol triggering a reaction which results in the
production of previtamin D3 which eventually isomerizes into vitamin D [48,50].
The CIE-recommended action spectrum of previtamin D3 synthesis [51] is shown
in Figure 3.5. It is notable that the effectiveness of the synthesis drops very
rapidly with wavelength in UV-A region.
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Figure 3.5. Action spectrum for previtamin D3 synthesis [51], and the weighted solar spectral
irradiance at SZA 50◦.

Vitamin D has a large role in bone mineralization, and vitamin D deficiency
can lead to diseases such as rickets, osteomalacia, and osteoporosis, as well as
increase the risk of a bone fracture [49]. Vitamin D deficiency has also been
linked with various other diseases, such as cancers, hypertension, cardiovascular
disease, and depression [49]. In extremely large doses, vitamin D can cause toxi-
city [52]. However, because of the self-regulating nature of the process, toxicity
cannot be reached by UV-induced vitamin D production alone [48,52]. Due to
vitamin D production on the one hand, and skin cancer and other direct harmful
effects on the other hand, both the complete avoidance of and the overexposure
to solar UV radiation can have severe adverse health implications [23].

Other beneficial effects of UV radiation include its use in treating some skin
conditions, such as psoriasis [53]. The most pronounced cosmetic effect of UV
radiation is the suntan which is caused by the increased production of brown
pigment, melanin in the skin. Melanin protects the skin from DNA damage [54].

3.3 Solar ultraviolet monitoring

Accurate and extensive knowledge of the level of solar UV radiation at ground
level is important for issuing warnings and recommendations related to UV
exposure, as well as for research reasons. For this purpose, UV irradiance is
monitored at multiple sites all over the world using different types of instru-
ments.

One method of monitoring UV radiation is to use broadband instruments [3,
4, 55, 56]. For measuring the integrated UV irradiance content of the radia-
tion, the spectral responsivity of the instrument should be flat within the UV
region and zero outside the region [3,55]. Often it makes more sense to use an
instrument whose normalized spectral responsivity mimics one of the action
spectra discussed above, as this way the output signal of the instrument gives
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direct indication about the relevant effect. Most common type of weighting
approximates the erythema action spectrum of Figure 3.3 [3,4,56]. The output
of this type of broadband detector is directly proportional to the prevailing UV
index [57] which is a commonly used measure for informing the public about the
level of UV radiation.

Broadband instruments provide a simple, low cost method for monitoring UV
radiation [4]. However, due to the differences between the action spectra of
different phenomena, they can only be used to directly assess one aspect of the
radiation – e.g., the ability to cause sunburn – while other aspects – e.g., the
vitamin D production efficiency – can be assessed indirectly and with lower
accuracy by making certain assumptions about the spectral power distribution
of the radiation. Moreover, producing a broadband detector whose spectral
responsivity follows the defined action spectrum accurately is a significant
challenge. To carry out accurate measurements of the weighted UV radiation,
the difference between the ideal and the actual spectral responsivity must be
taken into account through spectral mismatch correction [4,55,56,58].

Spectral measurement of solar UV irradiance provides inherently more in-
formation about the radiation than broadband measurements, and enables an
effectively ideal weighting by the relevant action spectrum [59]. However, spec-
troradiometers are relatively complicated instruments, and several factors need
to be considered in order to produce accurate results [7,59,60]. As with practi-
cally all applications of spectral irradiance measurements, uncertainties in the
irradiance responsivity (discussed in more detail in Section 5.1) and wavelength
(Section 5.2) calibrations contribute significantly to the overall uncertainty of the
measurement [7]. Factors more specific to solar UV measurements are mainly
related to operation conditions and the general shape of the solar UV irradiance
spectrum. A brief overview of these factors is given below, with more detailed
discussion reserved for Chapter 5.

Many of the properties of spectroradiometers are temperature dependent
(Section 5.3), and a temperature difference between the measurement and the
calibration – the latter of which is commonly performed inside – can cause
severe errors unless the instrument is either temperature-stabilized or well-
characterized and corrected for temperature effects [7,61]. The quality of the
angular response of the entrance optics (Section 5.4) can cause significant uncer-
tainties in global spectral irradiance measurements [7,62]. The issue is empha-
sized in the UV region because short-wavelength radiation scatters strongly in
the atmosphere, with the diffuse component accounting for tens of percent of
total solar UV irradiance even in cloud free conditions [63]. Constant changes
in the radiation conditions, due to clouds and other factors, make efficient cor-
rection for angular response errors more challenging [7]. Publication I presents
a simulation method for improving the angular response of diffuser entrance
optics, lowering the uncertainty related to the angular response and reducing
the need for separate correction.

One of the biggest challenges in the spectral measurement of solar UV irradi-
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ance is caused by the steep decrease in the irradiance level in the UV-B region
towards shorter wavelengths (see Figure 3.1). This feature imposes in stringent
requirements on the spectroradiometer in terms of linearity between input and
output signals (Section 5.5). The issue of nonlinearity is amplified by the fact
that the spectral irradiances of the source to be measured, the sun, and the
calibration source, typically an incandescent lamp, differ from each other sig-
nificantly both in terms of shape and level [7]. Nonlinearity has been identified
as a serious concern especially for array spectroradiometers [20]. The results
Publication II confirm that while no irradiance-based nonlinearities were discov-
ered for the two studied array spectroradiometers despite the characterization
spanning four orders of magnitude in irradiance, nonlinearities as a function of
output counts can still cause significant uncertainties if left uncorrected.

The large variations in the spectral irradiance level in the solar UV also
increase the significance of instrument stray light performance (Section 5.6) [20,
59, 64, 65]. Stray light is especially problematic with single-monochromator
scanning and array spectroradiometers. The results of Publication III confirm
that stray light of single-monochromator scanning spectroradiometer can lead
to large uncertainties in UV-B. The results also show that stray light correction
may need to be extended to wavelengths outside the nominal measurement
range of a given instrument, in order to lower the uncertainty associated with
stray light noticeably.

3.4 Measurement of ozone layer thickness

The thickness of the ozone layer can be monitored using, e.g., ozone sondes [66];
satellite instruments, such as Total Ozone Mapping Spectrometer (TOMS) [67];
and ground-based spectrophotometers. The two most extensive ground-based
ozone monitoring networks are the Dobson [31,68], and the Brewer [69–74] (see
Figure 3.6) networks.

With both Dobson and Brewer instruments the retrieval of TOC is based on
the ratio of signals at four narrow wavelength bands in the UV. The center wave-
lengths used in ozone retrieval with Brewer spectrophotometers are 310.1 nm,
313.5 nm, 316.8 nm, and 320.0 nm [75]. Ignoring the effect of other trace gases,
the TOC calculation can be expressed as [69,75]

Ω=
∑4

i=1 wi ln[E0(λi)/E(λi)]−CRayleigh

Co3

(3.2)

where wi are weighting factors used for different discrete wavelengths λi to
minimize the effects of the other trace gases on the results, E0(λ) and E(λ)
are the extraterrestrial and measured ground-level solar irradiances within
the narrow bandwidths at the four wavelengths, and Co3 and CRayleigh are
quantities related to ozone absorption and Rayleigh scattering, respectively, at
the wavelengths of interest.
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Figure 3.6. Brewer spectrophotometers during the total ozone intercomparison campaign at
Izaña Atmospheric Observatory (Tenerife, Spain) in September 2016. The cam-
paign was supported by the European Union through European Metrology Research
Programme (EMRP) project ATMOZ.

The uncertainty of ozone retrieval is affected by, e.g., uncertainties in tem-
perature-dependent ozone cross sections [75], and the long-term stability of
the instrument [76]. The uncertainty of the retrieval can also be significantly
affected by the stray light of single-monochromator Brewer, especially at large
solar zenith angles [71, 77, 78]. This result was confirmed by the simulations
carried out in Publication III. As with the measurement of solar UV spectral
irradiance, to minimize the uncertainties, the stray light correction should be
extended beyond the nominal wavelength range of the instrument.

Trace gas concentrations can also be determined from continuous spectra using,
differential optical absorption spectroscopy (DOAS) [79] or other techniques. The
basic idea of these methods is to utilize equation (3.1) together with the measured
spectrum, the known spectrum of the source before radiation is absorbed – e.g.,
the extraterrestrial spectrum – and the known spectral absorption cross sections
of the trace gases to retrieve the trace gas concentrations. In DOAS, the spectra
and the cross sections are separated into components that vary slowly and
rapidly with wavelength, and the latter components – which act as sorts of
signatures for the trace gases – are used to find the relevant concentrations [79].
Variations also exist that do rely on separating the spectra into slowly varying
and differential components.
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Continuous spectra can be used to retrieve total column ozone both with
scanning, e.g., [71,80], and array instruments, e.g., [81]. When using continuous
data instead of a limited number of discrete measurements, random errors
at individual wavelengths become less of an issue. However, with scanning
instruments, care should be taken that potential variations in the measurement
conditions during the scan do not affect the results [71]. With array instruments,
on the other hand, stray light and other issues specific to the instrument type
should be taken into account [81].
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4. Photometric scale realization with
spectral measurements

Photometry refers to measurement of optical radiation as perceived by the hu-
man visual system. While photometric measurements are broadband in nature,
spectroradiometers are commonly used in this field to perform corrections on the
measured values. Photometric quantities can also be calculated directly from
the measured spectrum.

4.1 Photometry

Photometric quantities can be derived from corresponding spectral radiometric
quantities by weighting the spectrum with the sensitivity of the visual system
and integrating over the sensitivity range. For example, illuminance Ev can be
calculated from spectral irradiance Ee,λ(λ), as

Ev = Km

∫
Ee,λ(λ)V (λ)dλ , (4.1)

where Km = 683.002 lm W−1 is the maximum luminous efficiency of photopic
vision, and V (λ) is the luminous efficiency function defined by the CIE [2]. The
luminous efficiency function has its maximum at the wavelength of 555 nm
and decreases towards UV and IR regions, see Figure 4.1. Equation (4.1) is
analogous to the weighting with a given action spectrum (see Figures 3.3, 3.4,
and 3.5) and integration over the wavelengths, which is required to assess the
erythema, cancer, and previtamin D3 effectiveness of a given radiation source.

The global phasing out of incandescent lamps and the rise in popularity of
more energy efficient options [82–84], such as LED-based lighting, has increased
the importance of high-accuracy photometry, since the efficiency of new light-
ing products can be optimized only to the extent that their efficiency can be
measured [85]. The change in the structure of the lighting market not only
introduces direct, measurement-level challenges due to the various differences
between incandescent lamps and LEDs, but also causes indirect, equipment-level
issues due to the fact that photometric calibration sources have traditionally
been incandescent lamps. Now that incandescent lamps are phased out globally,
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Figure 4.1. Luminous efficiency function V (λ) of photopic vision as defined by CIE [2].

there is a concern of availability of traditional standard lamps in the future, and
a drive to produce new standard sources based on, e.g., LEDs.

4.2 Scale realization using filtered photometers

Photometric measurements are typically carried out using a broadband detec-
tor whose normalized spectral responsivity rrel(λ) = R(λ)/R(555 nm) is tuned
to mimic the luminous efficiency function V (λ) using a well-optimized optical
filter. This type of instrument is referred to as a photometer. The illuminance
responsivity of a photometer is calibrated by measuring its signal at a well-
known illuminance level. The known illuminance is produced by a characterized
standard lamp or through a combination of a stable light source and a character-
ized reference photometer [86–89]. A typical light source used in photometric
calibrations is an incandescent lamp whose relative spectrum is adjusted to
correspond to the Standard Illuminant A, defined by the ISO and CIE to be the
relative spectrum of a Planckian radiator at 2856 K [90].

A typical reference photometer consists of a precision aperture, an optical filter,
and a detector element, such as a photodiode trap. The illuminance measured
by the instrument can be calculated from the measured photocurrent ip using
equation [89]

Ev = Km

AR(555nm)
Fr ip , (4.2)

where A is the area of the aperture and Fr is the spectral mismatch correction
factor, defined as

Fr =
∫

Ee,λ(λ)V (λ)dλ∫
Ee,λ(λ)rrel(λ)dλ

. (4.3)

As the relative spectral responsivity of the instrument is never ideal, in order
to perform an accurate illuminance measurement using a reference photometer,
the spectral mismatch correction has to be determined. For this purpose, the
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relative spectrum of the light source needs to be known. The sensitivity of
Fr – and thus the sensitivity of the determined illuminance Ev – to errors in
the measured spectrum depends on the quality of the spectral responsivity
of the instrument. When rrel(λ) mimics V (λ) closely, errors in the measured
Ee,λ(λ) will cause a similar change in both the numerator and denominator of
equation (4.3), and the resulting error in Fr is relatively small. The same is
not true for errors in the relative spectral responsivity. The uncertainty of the
illuminance measurement is also affected by the absolute responsivity of the
instrument, as evidenced by equation (4.2). Moreover, the properties of optical
filters used in photometers may change with temperature – more so than those
of photodiodes – and over time [8].

4.3 Scale realization using spectral measurements

While several commercial spectroradiometers calculate the corresponding pho-
tometric quantities directly from the measured spectrum using equation (4.1),
this approach is rarely used in photometric applications with high accuracy
requirements, due to the uncertainty related to absolute spectral irradiance mea-
surement. In Publication IV, a method, previously demonstrated for single-color
LEDs [91], for measuring the illuminance of a white-light source is presented
that does not rely on optical filters or require absolute spectral measurement.
Instead, the method relies on the measurement of the light source using a
predictable quantum efficient detector (PQED) [92–94], which is a novel pri-
mary standard of optical power, and a high-precision spectroradiometer. The
broadband measurement with a PQED means that the absolute level of spectral
irradiance does not need to be known. However, the relative spectrum is still
required for equation (4.3). Spectral mismatch correction factor Fr is more sensi-
tive to errors in the relative spectrum than in the case of traditional photometers,
due to the fact that the spectral responsivity of the PQED is much different
from V (λ). However, as the absolute spectral responsivity of the PQED can be
predicted very accurately, with a relative uncertainty of less than 0.01 % [95,96],
the uncertainty contribution from the spectral responsivity is small.

As the responsivity of the PQED can only be predicted accurately in a limited
wavelength range – which, however, still covers the visible wavelength region
– the proposed method is not suitable for the illuminance measurements of
incandescent lamps and other sources whose spectra extent far into UV and IR
regions. Nevertheless, the method is well suited for measurements with standard
lamps based on white LEDs which are expected to supplement incandescent
standard lamps in the future. To measure the relative spectrum of a white
LED lamp accurately, in Publication IV, a scanning spectroradiometer was
used. A double-monochromator instrument was selected due to its stray light
rejection capabilities. The spectroradiometer was equipped with a PMT and
lock-in amplifier to facilitate measurements at low spectral irradiance levels.
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The wavelength scale of the instrument was checked and corrected prior to
the calibration using several laser wavelengths. In addition, the spectrum was
extrapolated beyond the noise-floor of the measurement to effectively increase
the dynamic range of the relative spectrum.

One of the largest sources of uncertainties in the new method is the unknown
correlations between different wavelength components in the irradiance scale
realization. Since the publication of PIV, a new method for estimating the
uncertainties in the spectrally-integrated quantities caused by these correlated
uncertainties in spectral irradiance has been proposed [97]. The uncertainty of
the PQED-based method was re-evaluated using a preliminary version of the
uncertainty estimation method in [98]. The combined standard uncertainty of
the PQED-based illuminance measurement was found to increase from 0.13 %
to 0.17 %, which is still lower than the uncertainty of the method utilizing a
traditional photometer, 0.21 %.
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5. Uncertainty in spectral irradiance
measurements

Measurement of spectral irradiance using spectroradiometers includes several
sources of uncertainty, and careful characterization of the instruments is re-
quired to reach high accuracy. Typical sources of uncertainty include – but are
not limited to – uncertainties in instrument irradiance responsivity, in wave-
length scale, and in angular response of the entrance optics, as well as issues
related to nonlinearity, stray light, and temperature sensitivity of the instru-
ments. These sources of uncertainty are discussed in the following section, with
larger emphasis on the issues of angular response, nonlinearity, and stray light,
as these are the topics of publications PI, PII, and PIII.

5.1 Irradiance responsivity

The irradiance responsivity R(λ) of a spectroradiometer is typically determined
by measuring the instrument signal Ycal(λ) when the input optics of the in-
strument is radiated with a calibration source that has a well-known spectral
irradiance Ee,λ,cal(λ) at a specific distance from the source. Typical spectral
irradiance calibration sources include lamps, e.g., [99], and black body radiators,
e.g., [100]. After the calibration, the spectral irradiance Ee,λ(λ) of the source
under study can be calculated from the measured signal Y (λ) as

Ee,λ(λ)= Ee,λ,cal(λ)
Ycal(λ)

Y (λ)= R(λ)−1Y (λ) . (5.1)

It is evident from the equation above that the uncertainty of the spectral irradi-
ance of the calibration source Ee,λ,cal(λ) directly affects the uncertainty of the
measured spectral irradiance Ee,λ(λ).

Primary realizations of spectral irradiance scales are carried out by na-
tional metrology institutes (NMIs) using well-characterized sources and detec-
tors [100–103]. Typical reported expanded uncertainties in the state-of-the-art
spectral irradiance realizations in the visible region are of the order of 0.4 % to
1 % (k = 2), where k is the coverage factor of the uncertainty [104]. Larger ex-
panded uncertainties are typically reported in the UV wavelength regions [104].
Transferring the calibration to secondary standard sources, e.g., for use in cal-
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ibration and test laboratories, increases the uncertainty associated with the
spectral irradiance of the calibration source.

When estimating the uncertainties of quantities derived from measured spec-
tra by integration – such as various photometric and colorimetric quantities
– the potential correlations between the uncertainties of different wavelength
components of the measured spectrum need to be taken into account [105]. This
is made difficult by the fact that the correlations are often not well known [97].

5.2 Wavelength scale

Errors in the wavelength scale will lead to the measured spectral irradiance
values being shifted in wavelength relative to the actual values. Wavelength
scale uncertainties can lead to large uncertainties in the spectral irradiance and
the derived quantities, especially when the spectral shape of the source under
study is not smooth.

A traditional method for verifying the accuracy of the wavelength scale is to
measure a source that has narrow intensity peaks at well-known wavelengths,
see, e.g., [59,70]. These sources include gas discharge lamps where the wave-
lengths are governed by the energies of atomic level transitions in materials
such as mercury (Hg), krypton (Kr), and neon (Ne) – see, e.g., [106] – as well
as various types of lasers where the wavelength is determined by the proper-
ties of the active laser media. It is also possible to utilize other well-known
spectral features, such as the Fraunhofer lines of solar radiation, to achieve
wavelength calibration [107]. These types of sources and schemes allow wave-
length scale validation and correction to be carried out at a limited number of
discrete wavelengths.

To alleviate problems associated with limited number calibration points, a
technique enabling a continuous calibration of the wavelength scale has recently
been proposed [108]. In this technique, an oscillating transmittance profile
whose properties can be modeled accurately, is created using, e.g., Lyot filters.
By measuring the spectral irradiance of a broadband source placed behind this
type of filter, the deviation of the wavelength scale from the true value can be
determined continuously.

5.3 Temperature dependence

Various properties of spectroradiometers are susceptible to changes in the tem-
perature. Temperature effects are especially problematic in cases where there is
a potential for large temperature difference between different measurements.
This is the case with most outdoor measurements. The situation is made worse
by the fact that many of the instrument characterizations are typically per-
formed indoors at room temperatures.
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The responsivity of most, if not all, optical detectors is sensitive to the tempera-
ture to some extent [13,109–118]. As an example, the temperature coefficient of
responsivity of a Hamamatsu S1337 silicon photodiode was found to be approxi-
mately −0.017 % K−1 at the wavelength of 400 nm [109], while the temperature
coefficient Hamamatsu B1920-01 germanium (Ge) photodiode was −0.13 % K−1

at 1300 nm [112]. Temperature coefficients are typically significantly larger near
the long-wavelength edge of the responsivity range of the photodiode [110–112],
due to changes in bandgap energy. Temperature dependencies of the order of
0.1 % K−1 have been reported for silicon array spectroradiometers [113–117],
with noted increase in temperature sensitivity towards IR region. In addition to
the responsivity, the temperature is known to affect the dark signals of various
types of detectors [13,115,118,119]. This feature increases the uncertainty of
the measurement if the temperature of the detector does not remain stable be-
tween the signal and the dark signal measurements. To reduce the temperature
dependence, the detector elements of most high-end spectroradiometers, both
scanning and array-based, are temperature stabilized. However, temperature
dependencies in responsivity and dark signal levels have also been reported for
array spectroradiometers with temperature-stabilized detector arrays [118].

Temperature can also affect the overall responsivity of an irradiance spectro-
radiometer via temperature dependent changes in the diffuser entrance optics.
Rapid change in the crystal structure of polytetrafluoroethylene (PTFE) dif-
fusers at around 19 ◦C has been shown to cause a rapid transmittance change of
between 1 % and 3 % [120]. The temperature interval of this transition is espe-
cially problematic for outdoor applications. Outside this range, the temperature
coefficient of transmittance was between −0.015 % K−1 and −0.1 % K−1 [120].

In addition to changes in the responsivity and the dark signal of spectrora-
diometers, temperature changes are known to cause changes in the wavelength
scale of spectroradiometers [113,115,118]. As an example, the temperature coeffi-
cient of wavelength of an Ocean Optics S2000 spectroradiometer was found to be
approximately 0.03 nm K−1 in the UV region. Temperature has also been shown
to affect the shape of the slit function of some array spectroradiometers [23].

As temperature affects many properties of spectroradiometers simultaneously,
careful temperature characterization is required to measure at low uncertain-
ties in applications where significant temperature variations can be expected.
An alternative to a thorough temperature characterization is to stabilize the
temperature of the entire instrument – not just the detector element – by using
a temperature stabilized enclosure or by keeping the instrument indoors and
situating only the entrance optics outside.
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5.4 Angular response

5.4.1 Angular response error

Entrance optics used in spectral irradiance measurements are typically based
either on integrating spheres or diffuser assemblies. The entrance optics can
be directly attached to the spectroradiometer or coupled to the instrument with
an optical fiber or a fiber bundle. The normalized angular response ra(θ,φ) –
the registered signal when the relative angle between a radiation source and
the detector is varied – of an ideal irradiance-measuring instrument should be
proportional to the cosine of the zenith angle θ, i.e., the angle relative to the
normal of the reference plane of the detector, and independent of the azimuth
angle φ, i.e., the angle whose rotation axis coincides with the normal of the
reference plane [121].

A typical way of expressing the integrated angular response error at each
azimuth angle φ is the quality factor [121]

f2(φ)=
∫85◦

0◦
| f2(θ,φ)|sin2θdθ , (5.2)

where the relative error at each angle is calculated as

f2(θ,φ)= ra(θ,φ)
cosθ

−1. (5.3)

Equation (5.2) gives an indicator of the error associated with the nonideal
angular response under isotropic hemispherical radiance conditions. Integrated
angular response errors in excess of 10 % can regularly be found in instruments
with non-optimized entrance optics, see, e.g., [122]. How well the quality factor
f2(φ) describes the error associated with angular responsivity error depends
on the angular distribution of radiation incident on the entrance optics. For
example, when measuring the global spectral irradiance of the sun and the sky,
error in the angular response at the angle corresponding to the direction of the
sun can result in a significantly larger error in irradiance measurement than
would be expected solely based on f2(φ).

5.4.2 Correcting for errors in the angular response

Angular response error can be corrected using the following correction factor

ka =
�

Le,λ(λ,θ,φ)cosθsinθdθdφ�
Le,λ(λ,θ,φ)ra(θ,φ)sinθdθdφ

, (5.4)

where Le,λ(λ,θ,φ) is the spectral radiance distribution, see, e.g. [123]. In order
to determine the correction, both ra(θ,φ) and Le,λ(λ,θ,φ) need to be known. The
angular response ra(θ,φ) can be determined by measuring the output signal
produced by a radiation source while the entrance optics is rotated in a goniome-
ter, or while the radiation sources is moved around the entrance optics [123].
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Portable systems for field-characterization of angular response have also been
developed [122]. The radiance distribution of the source Le,λ(λ,θ,φ) can be mea-
sured using, e.g., a scanning radiance detector, see, e.g., [124], or a fisheye lens
camera systems, see, e.g., [125]. If the radiance distribution varies significantly
with time, then a continuous monitoring of the relative radiance distribution
may be required. Depending on the application, the angular response error can
be corrected, to a degree, even if Le,λ(λ,θ,φ) is not known, by making simplifying
assumptions on the distribution. For example, in the measurement of global
solar spectral irradiance at ground level, the magnitude of correction can be
approximated based on the solar zenith angle and an estimate of the cloud
cover [62,123,126,127].

5.4.3 Optimizing the angular response of a diffuser assembly

The usability of irradiance-measuring instruments is significantly improved if a
separate correction for angular response errors is not required or is less critical
for reaching the desired accuracy. A good angular response can be achieved by
careful material selections and by the optimization of the various dimensions
the entrance optics (see Figure 5.1). The use of more intricate entrance optics
designs, e.g., diffusers with shaped – as opposed to flat – outer surfaces, offers
more degrees of freedom for the optimization process, but can also affect the
manufacturing costs of the entrance optics. Entrance optics with low f2(φ) val-
ues, around 2 % and down to below 1 %, have been reported and manufactured
for different instruments and applications [128–130]. Nevertheless, manufac-
turing diffusers for new instruments and applications requires significant time
investment as some trial-and-error type optimization is typically necessary.

To aid in the design process of irradiance entrance optics for applications in
solar UV measurements, a simulation algorithm for optimizing diffuser entrance
optics was developed in Publication I. Radiation propagation in the entrance
optics was simulated using Monte Carlo algorithm [131], where the paths of
multiple rays – of the order of 109 – were traced within the entrance optics.
The operating principle of the model is presented in Figure 5.2. Rays propa-
gating inside the diffuser get scattered, i.e., change direction, or absorbed with
probabilities governed by the properties of the diffuser material. By logging
the propagation directions of the rays exiting the entrance optics, the angular
response of the simulated structure can be determined.

In Publication I, the software was used to optimize two optimized diffuser
assemblies, one with a simple planar diffuser element and the other with a
diffuser element whose front surface was spherical. The simulated quality
factors of equation (5.2) of the two diffuser assemblies were f2(φ) = 1.4 % and
f2(φ)= 0.66 %, respectively.

In the measurements and simulations of Publication I, a novel fused silica
material [132–134], where the gas bubbles within the diffuser structure acted as
scattering centers, was used as the material for the diffuser element. These ma-
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Figure 5.1. A schematic drawing of typical diffuser entrance optics for irradiance measurements,
illustrating the multiple material parameters and dimensions affecting the angular
response. The weather dome protects the diffuser element from rain and pollution,
while the shadow ring blocks radiation at large zenith angles from entering the
diffuser. A detailed explanation of the various parameters of the diffuser assembly is
given in PI.

Figure 5.2. Illustration of the operating principle of the Monte Carlo diffuser simulation algo-
rithm. To increase simulation efficiency, the rays are traced in the reverse direction.
Full description of the algorithm can be found in PI.

terials have several potential advantages over the traditional PTFE materials.
First of all, by varying the size and density of the gas bubbles, the angular trans-
mittance properties of the quartz diffusers can be changed drastically [132,133].
Second, they are not expected to exhibit a rapid transmittance-affecting struc-
tural change observed with PTFE materials [120], as discussed in Section 5.3.
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The UV-ageing properties of the quartz diffusers relative to PTFE diffusers is of
interest for their potential use in long-term monitoring applications.

Since the publication of PI, two prototypes of commercial diffuser assemblies
have been built with a basis on the simulations [135], one for the Brewer spec-
trophotometer (see Figure 5.3) and the other for use with an optical fiber. The
measured f2(φ) values of these entrance optics were 1.3 % and 1.4 %, respec-
tively. Due to changes in the manufacturing process of the diffuser elements,
the material parameters of the second batch of quartz diffuser elements differed
from those determined in Publication I. Consequently, the dimensions obtained
in the simulations did not yield the optimized angular response and some exper-
imental optimization was required to reduce the angular response error. After
the material parameters were determined for the new batch of diffusers, the
measured and simulated angular responses were compared again [135]. The
results were in good agreement once a correction was made in the simulation
to the diameter of the area of the diffuser that was visible to the optical fiber
(dvis in Figure 5.1). This correction was required because the initial version
of the diffuser optimization software did not account for the shape of angular
transmittance of the fiber.

Figure 5.3. Photograph of the prototype diffuser assembly for the global input port of Brewer
spectrophotometer.

5.5 Nonlinearity

5.5.1 Characterization methods

In a linear detector or a detector system, the output signal y, e.g., photocurrent,
is related to the input signal x, e.g., irradiance, via a simple relation

y(x)= ax+b , (5.5)
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where the slope a is the responsivity of the detector, and b is the offset term.
In optical detector systems, the offset term is commonly referred to as dark
signal, due to the fact that is present in the absence of radiation, i.e., when x = 0.
Deviations from the behavior of equation (5.5) unless attributable to some other
phenomenon, e.g., temperature dependence or stray light, can be considered
nonlinearity.

Several measurement setups have been presented for characterizing the non-
linearity of photodiodes, photodiode trap detectors, and other similar optical
detectors. In the conceptually simplest form of nonlinearity characterization
(see Figure 5.4), the output of a radiation source, e.g., a laser, whose intensity
can be varied is measured alternately by the device under test (DUT) and a
reference detector whose linearity characteristics are known in the input signal
range of interest, see, e.g., [136,137]. The ratios between the signals of the two
detectors can then be used to determine the nonlinearity of the DUT. This type
of characterization is relatively straightforward, but requires a reference detec-
tor with well-known nonlinearity characteristics. The uncertainty associated
with the determined nonlinearity of the DUT comprises the uncertainty of the
nonlinearity of the reference detector as well as any additional uncertainties
related to the measurement, e.g., the temporal stability of the radiation source,
and the repeatability of the detector positioning.

Figure 5.4. Schematic drawing of a nonlinearity characterization setup based on comparison
with a reference detector.

A commonly used method of characterizing the nonlinearity of optical detectors
in the absence of a reference detector is so-called beam-addition or double-
aperture method [138,139], illustrated in Figure 5.5. In the method, a beam of
radiation is split into two beams of near-equal intensity, x1 ≈ x2. Both beams
are directed at the DUT and the output signal y(x1 + x2) is measured. After
that, the output signals, y(x1) and y(x2), produced by the individual beams are
measured separately by blocking the other beam using, e.g., a barrier mounted
on a translational stage. In a linear optical detector, the measured signals are
related by

y(x1 + x2)= y(x1)+ y(x2) . (5.6)

Observed deviations from this behavior can be considered as nonlinearity. To
cover a wide range of input values, the measurement must be repeated several
times while adjusting the intensity level of the radiation source by a factor of
two after each measurement. As this type of characterization is more time-
consuming and complicated than a characterization against a reference detector,
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it is typically utilized in cases where suitable reference detectors do not exist or
where very low uncertainties are required.

Figure 5.5. Schematic drawing of a nonlinearity characterization setup utilizing beam-addition
method.

A simple method for characterizing the nonlinearities of optical detectors
involves varying the distance d between the DUT and a non-collimated radiation
source, and comparing the readings with those that would be expected based
on the inverse square law relationship between the intensity and distance,
according to which, for a point-like source, the output should be y∝ d−2. The
applicability of this method is limited on the low-irradiance side by the available
space and on high-irradiance side by geometrical considerations of the source
and the detector. The nonlinearities can also be characterized using a differential
spectral responsivity (DSR) technique where the input signal consists of a non-
varying bias signal and a weaker modulated signal [140]. The nonlinearity
can be estimated from the ratio of responsivities to the bias signal and to
the modulated signal. This type of characterization scheme is not suited for
detectors that require considerable integration, as is the case with e.g., many
array sensors.

In addition to the optical detectors themselves, nonlinearity in the character-
izations can also be caused by other components of the measurement system.
These components include current-to-voltage converters (CVCs), used to convert
the photocurrent of the detector into voltage, and digital voltage meters (DVMs),
used to sample the output of the CVCs. Unless the optical detector is always
used in the same system configuration as in the initial nonlinearity characteri-
zation, the nonlinearities of the electronics of the measurement system need to
be determined separately using a suitable characterization method.

5.5.2 Nonlinearity of broadband detectors

In addition to acting as detectors in scanning spectroradiometers, photodiodes
are commonly used in high-precision radiometric and photometric measure-
ments either individually or in traps consisting of multiple photodiodes. To
maintain high accuracy at different input signal levels, the nonlinearity char-
acteristics of the detectors need to be well known. Consequently, results of
nonlinearity characterizations of silicon photodiodes and photodiode traps have
been reported in several publications [93,136–141]. Depending on the type of
photodiode, linearity characteristics have been reported be affected by various
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factors, such as size of the active area, the presence of reverse bias voltage on
the photodiode, and by whether the photodiode is overfilled by irradiating field.
As an example, the nonlinearities of Hamamatsu silicon photodiodes S1227 and
S1337 – both widely used optical metrology – have been shown to depend on the
current density within the photodiode [141]. These photodiodes are linear in UV
wavelengths to up to 1000 W m−2 and 50 W m−2, respectively [141]. In [140],
InGaAs and Ge photodiodes were found to be linear for output currents up to
4 mA and 10 mA, respectively. The nonlinearity characteristics of trap detectors
are similar to those of the photodiodes comprising the trap [136,137].

Photomultiplier tubes are known to saturate – i.e., the measured signal is lower
than would be expected of a linear detector – when the intensity of incoming
radiation exceeds a given threshold [7,13]. The gain of the PMTs is determined
in part by the voltage between different electrodes (see Figure 2.3). In spectral
measurements where a wide dynamic range is required, the gain of the PMT
may be changed during the measurement. In these cases, the relationship
between the operating voltage and the gain needs to be known accurately or the
uncertainty associated with the detector nonlinearity will be increased [7].

5.5.3 Nonlinearity of array spectroradiometers

In typical array spectroradiometers, the array detector and the control and
signal processing electronics are integrated into one system. Because of this,
there is no easy way to characterize different parts of the system individually
for nonlinearities. Therefore, in order to obtain a thorough understanding of
the nonlinearity characteristics of an array spectroradiometer, multiple factors,
such as the radiation level, output count level, integration time, and wavelength
need to be considered.

The dark-subtracted counts of a spectroradiometer at a given wavelength λ

can be expressed as

cds(λ)= c(λ)− cdark(λ)=α(Ee,λ(λ), tint, cds(λ))R(λ)tintEe,λ(λ) , (5.7)

where c(λ) and cdark(λ) are the output counts in presence and absence of incom-
ing radiation, respectively, α(Ee,λ(λ), tint, cds(λ)) is the nonlinearity term, and
tint is the integration time of the measurement which determines how long the
charge can accumulate before it is read by the signal processing electronics. The
responsivity of the instrument R(λ) can be determined by measuring a source
whose spectral irradiance is well-known. This measurement is also susceptible
to nonlinearities.

The nonlinearity term α(Ee,λ(λ), tint, cds(λ)) is a function of spectral irradiance
level Ee,λ(λ), integration time tint, and measured counts cds(λ). Due to the simi-
larities between the radiation sensitive elements of both CCD and CMOS arrays
to photodiodes, array detectors may be expected to be nonlinear at suitably high
irradiance levels. Integration-time-based nonlinearities can be encountered, e.g.,
when the charge accumulated to an array element starts to leak out during a
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long integration. Nonlinearity can also be affected directly by the amount of
accumulated charge. This happens, e.g., when the amount of charge accumu-
lated on the sensor element causes the element to saturate or when the ADC is
nonlinear.

The effect of the nonlinearities on the overall uncertainty of the measurement
is reduced if the conditions between the source and calibration measurements
are similar. However, for applications where the spectra of the calibration source
and the source under study are not similar, careful nonlinearity characterization
is required. This is the case in, e.g., solar UV spectral irradiance measurements.
As the nonlinearity of array instruments is affected by several factors, care
should be taken when drawing conclusions based on the results. For example,
when the integration time is kept constant and only the spectral irradiance level
of the source is varied, potential observed nonlinearities can be due irradiance-
or count-based effects or a combination of both.

Results of nonlinearity characterizations of array spectroradiometers have
been presented in multiple publications. In some publications only the integra-
tion time has been varied [142,143], while in others, the nonlinearity has been
measured at multiple irradiance levels [116, 117, 144, 145]. Observed nonlin-
earities, which are regularly of the order of several percent in the output count
range determined by the resolution of the ADC, have been attributed to either
integration time- or count-based effects. In at least one publication [144], the
nonlinearity of a CMOS array was found to depend on both the accumulated
counts and the integration time.

In Publication II two array spectroradiometers operating in the UV region
were measured for nonlinearity using three characterization setups built by
different institutes. As the study related to the investigation of the use of array
spectroradiometers in solar UV monitoring applications, the nonlinearity charac-
teristics had to be measured in a spectral irradiance range that was significantly
wider than in previous publications, covering four orders of magnitude.

The linearity characterization setup of Aalto of PII is presented in Figure 5.6.
The operating principle of the setup is similar to the setup of Figure 5.4, i.e.,
comparison with a linear reference detector, in this case Hamamatsu S1337
photodiode. As an example, Figure 5.7 shows the nonlinearity of one of the array
spectroradiometers as a function of dark-subtracted counts measured using
various radiation wavelengths and with different characterization setups. The
data points correspond to measurements at different spectral irradiance levels
and integration times. Significant nonlinearities related to the array and ADC
of the instrument could be detected for both instruments. After correcting for
this type of nonlinearity, potential integration time related nonlinearities could
be detected at very long integration times. No irradiance-based nonlinearities
were detected for either of the instruments.
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Figure 5.6. Schematic drawing of the nonlinearity characterization setup for array spectrora-
diometers. Detailed description of the operating principle of the system can be found
in PII.
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Figure 5.7. Nonlinearity as a function of dark-subtracted counts of one of the studied spectro-
radiometers of PII. The legend refers to the characterization setups of different
institutes, Aalto University, Physikalisch-Technische Bundesanstalt (PTB) and Van
Swinden Laboratorium (VSL), and to different radiation wavelengths.

5.6 Stray light

5.6.1 Stray light in monochromators

Stray light refers to radiation incident on an optical detector – or other parts of
the system affected by radiation – that is unwanted, i.e., would not be present
were the system ideal [146]. Stray light can originate from the radiation source
under study, e.g., through reflections from other parts of the system, or from
other sources, e.g., general lighting or indicator LEDs of the measurement
instruments. Stray light increases the uncertainty of the measurement and
should be minimized through careful design. Ways to combat stray light include
eliminating other radiation sources, the use of radiation blocking enclosures
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and baffles, as well as coating the surfaces of the system with low-reflectance
material, e.g., matte black paint.

In instruments related to monochromatic radiation, e.g., monochromators,
spectroradiometers, and spectrophotometers, stray light is typically used to refer
to radiation from other wavelengths affecting the signal at a given wavelength
band of interest, e.g., the nominal band determined by the slits of an array
monochromator [146]. Stray light in spectroradiometers can become a significant
problem in applications where the spectral irradiance level varies significantly
with wavelength and an accurate measurement in the regions of low irradiance
is needed, such as solar UV spectral irradiance measurements.

The stray light in spectroradiometers is predominantly caused by the proper-
ties and imperfections of the dispersive element [147], which, in the following
discussion, is assumed to be a diffraction grating. For an ideal blazed diffraction
grating, the relative radiant flux in between the main diffraction orders – i.e.,
the radiant flux contributing to stray light – at monochromator wavelength λMC

caused by radiation at wavelength λrad can be approximated as [147]

Φe,stray(λMC,λrad)≈ ΔλBW

λradN
sinc2(π(λMC −λB)/λrad)
sinc2(π(λrad −λB)/λrad)

1
1−cos(2πλMC/λrad)

, (5.8)

where N is the number of grooves of the grating illuminated by the radiation,
ΔλBW is the monochromator bandwidth, λB is the blaze wavelength, i.e., the
wavelength of maximum grating efficiency. The equation is in general non-
zero, indicating the presence of stray light even when the diffraction grating
can be considered ideal, i.e., it has no manufacturing imperfection. However,
equation (5.8) underestimates the stray light produced by real grating monochro-
mator systems, which typically reach a stray light level of the order of 10−3 to
10−5 for monochromatic sources [147,148].

Stray light of diffraction gratings is increased by various forms of grating
imperfections, such as random errors in groove spacing and depth, as well as by
surface roughness of the grating, and by external factors such, as dust particle
contamination [147]. In addition, the stray light of a monochromator system is
affected by radiation incident on the detector e.g., due to scattering from imper-
fections in the optical components and due to radiation from other diffraction
orders of the grating reflecting from the walls of the monochromator [9].

5.6.2 Minimizing instrument stray light

There are several ways to minimize the stray light of a spectroradiometer
system. By using two monochromators in an additive configuration (see Sec-
tion 2.1), the stray light level can be lowered significantly compared with a
single-monochromator instrument [9]. In theory, when two monochromators
with stray light rejection of 10−4 are placed in series, stray light rejection of
10−8 can be achieved. Configurations of three or more monochromators can be
utilized to further decrease stray light, see, e.g., [149], but these configurations
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are rarely seen outside special applications, due to the complexity of the instru-
ments and the decrease in signal level. Stray light is also affected by the type
of grating, with holographic gratings typically producing less stray light than
ruled gratings, due to the higher quality of the manufacturing process [9,147].

Array spectroradiometers cannot be used in a double-monochromator con-
figuration, and in order to reduce stray light with these and other single-
monochromator instruments, other solutions must be pursued. A commonly used
method involves placing bandpass filters near the entrance of the monochroma-
tor, see, e.g., [150,151], in order to prevent radiation from unwanted wavelengths
from entering the monochromator. If a wide wavelength range needs to be cov-
ered while still maintaining low overall stray light level, several filters of a
different bandpass properties can be used in a filter wheel, so that several spec-
tra are measured sequentially and combined into one after the measurements.
When using this kind of system, the instrument needs to be calibrated separately
at each filter configuration. Furthermore, various features of the filters, such
as temperature dependence of the transmittance, and the spatial uniformity
coupled with the repeatability of the filter positioning, need to be considered.

5.6.3 Correction of instrument stray light

If acceptable level of stray light rejection cannot be reached by optimized in-
strument design alone, some form of stray light correction is required. For
this correction, the stray light properties of the instrument need to be first
determined.

A simplified method of estimating the stray light properties of the instrument
involves measuring the spectral irradiance of a radiation source multiple times
with different bandpass filters placed between the source and the instrument [9].
Based on the results, one can estimate the stray light correction required for a
source of a given spectral irradiance distribution. Unfortunately, generalizing
the results for different types of sources can be difficult.

A common and straightforward method of obtaining information about the
stray light properties of a spectroradiometer is to measure the output signal
at different monochromator wavelengths λMC produced by a monochromatic
radiation source, typically a laser, of wavelength λrad. By normalizing the signal
at the peak wavelength (λMC =λrad), the slit function of the instrument s(Δλ),
where Δλ= λrad −λMC, is acquired. An example of a measured slit function –
also referred to as slit scattering function or linespread function – for a single-
monochromator spectroradiometer is shown in Figure 5.8. The slit function
can be used to determine the relationship between the measured Ee,λ,m(λ) and
actual Ee,λ(λ) spectral irradiances through equation

Ee,λ,m(λ)=
∫

R(λ−μ)Ee,λ(λ−μ)s(μ)dμ∫
R(λ−μ)Ee,λ,cal(λ−μ)s(μ)dμ

Ee,λ,cal(λ) , (5.9)

where R(λ) is the spectral responsivity of the instrument, and Ee,λ,cal(λ) is
the spectral irradiance of the calibration source. In theory, the actual spectral
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irradiance Ee,λ(λ) can be determined from the measured signal through a de-
convolution process. In practice, however, the process is subject to errors due
to the various sources of uncertainty in the spectral measurements and in the
determination of the slit function s(Δλ), as well as the issues of stability of
solutions in numerical deconvolutions.

��� ��� ��� ��� � �� ��
��

��

��
��

��
��

��
��

��
��

��
�

�
��
��
��

�
	�
�


�
��
�

�

�	
����������������� ����

Figure 5.8. Slit functions of a single-monochromator Brewer spectrophotometer #037 measured
at the wavelength of 325 nm. The characterization of the slit function is limited by
the measurement range of the instrument. Description of the characterizations can
be found in PIII.

In the previous discussion, the slit function s(Δλ) was assumed to retain its
shape at different source wavelengths λrad. In reality, significant variations in
the shape of the slit function at different wavelengths have been reported, see,
e.g., [148,152]. For these types of instruments, accurate stray light correction
requires slit function characterization at several wavelengths, using, e.g., a
wavelength-tunable laser, as well as a more involved correction process [148,
151–153]. Reduction of stray light error by one to two orders of magnitude
when measuring a broadband source were reported for one of the methods [148].
Simplified methods utilizing a single slit function have also been presented [65].

It should be noted that in addition to the measurement range of the instrument
(in-range) – determined by the properties of the dispersive element, as well as
the mechanical movement of the monochromator in scanning instruments, and
the size and positioning of the detector in array instruments – stray light can
also originate from outside the measurement range of the instrument. Determin-
ing and correcting for out-of-range stray light is inherently more problematic
than for in-range stray light, since neither the spectral irradiance level or the
responsivity of the detector at these wavelengths can be measured directly. Out-
of-range stray light can still be corrected by, e.g., making assumptions about the
shape of the spectral power distribution outside the measurement range [152].

In Publication III the in- and out-of-range stray light properties of two single-
monochromator Brewer MKII spectrophotometers were characterized using two
laser setups. A schematic drawing of the measurement setup of Aalto which
was used to characterize Brewer MKII #037 of Finnish Meteorological Institute
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is shown in Figure 5.9. In the same study, Brewer MKII #030 of Deutscher
Wetterdienst (DWD) was characterized by PTB. Thorough characterization of
instruments of this type is important because they are part of a global network
of ground-based solar UV and ozone monitoring instruments. While the stray
light properties of Brewer spectrophotometers have been studied in the past [64,
77,78,154], to the author’s knowledge, the results of direct out-of-range stray
light characterizations have not been reported before.

Figure 5.9. Multi-laser stray light characterization setup constructed for characterizing single-
monochromator Brewer instrument. Detailed description of the measurement setup
can be found in PIII.

The slit function s(Δλ) of Brewer #037 is shown in Figure 5.8. Similar slit
functions were obtained for Brewer #030 by PTB. No signal above the noise floor
was observed for either of the instruments when the instruments were irradiated
with a laser at wavelengths above 338 nm, indicating good out-of-range stray
light suppression at these wavelengths. This finding was supported by the
fact that no leaks were discovered in the spectral transmittance measurements
of solar blind filters, utilized in Brewer spectrophotometers to reduce out-of-
range stray light. The stray light behavior of the single-monochromator Brewer
instruments was further studied by simulations. Figure 5.10 shows the effect of
stray light and of stray light correction carried up to a specific cutoff wavelength
λcutoff on the solar spectral irradiance at SZA 50◦ measured with a single-
monochromator Brewer spectrophotometer. The results show that for this
instrument, the correction should be extended beyond the nominal edge of the
measurement range of the instrument, 325 nm.
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Figure 5.10. Ideal and measured solar UV spectral irradiances for SZA 50◦ for single-
monochromator Brewer MKII instrument. The effect of different wavelength ranges
on the stray light correction was studied by a combination of measurements and
simulations. Detailed description of the characterization can be found in PIII.
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6. Summary

Spectral irradiance measurements are important in many fields of science.
When combined with proper weighting functions, the spectral irradiance data
can be used to estimate various physiological effects, such as the risk of sunburn
and skin cancer, the effectiveness of vitamin D production, and the brightness
perception. However, in order to perform high-accuracy spectral irradiance
measurements, several application-specific factors need to be considered.

Monitoring of solar UV irradiance is of vital importance due to its myriad
effects on human health, including, but not limited to, sunburn, various forms
of skin cancer, photokeratitis, cataract, and vitamin D production. Moreover,
UV spectral irradiance data can be used to monitor the thickness of the ozone
layer which is the main factor protecting the humans and the environment from
harmful short-wavelength UV radiation.

To carry out accurate measurements of global solar UV irradiance, high quality
entrance optics are required. To this end, Publication I presented a simulation
algorithm that can be used to aid in the optimization of irradiance entrance
optics. Due to the rapid decrease of solar UV-B spectral irradiance towards
shorter wavelengths, the linearity and stray light of spectroradiometers need
to be carefully characterized. In Publication II, two array spectroradiometers
were extensively characterized for nonlinearity over a wide range of spectral
irradiances. It was noted that although no irradiance-based nonlinearities
were detected, other sources of nonlinearity can hinder the performance of
these instruments considerably unless carefully characterized and corrected. In
Publication III, the stray light of two Brewer single-monochromator spectropho-
tometers – instruments that form a part of one of the major ground-based ozone
and solar UV spectral irradiance monitoring networks – were characterized
for in- and out-of-range stray light. Stray light from wavelengths outside the
nominal measurement range of the instruments was found to be a potential
source of uncertainty in the UV-B measurements.

Spectral irradiance measurements are commonly used in high-accuracy photo-
metric measurements for spectral mismatch correction purposes. However, pho-
tometric measurements are rarely based on spectral irradiance measurements
only due to the uncertainty of absolute spectral irradiance measurements. In-
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stead, photometers, filtered detectors whose spectral responsivity approximates
the luminous efficiency function, are commonly utilized. Accurate determina-
tion of the absolute spectral responsivity of these instruments is required for
photometric measurements at low uncertainties. Moreover, the filters used in
photometers may be prone to ageing and degradation. Publication IV presents a
method for measuring the illuminance of a white LED, which does not rely on
filtered detectors or absolute spectral irradiance measurements. Instead, a rela-
tive spectral measurement is carried out using a high-quality spectroradiometer,
and the absolute level is set using a PQED, a broadband detector whose spectral
responsivity is predictable to a high degree of accuracy. The method is shown to
decrease the uncertainty of illuminance measurement of white LEDs compared
with a traditional reference photometer.
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Errata

Publication IV

The uncertainty related to the spectral irradiance calibration was re-evaluated
using a method that was developed only after the publication of the article. The
method and the effect on the uncertainty of the illuminance measurements is
discussed in Section 4.3 and in [98].

75



-o
tl

a
A

D
D

 
8

41
/

 7
10

2

 +a
hffh

a*GM
FTSH

9

ytisrevinU otlaA  
gnireenignE lacirtcelE fo loohcS

scitsuocA dna gnissecorP langiS fo tnemtrapeD
 if.otlaa.www

 + SSENISUB
 YMONOCE

 + TRA
 + NGISED

 ERUTCETIHCRA

 + ECNEICS
 YGOLONHCET

 REVOSSORC

 LAROTCOD
 SNOITATRESSID

ill
uP

i
mo

T
sn

oi
ta

cil
pp

a
dn

a
st

ne
me

ru
sa

e
m

ci
rt

e
mo

id
ar

or
tc

ep
s

ni
st

ne
me

vo
rp

mI
yt

is
r

ev
i

n
U

otl
a

A

7102

scitsuocAdnagnissecorPlangiSfotnemtrapeD

nistnemevorpmI
cirtemoidarortceps
dnastnemerusaem

snoitacilppa

illuPimoT

LAROTCOD
 SNOITATRESSID

ISBN 978-952-60-7557-0 (printed)
ISBN 978-952-60-3739-4 (pdf)
ISSN-L 1799-4934
ISSN 1799-4934 (printed)
ISSN 1799-4942 (pdf)


	kansi
	Aalto_DD_2017_148_Pulli_verkkoversio_puuttuu_eversion_isbn

	sisasivut
	isbn9789526037394_virheellinen_versio




