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1 INTRODUCTION

The Earth’s ecosystems are protected from the dangerous part of the solar ultraviolet
(UV) radiation by stratospheric ozone, which absorbs most of the harmful UV wave-
lengths. In the stratosphere, severe depletion of ozone has been observed, first in the
Antarctic region (Farman et al., 1985), and later to a lesser extent in the Arctic and
mid-latitudes. As the ozone in the atmosphere absorbs the short wavelengths of UV
radiation, the amount of short-wavelength UV radiation was assumed to increase at the
Earth’s surface (WMO, 1990). The need for continuous surface UV radiation measure-
ments became obvious.

Nowadays, the human effect on the global ozone amount has been recognized,
and efforts to restrict the use of ozone-depleting substances have been made (WMO,
1999). The Montreal Protocol was established, and its restrictions have been successful
in reducing the amount of substances depleting the stratospheric ozone layer (WMO,
2007). A recovery of the ozone layer is expected, signs of which are assumed to be
detectable in the measured surface UV time series as decreased UV values (Andrady
et al., 2009). In practice, the matter is not so simple, as changes in the surface UV
radiation amount are also strongly dependent on changes in cloudiness, surface albedo
and the aerosol content of the atmosphere. All these factors affecting UV are expected
to be directly or indirectly affected by the possible climate change, e.g., via changes in
the atmospheric temperature or humidity conditions.

The effect of changes in the stratospheric ozone layer should be especially notice-
able at the ozone-induced cut-off part of the ultraviolet radiation spectrum, where the
short wavelengths are most harmful for ecosystems (Young et al., 1993; UNEP, 1998,
2003, 2007). Monitoring these wavelengths is a big challenge, as the ozone absorption
of UV radiation is strongly wavelength-dependent, and the dynamic range of the UV
signal at these wavelengths is of several orders of magnitude. This means that even a
small inaccurancy in the wavelength setting or in the detection sensivity of the spectro-
radiometer will result in erroneous data (Bernhard and Seckmeyer, 1999; Seckmeyer
et al., 2001).

The key question and the most challenging part of the UV radiation measurements
is the quality control (QC) and quality assurance (QA) of the data. This QC/QA in-
cludes daily maintenance, laboratory characterizations, corrections for all known mea-
surement errors, and control of the homogeneity of the data time series (Webb et al.,
1998, 2003). Only homogeneous time series allow the drawing of conclusions regard-
ing long-term changes in the UV radiation amount. In this thesis, most of the work
has been involved in ensuring the high quality of the bi-polar UV measurements (i.e.,
measurements in both the Arctic and Antarctic regions) of the Finnish Meteorological
Institute (FMI), using both spectral UV radiometers and multi-band UV radiometers.

The FMI was among the first institutes to monitor UV radiation at high north-
ern latitudes, in areas where spring-time polar stratospheric ozone loss was observed
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(WMO, 1999; Bojkov et al., 1993; Kivi et al., 1999; Knudsen et al., 1998; Kyrö et al.,
1992; Rex et al., 1997; Taalas et al., 1996). Spectral UV measurements were started
in 1990 at the FMI Arctic Research Centre at Sodankylä. There, due to stratospheric
dynamics, the natural variability in UV radiation is high, especially in springtime. The
variability is enhanced by the influence of the ground snow cover, whose amount and
duration vary from year to year. This combination, together with the possible chemical
ozone loss, makes measurements at the site important from an ecological point of view.
In springtime, at the start of the growing season, even small changes in the solar UV
spectrum can be critical to the equilibrium of the ecosystem (Caldwell et al., 1980).
Several studies of the impacts on nature of a possible enhancement of UV radiation
have been conducted at Sodankylä (Turunen et al., 2002; Huttunen et al., 2005; Tiiva
et al., 2007; Krywult et al., 2008; Rinnan et al., 2008; Haapala et al., 2009; Lappalainen
et al., 2010; Martz et al., 2009).

Atmospheric conditions in Finland are challenging for UV measurements: e.g.,
most of the measurements are performed at a high solar zenith angle (SZA), most
of the time the sky has changing cloud cover, and temperatures below freezing oc-
cur during wintertime. The work and experience of the FMI in successfully performing
high-quality surface UV measurements under difficult atmospherical conditions led to
international co-operation in establishing the Antarctic NILU-UV network. This net-
work was founded in 1999 and 2000 as a Spanish-Argentinian-Finnish co-operation
project. The bi-polar UV activities of the FMI became a part of the Finnish Antarctic
project, and enable the comparison of surface UV measurements in areas of springtime
ozone loss in both the southern and northern hemispheres.

The main objectives of this thesis have been: 1) to study the features of the spectral
UV time series measured at Sodankylä, 2) to analyze the role of the different factors
producing the observed UV features at Sodankylä, 3) to develop quality control and
quality assurance practices that can be repeatable and suitable for many kinds of UV
instruments, 4) to use measured spectral UV data and reconstructed UV calculations
as quality assurance tools for each other, 5) to implement quality control and quality
assurance procedures and guidelines in the Antarctic NILU-UV network and 6) to im-
plement a travelling reference instrument to allow transfer of the UV irradiance scale
between the Arctic and the Antarctic.

This thesis consists of five original papers, which will be referred to by roman
numerals (I-V). The major contributions are as follows: PAPER I discusses the ob-
served features of the spectral UV radiation time series at Sodankylä during the period
1990–2001. It gives a first approach to the dominant factors affecting the observed
UV changes at Sodankylä. PAPER II gives a deeper analysis of the subject using, in
addition to measurements, radiative transfer model calculations. The roles of the var-
ious different factors affecting UV radiation are assessed regarding both short- and
long-term variations. In PAPER III the quality assurance of the two UV spectrora-
diometers at the FMI is discussed, including corrections for all known errors. New
methods for characterizing and correcting errors due to temperature dependence and
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non-ideal angular response are presented. Two methods are given to calculate the long-
term change in the responsivity of the spectroradiometers. The complete data process-
ing chain is explained, and is applicable to other spectroradiometers as well. As most
of the ground-based UV measurements only started at the beginning of the 1990’s, in-
formation about past UV levels has to be obtained in other ways. PAPER IV introduces
a method based on available atmospheric parameters and radiative transfer calculations
for the reconstruction of past UV radiation. The main idea is to use global radiation
measurements for determining the influence of clouds on UV radiation. In PAPER V
the quality assurance protocol of a multifilter NILU-UV-type radiometer network is set
up and discussed. The quality assurance includes the transfer of the irradiance scale
using a travelling reference instrument. This allows the comparison of measured UV
radiation in areas of stratospheric ozone loss in both hemispheres.

This introductory review has the following structure: The theoretical background
of UV radiation, UV measurements and the factors affecting UV radiation are given
in Chapter 2. The three main types of ground-based UV measurement instruments are
presented in Chapter 3. The main results are summarized in Chapter 4. The results
are centred on the work done by the author of this thesis. In PAPER II, the focus has
been on the time series at Sodankylä. The main contribution to PAPER IV is the use of
ground-based data for the validation of reconstruction techniques. Chapter 5 concludes
this thesis.
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2 UV RADIATION IN THE ATMOSPHERE

As the focus of this thesis is the measurement of UV radiation, this theoretical part of
the thesis will introduce the main body of knowledge about UV radiation, as well as the
associated concepts and instruments. Section 2.1 introduces the geometrical definitions
related to UV measurements, while sections 2.2 and 2.3 deal with the attenuation of so-
lar UV radiation in the atmosphere and the related radiation transfer. The equations of
those sections are reproduced from Madronich (1993). Section 2.4 discusses the main
factors affecting the attenuation of UV radiation in the atmosphere. Often, the bio-
logical effectivity of UV radiation is the subject of interest. Biologically-weighted UV
irradiances are the UV quantities mostly used in this thesis. The terminology describing
biologically-active radiation is explained in section 2.5.

2.1 UV RADIATION AND GEOMETRY

In terms of energy, eight percent of the Sun’s radiation reaching the Earth’s atmosphere
is UV radiation. It is energetic electromagnetic radiation, whose shorter wavelengths
are biologically effective and would be harmful to the ecosystem if they reached the
surface. However, atmospheric oxygen and ozone protect the Earth from the most dan-
gerous wavelengths. The UV spectrum can be divided into different bands depending
on their ozone absorption. The three longest UV wavelength parts are: 1) UV-C radi-
ation (200–280 nm), which is totally absorbed by the atmosphere and does not reach
the ground, 2) UV-B radiation (280–315 nm), which is strongly absorbed by the ozone
layer and 3) UV-A radiation (315–400 nm), which reaches the surface and is least ab-
sorbed by ozone. The shorter wavelength part of the UV-B radiation band is the most
harmful to the ecosystem. However, UV radiation can produce positive effects, e.g., via
the cutaneous synthesis of pre-vitamin D (Webb et al., 1988; McKenzie et al., 2009).

The solar radiation reaching a target can be divided into three components: the
direct solar beam, the diffuse part of the radiation and the reflected part of the radiation.
Global radiation includes them all, while diffuse radiation includes all the radiation
reaching the target, excluding the direct beam. Reflected radiation is radiation reflected
from surfaces, most often below the target. The UV instruments discussed in this thesis
measure global UV radiation. In practice, as the optical entrance of the UV instrument
is usually looking upwards, the reflected component contributes via increased diffuse
radiation from the sky. The characterization of the instruments, the understanding of
the measurements, as well as the use of the radiative transfer calculations, all demand
knowledge of the basic UV-related geometry. The basic geometrical components of
UV radiation are presented in the next paragraphs.

The Sun can be regarded as a point source, which moves around the target. The
angle between the local vertical and the solar beam is called the solar zenith angle, θ,
while the angle specifying the position of the Sun relative to South is the solar azimuth
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FIGURE 2.1. Definitions of azimuth (φ), zenith (θ) and differential solid angles (dω).

angle, φ. The definitions are shown in Figure 2.1. Any direction in the sky can be
expressed in terms of θ and φ. The differential solid angle dω centred on the direction
(θ, φ) is defined by the area element dA on a sphere of unit radius (R), dω = dA/R2 =

sinθdθdφ = d(cosθ)dφ. The total field of view is 4π. Following Madronich (1993),
the upper hemisphere with down-welling radiation and the lower hemisphere with up-
welling radiation can be considered separately, each with 2π sr total field of view.

For a natural target, the total energy arriving from all directions can be calculated,
if the radiance, L(θ, φ), is known. The radiance is the energy arriving from the direction
(θ, φ) per unit solid angle, per unit area and per unit time on a plane perpendicular to
the direction (θ, φ). Its unit is Wsr−1m−2. The energy intercepted by the target depends
on the target shape and its orientation relative to the incoming radiation. Regarding
biological effects, two idealized targets can be determined. If the target is a spherical
surface, the total radiative power per unit cross-sectional area is the scalar irradiance or
actinic flux

Es =

∫ 2π

0

∫ 1

−1

L(θ, φ) d(cosθ) dφ. (2.1)

The direct component can be separated from the diffuse component. E0 is the
irradiance of the direct solar beam incident at θ0 on a surface perpendicular to the
beam. The upper and lower hemisphere can be considered separately, which yields
two separate components accounting for the down-welling L ↓ (θ, φ) and up-welling
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L ↑ (θ, φ) diffuse radiation. One obtains:

Es = E0 +

∫ 2π

0

∫ 1

0

L ↓ (θ, φ) d(cosθ) dφ

+

∫ 2π

0

∫ 0

−1

L ↑ (θ, φ) d(cosθ) dφ. (2.2)

For a two-sided horizontal surface, the total radiative power received per unit area
is simply the irradiance E, which can as well be divided into different components:

E =

∫ 2π

0

∫ 1

−1

L(θ, φ) cosθ d(cosθ) dφ

= E0 cosθ0 +

∫ 2π

0

∫ 1

0

L ↓ (θ, φ) cosθ d(cosθ) dφ

+

∫ 2π

0

∫ 0

−1

L ↑ (θ, φ) cosθ d(cosθ) dφ. (2.3)

Both the radiance and the irradiance are integrated over wavelengths. They can also
be defined as a function of wavelength λ, in which case they are the spectral radi-
ance Lλ and the spectral irradiance Eλ with units Wsr−1m−2nm−1 and Wm−2nm−1,
respectively. The difference between the scalar irradiance and the irradiance is that the
irradiance has a cosine factor to take into account the radiation coming from different
directions to the horizontal surface. The units of both the scalar and the vector irradi-
ance are Wm−2. As most UV instruments measure radiation arriving on a flat surface
(diffuser), the irradiance E is used. Most of the instruments are only sensitive to the
radiation from the upper hemisphere and so the last term of the vector irradiance can be
removed. However, the scalar irradiance would be more representative for organisms,
as they are mostly randomly oriented, and receive radiation from all directions.

2.2 ABSORPTION AND SCATTERING

Before radiation reaches the ground, it is attenuated by absorption and scattering pro-
cesses in the atmosphere. When a UV photon is absorbed, it is completely removed
from the radiation field. When radiation is scattered, the directions of the photons
change from that of the direct solar beam simultaneously into various directions. Both
scattering and absorption can be expressed by Beer-Lambert type expressions.

For absorption, the Beer-Lambert law can be described in the following way: As-
suming monochromatic parallel radiation entering a horizontal layer of thickness z, the
relationship between the incident intensity I0 and the transmitted intensity I is given by

I/I0 = e−τ(λ,z)/cosθ, (2.4)

where
τ(λ, z) = σ(λ)nz (2.5)
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is the vertical optical depth (dimensionless) for absorption, and σ(λ) is the absorption
cross-section. The cross-section depends on the gas in question (e.g., ozone), and is a
function of wavelength, possibly also of temperature and pressure. The absorbing gas
is assumed to be uniformly distributed with number density n , e.g., [molecules m−3].
In the atmosphere, the gases are non-uniformly distributed, and the optical depth can
be rewritten as

τ(λ, z) = σ(λ)N, (2.6)

where the vertical column density N [molecules m−2] is defined as

N ≡

∫
ndz (2.7)

In the case of scattering, an appropriate scattering cross-section is used, as well
as the number densities of the particles and gases that produce the scattering. Photons
can be scattered several times in the atmosphere. This is called multiple scattering,
and is typical, e.g., in the presence of clouds and snow surfaces, where the radiation
can be reflected back into the scattering radiation field. Scattering can be divided into
Rayleigh scattering and Mie scattering, the former being valid for gases, and the latter
for scattering by aerosols and cloud particles. In this thesis, the attenuation of UV
radiation due to absorption and scattering by ozone, aerosols and cloud particles plays
an important role in PAPER I, II and IV.

2.3 RADIATIVE TRANSFER

The Beer-Lambert law, presented in section 2.2, describes the monochromatic atten-
uation of the direct beam of solar radiation. Scattering processes also affect the dif-
fuse part of the radiation field by increasing it. This is especially important at UV
wavelengths, where Rayleigh scattering is dominant, and at all wavelengths if clouds
and aerosols are present. According to Madronich (1993), for clear sky conditions, at
300 nm, 40 % to 100 % of the radiation can be diffuse, depending on the solar zenith
angle. The proportion of diffuse radiation increases with increasing solar zenith angle.
By contrast, in the visible wavelength range, most of the irradiance under clear skies,
even at large solar zenith angles, is from the direct beam.

The radiative transfer of diffuse radiation is a complex problem, as the scattering
of the atmosphere is not a straightforward process. Multiple scattering and interactions
between different scatterers and absorbers make it complicated. The scattering direc-
tions, as well as the density distribution of scatterers and absorbers in the atmosphere,
are not uniform. The ratio of the scattering efficiency to the total extinction is called
the single scattering albedo ω0, and the scattering phase function P is used to describe
the angular distribution of the scattered radiation. P (θ, φ; θ ′, φ′) is defined as the prob-
ability that a photon incoming from a direction defined by the angles θ’ and φ’ will be
scattered into angles θ and φ.
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In a plane-parallel atmosphere, using the single scattering albedo ω0 and the scat-
tering phase function P (θ, φ, θ′, φ′), the radiative transfer equation for diffuse radiance
can be written, according to Madronich (1993), as

cosθ
dL(τ, θ, φ)

dτ
= −L(τ, θ, φ) +

ω0

4π
E∞ e−τ/cosθ0 P (θ, φ; θ0, φ0)

+
ω0

4π

∫ 2π

0

∫ 1

−1

L(τ, θ′, φ′) P (θ, φ; θ′, φ′) d cosθ′ dφ′ (2.8)

where τ is the vertical coordinate measured in optical depth units and E∞ is the ex-
traterrestrial irradiance. θ0 and φ0 are the angular coordinates of the direct solar beam.
The first term on the right-hand side represents the attenuation of the radiance due to
absorption and scattering. The second and third terms give the increase in the diffuse
radiance due to scattering from the direct solar beam and the multiple scattering from
other locations and directions, respectively. The sum of these terms must balance the
vertical change in radiance, given on the left-hand side. Several numerical methods,
more or less complex, have been developed to solve the equation.

The final result of the radiative transfer calculations is the spectral irradiance
reaching the surface, E(λ), which can be summarized as being the product of the ex-
traterrestrial spectral solar irradiance E∞ and a wavelength-dependent effective atmo-
spheric transmission function T . Considering the main factors affecting surface irradi-
ance, T can be expressed as a function of solar zenith angle, ozone optical depth τO3

,
Rayleigh scattering optical depth τr, aerosol optical depth τa, cloud optical depth τc and
surface albedo a. The spectral surface irradiance can then be expressed as

E(λ) = E∞(λ) T (λ, θ, τO3
, τr, τa, τc, a). (2.9)

There are also other factors affecting the attenuation of the surface irradiance, such as
absorption by other trace gases e.g., NO2 and SO2, and Raman scattering.

The different factors of the transmission function will be discussed in more detail
in the next section (2.4). In PAPER II, the effects of the different factors of the transmis-
sion functions in producing the observed changes in the spectral UV irradiance were
studied. There, the spectral irradiance reaching the surface was reconstructed using a
radiative transfer model. The LibRadtran 0.15 package and ’UVspec disort’ version
were used (code is freely available from http://www.libradtran.org). In PAPER I, the
effect of ozone absorption on the observed spectral UV changes at Sodankylä was also
studied.

2.4 FACTORS AFFECTING UV RADIATION

The UV radiation entering the Earth’s atmosphere is primarily controlled by the vari-
ations in the Sun’s emittance and the orbital position of the Earth. As explained in
section 2.3, the spectral UV irradiance reaching the surface can be expressed as the
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product of the extraterrestrial irradiance and the transmission function (equation 2.9).
The transmission function includes the absorption and scattering processes occurring
in the atmosphere and at the surface. The main factors affecting the amount of UV
radiation reaching the ground are: solar zenith angle, ozone, aerosols, clouds, surface
albedo and the elevation of the measurement site. These factors will now be shortly
introduced.

2.4.1 Solar zenith angle

Depending on the solar zenith angle, the optical path of the radiation through the at-
mosphere can be shorter or longer, affecting both the absorption and scattering of the
radiation. Due to these absorption and scattering processes, the wavelength distribution
is affected, even though the greatest effect of the SZA is seen in the absolute values
of UV radiation reaching the surface. The larger the SZA, the longer is the optical
path, and the greater is the amount of radiation that is absorbed and scattered. This
is detected as less radiation reaching the ground. The diffuse part of the radiation then
increases. Thus, the relative contribution of diffuse and direct radiation to the measured
UV irradiance generally depends on SZA.

The measurement capability of UV instruments can change with changing SZA.
Measurements at large SZA are particularly challenging, as the diffuse part of the ra-
diation field increases and the measured irradiance decreases. In such situations, the
uncertainties in the measurements easily increase. One example is the uncertainty due
to stray light at wavelengths shorter than 300 nm for single monochromator spectro-
radiometers (Bais et al., 1996). As the attenuation of irradiances is larger at short
wavelengths than at longer wavelengths, following the shape of the ozone absorption
spectrum, the relative influence of the stray light from longer wavelengths increases
with SZA. As changes in SZA affect the wavelength distribution of the radiation, the
results of solar comparisons between different instruments can change. This is the
case, when comparing two broadband radiometers, if their spectral responses differ
from each other.

2.4.2 Ozone

Ozone (O3) is formed naturally in the upper stratosphere above 30 km. There, the UV-C
radiation at wavelengths shorter than around 240 nm is absorbed by oxygen molecules
(O2), which dissociate to give two oxygen (O) atoms, reaction 2.10. These free atoms
combine with oxygen molecules to form ozone, reaction 2.11. When the solar UV
radiation is absorbed by an ozone molecule, the energy is converted into heat, and the
ozone molecule splits up into one oxygen molecule and one oxygen atom, reaction 2.12.
Because reaction 2.11 is fast, ozone and atomic oxygen are quickly interconverted.
Ozone can also be naturally destroyed by recombination of an ozone molecule and
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an oxygen atom, reaction 2.13. The reactions 2.10 and 2.13 are slow, while reactions
2.11 and 2.12 are fast, and ozone is in local photochemical equilibrium in the upper
stratosphere. These reactions are known as Chapman’s reactions (Chapman, 1930).

O2 + hν → 2O (λ < 242 nm) creation of oxygen atoms (2.10)

O + O2 + M → O3 + M formation of ozone (2.11)

O3 + hν → O2 + O absorption of UV by ozone (2.12)

O + O3 → 2O2 recombination (2.13)

Chapman’s reactions represent the basic ozone cycle in the stratosphere, but do
not explain the observed global distribution of ozone. The stratospheric circulation,
the Brewer-Dobson circulation, and the chemical destruction of ozone have to be con-
sidered as well. In the Brewer-Dobson circulation, the air rises in the equatorial region
and propagates toward the poles, carrying ozone with it. This explains the fact that even
though more ozone is produced near the equator, the total ozone amount is higher near
the poles. During the wintertime polar night, no ozone destruction occurs by photoly-
sis, and ozone accumulates. This accumulation, taking place during the entire winter
period, leads to a maximum in springtime. The natural annual cycle has its minimum in
the autumn, when the stratospheric circulation is at its weakest and after photochemical
reactions have been most effective throughout the summer.

Chemical ozone destruction includes ozone losses through catalytic reactions with
hydrogen, nitrogen and halogen oxides. In these reactions a catalyst acts in the ozone
destruction process, but is not consumed itself. For example, atomic chlorine, Cl, and
chlorine monoxide, ClO, can catalyze the destruction of ozone by several mechanisms.
The simplest is:

Cl + O3 → ClO + O2 (2.14)

ClO + O → Cl + O2 (2.15)

Net effect: O3 + O → 2O2 (2.16)

An ozone layer is formed in the stratophere between 10 km and 30 km resulting
from the combined effect of the chemical production and destruction of ozone and the
dynamics of the atmosphere. Within this layer, during the polar night when the tem-
perature is low enough, polar stratospheric clouds can form. Chlorine-containing gases
react on their surface, and when the sun appears during late winter / early spring, pho-
tolysis converts the gases into active chlorine radicals. These in turn effectively destroy
ozone molecules via catalytic reactions. Bromine is known to play an important role in
the chemical ozone-loss mechanism, and seems to be much more effective than chlo-
rine. The Human effect on global ozone has been well assessed (WMO, 1999, 2007).
Especially the polar latitudes of both hemispheres are affected, and severe springtime
ozone loss has been detected in the Antarctic. The peak depletion occurs during the
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spring of the southern hemisphere, when ozone is often completely destroyed over a
range of altitudes. At some locations this can reduce the total ozone amount by two-
thirds.

Ozone absorbs UV radiation effectively. Most of the UV radiation is absorbed at
short wavelengths, with the absorption decreasing rapidly as a function of wavelength.
The wavelength dependence of the ozone absorption of UV radiation has been studied
and assessed in, e.g., Kerr and McElroy (1993), Madronich et al. (1995) and WMO
(1999). Different spectral absorption cross-sections have been determined (Bass and
Paur, 1984; Daumont et al., 1992; Molina and Molina, 1986). In a clear atmosphere,
the ozone absorption at 280–300 nm together with Rayleigh scattering mostly affect the
shape of the UV spectrum. The short wavelength cut-off is most sensitive to changes
in the ozone column and the solar zenith angle.

About 10 % of all atmospheric ozone can be found in the troposphere, where
local pollution sources can increase the ozone concentration. Madronich (1994) and
Madronich and de Gruijl (1994) have introduced the radiation amplification factor
(RAF) to link the changes of total ozone to the changes in biologically-active UV radi-
ation. The RAFs depend on the altitude of the ozone perturbation. Brühl and Crutzen
(1989) concluded that for given equal amounts, tropospheric ozone is a more effective
UV-B absorber than stratospheric ozone for a high sun (SZA < 60◦), but less effective
for a low sun (SZA > 60◦). The reason is that, for a high sun, the optical path length in
the stratosphere is shorter and photons are more frequently scattered at a lower atmo-
spheric level, leading to an amplification of tropospheric absorption. For a low sun, the
effect is reversed: the optical path length in the stratosphere is longer, and more scatter-
ing and absorption can occur there before the radiation reaches the ground (Bernhard
et al., 2003b).

2.4.3 Clouds

Clouds and aerosols usually decrease the amount of UV radiation measured at the
ground, while a bright surface with a high value of albedo increases it through the
backscattering of reflected radiation. Bais et al. (1993) have determined by measure-
ments that thick clouds can attenuate global solar UV radiation by as much as 80 % un-
der an overcast sky at SZA 50◦. den Outer et al. (2005) found that clouds, on average,
reduced the daily erythemal dose by 68 % of the clear sky values in the Netherlands.
Kylling et al. (2000) found that, relative to a cloudless sky, clouds reduce monthly ery-
themal doses by 20–40 % at Tromsø, Norway. Frederick and Lubin (1988) suggested
that a thick cloud, in addition to its attenuation of UV radiation by obscuring the di-
rect component, might cause an increase in the absorption by tropospheric ozone. This
results from the scattering within thick clouds, which makes the downward radiation
field more isotropic compared to clear-sky conditions, and thus the effective path length
through tropospheric ozone longer.
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It has been shown that scattered and broken clouds near the direction of the sun
can act as reflecting surfaces for the direct solar beam, and occasional UV enhancement
can be measured at the ground (Lubin and Frederick, 1991; WMO, 1999, 2003; Cede
et al., 2002b). Sabburg and Wong (2000) made a one-year study, in which they found
that 85 % of the UV-B enhancements occurred for solar zenith angles ranging from
40◦ to 63◦. The maximum UV-B enhancement in irradiances was 8 % compared to
a clear sky situation. They suggested that cloud-induced UV-B enhancement may be
due to multiple scattering between different cloud layers. More recent studies show
enhancement of up to 25 % (WMO, 2007).

The cloud modification factor (CMF ) has been introduced to assess the influence
of clouds on radiation (Calbó et al., 2005). The CMF is defined as the ratio between
the measured UV radiation under a cloudy sky and the calculated radiation for a cloud-
less sky. Typical CMF values for overcast skies range from 0.3 to 0.8, depending
both on the cloud type and its characteristics (Cede et al., 2002a; Calbó et al., 2005).
Typically the CMF of UV radiation differs from that of longer wavelengths (global ra-
diation). Josefsson and Landelius (2000) reported that the cloud effect in the UV region
is less than that for the whole solar spectrum. In PAPER IV, using radiative transfer cal-
culations, a relationship was determined between the CMF of global radiation and the
CMF of UV radiation. The CMF for UV radiation was retrieved from a look-up table
as a function of the solar zenith angle and the CMF of global radiation, and used to
reconstruct UV irradiances.

The wavelength dependence of the attenuation of UV radiation by clouds has
been studied by Seckmeyer et al. (1996), Kylling et al. (1997), Bernhard et al. (2004),
Winiecki and Frederick (2005) and Lindfors and Arola (2008). Kylling et al. (1997)
and Bernhard et al. (2004) present two different physical explanations, whereas Lind-
fors and Arola (2008) assess the relative contribution of these two different physical
effects to the total wavelength-dependent cloud effect in one specific case. Their re-
sults show that short wavelengths, in general, penetrate clouds more effectively than
longer wavelengths, and that there are two important contributors to this wavelength-
dependence: (1) that induced by multiple scattering between the cloud top and the
atmosphere above and (2) that introduced by the wavelength-dependent radiance distri-
bution at the cloud top together with the transmittance of the cloud alone as a function
of angle of incidence.

2.4.4 Albedo

The albedo expresses the reflection capability of a target. When talking about the albedo
influencing UV radiation, the most common case is the surface albedo. Bright surfaces,
like snow, ice or sand have a high albedo. Their presence increases the measured UV
radiation compared to low albedo surfaces, like that of vegetation. A flat surface re-
flects radiation upward according to its albedo, and the enhancement in downwelling
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radiation is due to the back-scattering of the atmosphere. In addition, the effect can be
further enhanced in the presence of clouds, when the radiation is trapped between the
cloud and the surface via multiple scattering and reflections.

Two types of albedo can be parametrized: local and regional albedo. The local
albedo effect is seen via direct reflections, in which an area of approximatively a hun-
dred metres in radius around the measurement place is calculated to have an effect. In
the case of regional albedo, the effect of diffuse radiation also contributes, and in this
case the radius of the affecting area can reach up to 40 km (Degünther et al., 1998).

During recent years, the albedo over snow surfaces has been of particular inter-
est, as the snow and ice surfaces are expected to change due to the possible climate
change. Measurements of snow albedo are still a big challenge due to the demanding
measurement conditions as well as measurement uncertainties (Meinander et al., 2008).
The UV albedo has been quantified over snow surfaces in the Antarctic (Grenfell et al.,
1994; Smolskaia et al., 1999; Wuttke et al., 2006) and Arctic (Perovich et al., 2002;
Meinander et al., 2008). The results show that the albedo of snow depends on the prop-
erties of the snow, and that the grain size of the snow differs between the European
Arctic and Antarctic regions, which introduces a different UV albedo in these regions
(Meinander et al., 2008).

Other atmospheric parameters, e.g., cloudiness and temperature, can influence the
albedo. Wuttke et al. (2006) found that the UV zenith sky radiance can double due to the
combined effect of clouds and a high snow albedo. The snow albedo can change within
a few hours, due to the effect of temperature on snow’s properties. Meinander et al.
(2008) found that during one spring at Sodankylä, the midday erythemally-weighted
UV albedo ranged from 0.6 to 0.8 during the accumulation period and from 0.5 to 0.7
during the melting period. The influence of the albedo on monthly erythemal doses at
Tromsö has been studied by Kylling et al. (2000). They found that snow on the surface
increases monthly erythemal doses by more than 20 %.

2.4.5 Aerosols and pollutants

Aerosols are solid or liquid particles in the air; their typical size range is 10−9 m –
10−4 m. The presence of aerosols in the atmosphere affects both the radiation balance
(Ardanuy et al., 1992) and the amount of UV radiation reaching the ground. The effect
of aerosols on UV radiation can be direct via absorption and scattering (Coakley et al.,
1983), semidirect via absorption that changes the cloud cover and liquid water path
(Ackerman et al., 2000) and indirect via changing, e.g., the microphysics of clouds
(Rosenfeld and Lensky, 1998). The UV reduction also depends on the vertical depth of
the boundary layer, in which most of the aerosols are contained, and on the chemical
composition of the aerosol particles.

The atmospheric loading of UV-absorbing and UV-scattering aerosols is the sum
result of several sources of aerosols distributed over large areas by the atmospheric cir-
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culation. Herman et al. (1997) have studied the aerosol loading measured by the Nim-
bus 7 Total Ozone Mapping Spectroradiometer (TOMS) for the years 1979–1993. They
found that the major aerosol source regions are: (1) central South America (Brazil) near
latitude 10◦S; (2) Africa between latitudes 20◦S–10◦N; (3) the Sahara Desert and sub-
Sahara region (Sahel), the Arabian Peninsula, and the northern border region of India;
(4) agricultural burning in Indonesia, Eastern China, and Indochina, and near the mouth
of the Amazon River; and (5) coal burning and dust in northern China. In addition to
these, volcanic eruptions are important aerosol sources in the atmosphere.

Aerosol optical depth (AOD) is a columnar measure of the extinction, includ-
ing both scattering and absorption of solar radiation by aerosols. The other proper-
ties needed to understand and model the UV radiative effects are the single scattering
albedo (SSA) and the phase function. The SSA describes the amount of scattered and
absorbed radiation, and it is the ratio of scattering to extinction. The aerosol phase
function describes how much light is scattered in any direction. Both the SSA and the
phase function can be retrieved from ground-based measurements (Petters et al., 2003;
Santer et al., 2010). These measurements are still challenging, and many studies have
been conducted to better understand aerosol measurements and aerosol’s effects on UV
radiation (WMO, 2007). Arola and Koskela (2004) have investigated, for instance,
the various sources of errors in Brewer spectroradiometer AOD measurements. García
et al. (2006) have studied the aerosol effect with data from the AERONET (Aerosol
Robotic Network) and WOUDC (World Ozone and Ultraviolet Radiation Data Cen-
tre) databases, and Diaz et al. (2007) have reported the aerosol effect on spectral UV
irradiance during a field campaign in Spain.

More about recent studies of UV-absorbing aerosols can be found in WMO (2007).
Regarding satellite UV measurements, inappropriate handling of the aerosol absorption
can be one of the reasons for the positive bias found when comparing these with ground-
based UV measurements (Chubarova et al., 2002; Arola et al., 2005; Kazadzis et al.,
2009). In order to correct this, Arola et al. (2009) have suggested a new approach to
correct for absorbing aerosols in the UV.

In addition to tropospheric ozone, atmospheric pollution can reduce UV levels in
local areas. Pollutant gases that absorb UV, such as NO2 and SO2, can reduce UV-B
radiation by a few percent in heavily-polluted urban areas (Madronich, 1993). A list
of pollutant gases absorbing UV radiation can be found in WMO (2007). Meleti et al.
(2009) found that the improvement in air quality at Thessaloniki was the main reason
for the observed increase in solar UV irradiance there.

2.4.6 Elevation

The effect of the elevation of the surface above sea level is a complex question. The
main phenomenon is that UV radiation increases with altitude, because of the shorter
photon path through the atmosphere. The attenuation due to absorption and scattering
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in the atmosphere is thus smaller than for longer photon paths. Most of the time, at
high altitudes, snow increases the albedo as well as do clouds below the site, both of
these resulting in enhanced UV radiation. Due to local conditions, such as atmospheric
and surface parameters, the reported results are site-dependent, non-linear and vary
with wavelength. Reported increases vary from 5 to 16 % per kilometre (Zaratti et al.,
2003; Schmucki and Philipona, 2002; Pfeifer et al., 2006; Singh and Singh, 2004).

A concrete example of the effect of altitude can be found from the Lhasa region of
Tibet, at 29◦ N. Dahlback et al. (2007), using NILU-UV multifilter radiometers, have
measured the solar UV radiation in an altitude range of 3000 m to 5000 m during the
winter and summer of 2003. They measured UV indexes that exceeded 15 on clear
days. Values even higher than 20 were occasionally measured on partially cloudy days.
The low total ozone values and clean atmosphere also contributed to these high UV
values. Their study showed that for clear-sky and snow-free conditions, the increase in
UV radiation was 7-8 % per km for erythemally-weighted UV dose rates.

2.5 BIOLOGICALLY-ACTIVE RADIATION

In this chapter, the common quantities used to express the biological activity of UV ra-
diation are presented. They are often one of the last products of the UV data processing
chain, and those that are distributed to the scientific community. This is the case for the
spectral and multi-band UV data of the FMI, whose QC/QA processes are presented in
PAPER III and PAPER V.

The sensitivity of organisms to UV radiation is strongly wavelength-dependent
and depends on the effect studied. Different biological action spectra S(λ) have been
determined, and often the shortest wavelengths are the most effective. Examples of
different action spectra are shown in Figure 2.2. These action spectra are used in the
routine processing of the Sodankylä UV data. The CIE (Commission Internationale de
l’Éclairage) erythema (McKinlay and Diffey, 1987), SCUP-H (de Gruijl and van der
Leun, 1994) and Plant Damage (Caldwell et al., 1986) action spectra are shown. The
product of the spectral irradiance and an action spectrum is called the biologically-
effective spectral irradiance or the spectral dose rate Eeff (λ). Its peak indicates the
wavelength at which the biological effect is strongest. This peak is typically at wave-
lengths between 300 and 310 nm. For example, for the most well-known action spec-
trum, the CIE erythema action spectrum, which describes the wavelength dependence
for causing sunburn, the strongest effect is at around 308 nm.

An estimation of the biological effect of the radiation over the wavelength range
from λ1 to λ2 can be obtained by calculating the biologically-effective irradiance

Eeff =

∫ λ2

λ1

E(λ) S(λ)dλ. (2.17)

The biologically-effective irradiance is also called the dose rate, the unit being Wm−2.
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FIGURE 2.2. Examples of biological action spectra: a) CIE erythema, b) SCUP-H and c) Plant

Damage. For explanation, see text.

In clear atmospheric conditions, the biologically-effective irradiances reach a maxi-
mum at any latitude at solar noon.

Broad-band UV instruments measure the dose rate directly. In this thesis, dose
rates are also retrieved from the NILU-UV type multi-band radiometers (PAPER V). In
the case of the FMI’s NILU-UV radiometers, the UV dose rate can be calculated using
the CIE erythemal and the Caldwell Plant damage action spectra. More about broad
and multi-band instruments can be found in Chapter 3.

Integration of the biologically-effective irradiance over time from T1 to T2 gives
the biologically-effective dose Heff accumulated over the period T2 − T1 as

Heff =

∫ T2

T1

∫ λ2

λ1

E(λ, T ) S(λ) dλ dT. (2.18)

The unit of Heff is Jm−2.
Nowadays, especially for public information, the use of the UV index has become

popular. For the general public, this is a more comprehensible index than dose rates. It
is a measure of the solar radiation at the Earth’s surface, normally ranging from 0 to 16
at sea level. According to WMO (1994) and WMO (1997), the UV index is calculated
by multiplying the CIE erythemally-weighted UV irradiance (McKinlay and Diffey,
1987) in Wm−2 by 40.

The World Health Organization (WHO) has made recommendations concerning
protection against UV radiation. People are recommended to protect themselves when
the UV index is over 3 (WHO, 2002). In Finland, the UV index is mostly within the
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range from 1 to 6, reaching its maximum of 6 in the south of Finland during summer.
At Sodankylä, in the northern part of Finland, the maximum UV index during the sum-
mer is around 5. A time series of the Sodankylä UV index measured with the Brewer
spectroradiometer is shown in Chapter 4.
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3 GROUND-BASED UV MEASUREMENTS

This thesis concentrates on UV radiation measured at the Earth’s surface. Ground-
based instrumentation is still the backbone of UV measurements, even though satellite
retrievals and model calculations are becoming more and more accurate and common.
Ground-based measurements are still the only ones that can instantaneously respond to
rapid changes in cloudiness and other atmospheric conditions. When well-maintained
and calibrated, ground-based measurements can reach an accuracy and repeatability of
around 5 % (Gröbner et al., 2005). The errors are larger for model calculations, satellite
retrievals and reconstructed UV time-series. The latter data sources are useful in areas
or for time periods without ground-based measurements, as they can be used globally.
Their validation, however, still relies on ground-based measurements.

UV measurement instruments can be divided into three main categories, depend-
ing on the wavelength resolution of the solar spectrum they monitor. Spectroradiome-
ters are designed to monitor the whole spectrum with its fine structure, while broad-
band and multi-band instruments have wider bandwidths. In the next sections 3.1–3.3,
the different types of instruments are discussed in more detail, as well as their role in the
FMI’s UV measurement programme. As the work done in this thesis has concentrated
on measurements made with spectroradiometers and multi-band radiometers, these in-
struments are described in more detail than the less-used broad-band radiometers.

The good accuracy of ground-based measurements can only be reached and main-
tained with careful monitoring and systematic quality control and quality assurance,
including calibrations. The latter is an important part of UV data processing, and the
calibration of the instruments is discussed in this chapter. The QC and QA procedures
are discussed in more detail in Chapter 4.

3.1 SPECTRORADIOMETERS

Spectroradiometers measure the spectral irradiance as a function of wavelength. At UV
wavelengths, one big challenge is the large dynamic range of five to six orders of mag-
nitude of this part of the solar spectrum. A spectroradiometer can use a monochromator
or a spectrograph to separate the wavelengths. In scanning spectroradiometers, like the
Brewers, usually one grating is used to disperse the radiation from the entrance slit. In-
side the instrument the optics focus the selected wavelength component on the exit slit.
A photomultiplier tube (PMT) is typically used as detector. A spectroradiometer having
only one monochromator is known to have stray light problems at UV-B wavelengths.
The problem is reduced if two monochromators are used in tandem. Bais et al. (1996)
reported stray light levels of 10−4 and 10−5–10−6 relative to the maximum signal for a
single and double monochromator Brewers, respectively.

Spectroradiometers measuring the entire spectrum simultaneously use a charged-
coupled device (CCD) or a diode array detector. The advantage of this type of instru-
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ment is that it records the spectrum continuously within a short time, e.g., 1 second,
while scanning spectroradiometers usually require several minutes to scan a spectrum.
The scanning time depends on the wavelength interval, bandwidth, step length and the
time spent to measure at each position. This can lead to problems when interpreting the
measurements, as the meteorological conditions and SZA change during a long scan.
Ylianttila et al. (2005) reported a stray light level of 10−5 relative to the maximum
signal after correction for a single monochromator diode array spectroradiometer.

The spectral irradiance EM(λ) can be calculated from the spectroradiometer signal
SM(λ) as

EM(λ) =
SM(λ)

r(λ)
, (3.1)

where r(λ) is the spectral responsivity of the instrument. The spectral responsivity of
the spectroradiometer is often determined by measuring a calibration source, usually a
standard lamp. In practice, the measured irradiance EM(λ) will deviate from the “true”
spectral irradiance E(λ) owing to systematic and statistical errors.

Specifications for UV spectral instruments based on the objectives of UV research
are given in Seckmeyer et al. (2001). There, two types of UV spectroradiometers,
S-1 and S-2, are defined. Guidelines are given for instrument characterization, such
as spectral responsivity, stray light determination, wavelength alignment, angular re-
sponse and other parameters that influence the quality of the data. Bernhard and Seck-
meyer (1999) have studied in detail the most common sources of errors of spectral UV
measurements, which include radiometric calibration, cosine error, spectral resolution,
wavelength misalignment, stability, noise, stray light and timing errors. They found that
the expanded uncertainty, with a coverage factor k =2, for global spectral irradiance
measured with their spectroradiometer varied between 6.3 % in the UV-A and 12.7 %
at 300 nm at SZA 60◦. Garane et al. (2006) found the combined standard uncertainty
(±1σ) to be ±4.8 % for their double monochromator Brewer, while for their single
monochromator Brewer the uncertainty was ±6.5 % at 305 nm and ±5.3 % at 320 nm.
Leszczynski (2002) reported expanded uncertainties (k =2) of 5.6 % and 8.5 % for
measurements of erythemally-weighted UV radiation performed with high-precision
spectroradiometers.

The FMI uses Brewer spectrophotometers, manufactured by SCI-TEC, Canada,
(Brewer, 1973; Bais et al., 1996). The measurements were started in 1990 at Sodankylä
and in 1995 at Jokioinen. At Sodankylä there is a single monochromator Brewer, type
MK II, serial number 037, which measures in the wavelength range of 290–325 nm. At
Jokioinen there is a double monochromator Brewer, type MK III, serial number 107; its
wavelength range is 286.5–365 nm. In addition to global UV irradiance, these instru-
ments can also measure total ozone and the sulphur dioxide column. Both Brewers have
a 35 mm diameter Teflon diffuser which is protected by a weather-proof quartz dome.
The incoming light is directed through the foreoptics by director prisms. Monochro-
mators have focusing lenses and diffraction gratings, and the detector used is a photo-
multiplier tube. Technical details of the Brewers can be found in SCI-TEC (1987), and
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the instrument-specific details of the FMI Brewers can be found in PAPER III.
The QC and QA of UV measurements are discussed in detail in Webb et al. (1998)

and Webb et al. (2003). For the spectral UV measurements of the FMI, the calibration,
correction for known errors and other QC and QA procedures are discussed and docu-
mented in PAPER III. No uncertainty budget has been established for the FMI Brewers,
but the quality assurance of the measurements is discussed using the inductive method
described by Webb et al. (2003). There, the quality of measurements is evaluated using
comparions with other independent spectral measurements.

The calibration of the spectroradiometers is based on lamp measurements. From
these measurements, the spectral responsivity is determined as

r(λ) =
SL(λ)

EL(λ)
, (3.2)

where EL(λ) is the spectral irradiance produced by the calibration source, and SL(λ)

is the signal of the radiometer. Lamps are used to transfer an irradiance scale from
an accredited calibration laboratory or national standards laboratory to the site spec-
troradiometer. In practice, this means that on-site calibration lamps are sent to the
laboratory where the spectral irradiance of the lamps is determined. Back at the home
site, these lamps are then used to transfer their calibration to working standards, which
in turn are used to calibrate the spectroradiometer. For the FMI Brewers, 1000 W
DXW lamps are used as known calibration sources. DXW-type lamps are double-
ended double-coiled tungsten-halogen lamps. The signal of the Brewer is measured as
photon counts per cycle, on the basis of which the unit of the spectral responsivity is
counts(cycle)−1s−1(mWm−2nm−1)−1.

Regular lamp measurements are needed in order to maintain the homogeneity of
UV measurements. The calibration lamps themselves also need to be calibrated regu-
larly, as their intensity may change with time. More than two lamps need to be used
during a calibration to identify possible changes in the irradiance scale of the spectrora-
diometer. Three lamps give a better possibility of separating changes in lamp intensity
from changes in the responsivity of the spectroradiometer. This procedure is explained
in detail by Webb et al. (1998), while the practices followed by the FMI are discussed
in PAPER III.

3.2 BROADBAND RADIOMETERS

Broadband radiometers are UV monitoring instruments that measure integrated irra-
diance over a large wavelength range. They can include both the UV-B and UV-A
wavelengths of the solar spectrum, or they can cover only the UV-B or UV-A wave-
lengths. For solar UV measurements, the broadband radiometers have typically been
designed to measure the irradiance weighted by the action spectrum for erythema as
defined by the Commission International de L’Éclairage (CIE) (McKinlay and Diffey,
1987). Ideally, the spectral response of these broadband meters should resemble the
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CIE action spectrum. In practice, the response functions of available instruments differ
from the ideal function, and corrections, which typically depend on total ozone and
SZA, become necessary.

Broadband radiometers are cheaper and easier to operate than spectroradiometers,
and are thus suitable for remote locations and for networks including many instru-
ments. They monitor with a higher time-resolution: data can typically be retrieved
every minute, which makes them excellent for following rapid atmospheric changes.
In this respect, broadband radiometers can provide complementary measurements to
spectral UV measurements, whose measurement frequency is lower, and they can also
be used as QC/QA tools (PAPER III). Broadband radiometers are good for providing
data for information to the general public, such as the UV index.

Big challenges exist in the QC and QA of broadband radiometers (WMO, 2007;
Seckmeyer et al., 2005): In order to be properly calibrated, the spectral and angu-
lar responses of the instruments need to be known. The measurements should also
be corrected for known error sources. This is best achieved by combining simultane-
ous spectroradiometer measurements and model calculations. (Leszczynski, 2002) re-
ported an expanded uncertainty (k =2) of 7.8 % in the spectroradiometric calibration of
erythemally-weighted radiometers in solar radiation. The calibration can also be trans-
ferred using a travelling reference (Blumthaler, 2004). However, the homogeneity of
the UV time-series is difficult to ensure. The reason for this is that the instrument’s re-
sponsivity can be affected by changes in the environmental conditions, such as changes
in ambient temperature and humidity. In order to detect such effects, continuous mon-
itoring of the responsivity is necessary, which is difficult to arrange. This limits the
scientific use of the data, especially the interpretation of time series. However, broad-
band radiometers are practical for case-study-types of research, as they are portable and
easy to set up.

The first broadband UV measurements at FMI were made with Solar Light 500
-type instruments at Jyväskylä and Jokioinen in 1991. Nowadays, the instrument type
used is the Solar Light 501A (SL501A). First measurements with the SL501A were car-
ried out at Helsinki in 1994, after which 5 more stations have been added: Sodankylä,
Jokioinen, Sotkamo, Jyväskylä and Utö. The data are mostly used for information to the
general public, but also as QC/QA tools (PAPER III) for spectroradiometer measure-
ments and reconstructed UV time series (PAPER IV). As a QC tool, an SL501 radiome-
ter is synchronized with the Brewer UV measurements at Sodankylä and Jokioinen. At
every wavelength measured by the Brewer, the erythemally-weighted UV irradiance is
recorded with the SL501A. This allows one to follow the effect of changing cloudiness,
for example.
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3.3 NARROWBAND MULTIFILTER RADIOMETERS

Narrowband multifilter radiometers (multi-band radiometers) measure solar radiation
using several channels with bandwidths ranging typically from 2 to 10 nm. Usually
they have 4 to 7 channels, where either a single channel or the combination of several
channels give the desired information (Dahlback, 1996; Høiskar et al., 2003; Bernhard
et al., 2005). Multifilter radiometers have the same advantages as broadband instru-
ments: their price, around 20 000 euros, is lower than that of spectroradiometers, whose
prices range from 50 000 euros up to even 150 000 euros. They are easier to operate
and have no moving parts, and thus are easier to transport without affecting their cal-
ibration. They are designed to respond to the needs of scientific research and they
monitor more diverse information than broadband radiometers. The use of empirical
and radiative transfer model calculations together with their data allows calculation of
secondary data products; for example, the following parameters can be retrieved from
the NILU-UV type radiometer measurements: total ozone, UV-B irradiance, UV-A ir-
radiance, UV dose rates weighted with different action spectra, cloud transmission and
photosynthetically active radiation (PAR).

The calibration of the multifilter radiometer is based on simultaneous spectrora-
diometer measurements as well as on model calculations (Dahlback, 1996; Høiskar
et al., 2003; Bernhard et al., 2005; Diaz et al., 2005). In order to retrieve accurate mea-
surements, the relative spectral responsivity r′(λ) for each channel i has to be measured
for each radiometer. Correction for the effect of ozone and SZA variation should be ap-
plied. Following Dahlback (1996), the voltage Vi across the detector in channel i that
is due to illumination by radiation with spectral irradiance E(λ) can be described by

Vi =

∫
∞

0

ri(λ)E(λ)dλ, (3.3)

where ri(λ) is the absolute spectral responsivity of channel i. The relation between the
relative and absolute spectral responsivities can be written as ri(λ) = kir

′

i(λ), where
ki is a channel and instrument-dependent constant. The UV dose rate (Eeff ) can be
determined by a linear combination of the irradiances, represented by these voltages
Vi, measured by the M channels:

Eeff =
M∑
i=1

aiVi. (3.4)

During the calibration a unique set of these M coefficients ai is determined. A
radiative transfer model is used to simulate dose rates representing different realistic
atmospheric conditions, and the ai’s are solved from a system of equations as presented
in Dahlback (1996). For this, the constants ki need to be determined for every channel.
This can be done using one spectroradiometer spectrum measured simultaneously with
the radiometer measurement on a clear day near local noon.

The FMI has 4 NILU-UV6T multi-band radiometers obtained from the Norwegian
Institute for Air Research (NILU), Kjeller, (Høiskar et al., 2003). Two of them are
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continuously operated at Sodankylä at the Finnish Ultraviolet International Research
Centre (FUVIRC). The third is used for snow albedo campaigns, and the fourth is the
travelling reference of the Antarctic NILU-UV network. The NILU-UV radiometer
has 5 UV channels, with central wavelengths around 305, 312, 320, 340 and 380 nm,
and bandwidths of around 10 nm at full-width half-maximum. A combination of 3 to
5 channels is needed to retrieve the erythemally-weighted UV irradiance. The sixth
channel measures PAR in the 400–700 nm wavelength region. The radiometer has a
flat Teflon diffusor, and interference filters, and the radiation is recorded using silicon
detectors. The instrument is temperature stabilized, and records data in a built-in data
logger at a 1-min time resolution. Data with a 1-s time resolution can also be recorded.

UV-monitoring networks including multifilter instruments have been established
by Norway (Mikkelborg et al., 2000), the U.S. National Science Foundation (NSF)
(Bernhard et al., 2005), the United States Department of Agriculture (USDA) (Gao
et al., 2010) and Greece (Bais et al., 2004). PAPER V presents the Antarctic NILU-UV
multichannel radiometer network established by the Spanish-Finnish-Argentinian co-
operation project. In PAPER V the quality assurance of a multifilter radiometer network
is discussed in detail. It is emphasized that also these instruments need regular calibra-
tion, quality control and quality assurance in order to obtain reliable data. Høiskar
et al. (2003) compared two weeks of erythemally-weighted UV dose rates measured
under clear skies with a NILU-UV radiometer and a Bentham double monochromator
spectroradiometer. The average ratio was 0.99 ± 0.03 for solar zenith angle up to 80◦.
Bernhard et al. (2005) found that, for UV-A irradiance, GUV multifilter radiometer and
SUV-100 spectroradiometer data agree within ± 5 % for solar zenith angle up to 90◦.
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4 RESULTS

This chapter answers the six objectives of this thesis by summarizing the main results.
In section 4.1, the observed features of the Sodankylä spectral UV time series are stud-
ied (objective 1) and the effects of the various different factors affecting UV radiation
are assessed (objective 2). In section 4.2, the QC/QA procedures implemented for
spectral UV measurements are introduced (objective 3). This section also shows the
use of spectral UV measurements and reconstructed UV calculations as QA tools for
each other (objective 4). The QC/QA procedures of the NILU-UV Antarctic network
(objective 5) and the implementation of a travelling reference NILU-UV to transfer the
required irradiance scale (obejctive 6) are discussed in section 4.3.

4.1 THE SODANKYLÄ SPECTRAL UV TIME SERIES

4.1.1 Observed features

The Brewer spectrophotometer at Sodankylä was set up in 1988 in order to monitor the
total ozone values at a polar site potentially vulnerable to Arctic ozone depletion. The
instrument has a single monochromator and is, in addition, designed to make global
spectral UV measurements in the wavelength range from 290 nm to 325 nm. The
continuous UV measurement time series at this site started in 1989, which makes this
spectral time series one of the longest in Europe. As part of this thesis, the UV time
series has been re-evaluated and homogenized. This includes careful “detective” work,
especially regarding the interpretation and use of the first years’ calibrations. The UV
time series have been homogenized using local lamp measurements, independent lamp
measurements and international comparison campaigns. Despite this, it was not possi-
ble to ensure the quality of the UV data of the first year of operation: that year’s data
are unsuitable for scientific use. Details of the quality assurance and quality check of
the Brewer UV data time series can be found in PAPER III, while its main results are
shown in section 4.2.

In PAPER I, the homogenized time series is used to study the possible changes in
the spectral UV time series at Sodankylä during the time period 1990–2001. During
the mid-1990’s, severe stratospheric ozone depletion was observed, and the need arose
to study its effect on the spectral UV time series. As the effect of ozone depletion is
expected to be seen at the short wavelengths of the UV spectrum, stringent require-
ments are placed on the instrumentation. Awareness of the stray light problem of single
monochromators (Bais et al., 1996) caused the start of the wavelength range studied to
be set at 300 nm, even when the stray light correction was used.

In order to study possible changes in spectral UV irradiances, a linear regression
line was fitted to monthly mean irradiances for the wavelength range 300–325 nm in
steps of 1 nm. The studied time period was each year from April to August in an SZA
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interval from 63◦ to 65◦. The Student t-test was used to study the statistical significance
of the observed changes. The results are presented in Figure 4.1. The observed changes
have been calculated and plotted for different time periods, varying the start and end
year of the period. This demonstrates the influence of even a single year in such a short
time series. More details of the analysis can be found in PAPER I, where the UV and
total ozone time series studied can also be seen.

The conclusion drawn from the analysis was that the observed changes are strongly
dependent on the chosen time period. For the whole time series, no statistically signif-
icant changes were observed, mainly because the variability in the UV irradiances was
high and the time series studied was too short. The strong dependence on the time
period studied was related to the severe ozone loss that occurred in the middle of the
time period. In 1993, 1995, 1996 and 1997 there were cold Arctic winters, while in
1993, there was the additional effect of the Mount Pinatubo eruption, which increased
the ozone depletion. As a result, the largest increase in UV irradiances was found in
April for the period 1990–1997. At wavelengths shorter than 305 nm, the increase was
over 15 % per year.

4.1.2 Factors affecting UV irradiance

At Sodankylä, cloudiness plays an important role in UV measurements, as the sky is
most of the time partly or totally covered by clouds. In PAPER I the effect of ozone has
been separated from the effects of other atmospherical parameters, including cloudi-
ness, using a statistical model. The global radiation measured with a pyranometer was
used to represent the sky conditions. This was used together with total ozone values
measured with the Brewer as input variables to the model. The analysis showed that
changes in ozone and global radiation can explain most of the observed changes in the
spectral UV irradiances at Sodankylä. Especially in April–May, ozone is the dominant
factor at the shorter wavelengths, following the shape of the ozone absorption spectrum.

PAPER II studies a second way to assess the effects of the different factors affect-
ing the observed UV changes. Radiative transfer model calculations have been used
together with measured UV data. The same time series was used as in PAPER I, with
the difference that in PAPER II the end year was 2000 and the studied SZA was normal-
ized to 64◦. The latter excluded the effect of a changing SZA, which was found to be
important, even when the selected SZA band was only 2◦. Ignoring that could have led
to misinterpretation of the results. The influence of the different factors affecting UV
was assessed regarding the short- and long-term changes in the spectral UV radiation.

The study was based on the assumption that the spectral surface UV radiation
can be expressed using equation 2.9 (PAPER II). Considering only the main varying
parameters, the spectral irradiance at any wavelength (λ) can be expressed as a function
of SZA, ozone (Ω), albedo (a), aerosol optical depth (τa) and cloud optical depth (τc),
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FIGURE 4.1. Relative changes (percent per year) in spectral UV irradiances calculated from

linear regression lines fitted to different time periods during (a) April, (b) May, (c)

June, (d) July and (e) August (from PAPER I).
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i.e.,

E(λ) = f(θ, Ω, a, τa, τc). (4.1)

Using this approach, the measured spectral UV time series were simulated using a
radiative transfer model. In these simulations, environmental factors such as the Earth-
Sun distance and the elevation of the site were given directly as input parameters to the
model. Other optical properties, like the aerosol or cloud single scattering albedo and
the aerosol or cloud assymmetry factor were also included as input parameters.

In order to study the effect of the different factors, daily climatologies of ozone
(Ω̄), albedo (ā), aerosols (τ̄a) and cloud effect (τ̄c) were calculated for the period. These
daily climatologies were used as inputs to the model, and the result represented the
UV irradiance daily climatology Ē(λ). In order to estimate the influence of a single
factor, that factor was allowed to vary as in reality. For example, the effect of ozone
was studied in this way: the simulations of the UV irradiances (equation 4.1) were
calculated using the daily climatologies of all the other input variables, but the ozone
was allowed to vary as in reality. Equation (4.1) then becomes

E(λ) = f(θ, Ω, ā, τ̄a, τ̄c). (4.2)

By comparing this model run to that made using only the daily climatologies Ē(λ) =

f(θ, Ω̄, ā, τ̄a, τ̄c), the effect of ozone could be assessed. A more detailed description of
the procedure can be found in PAPER II.

When studying the short-term effect, the maximum and minimum of the ratios
E(λ)/Ē(λ) were calculated to estimate the greatest effect induced by the factor stud-
ied. The standard deviation of these ratios was used to represent the average effect. In
April, the ozone-induced variability plays the most important role at short wavelengths.
When studying monthly mean irradiances at 305 nm, the variability caused by ozone
can be almost as high as 95 %, the average being about 35 %. For the summer months,
the impact of cloud changes becomes stronger; the greatest changes in daily UV due
to cloud variability were found to be about 200 %. The greatest variability induced in
the monthly means was around 40 %, being on average 12 %. During spring time the
albedo also had a strong enhancing effect, especially during May, which is often the
snow melting period. The effect was around 20 %, when studying monthly means, be-
ing on average about 7 %. Aerosols played a minor role in explaining the UV irradiance
variability at Sodankylä.

When studying the long-term variability caused by the different factors, irradiance
time series were simulated using the model in a similar way to that used for studying
the short-term variability. For example, to study the effect of ozone, the model was
run using as input the actual ozone together with the daily climatologies of the other
input variables (equation 4.2). In addition, the measured UV irradiance time series were
reconstructed using the actual input data of equation 4.1. Instead of comparing these
time series to daily climatologies, as in the short-term case, the long-term changes of
each time series were investigated. The monthly means of the UV irradiances were
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calculated. From these, changes relative to the means were calculated, and the Student
t-test was used to find out whether the observed changes were statistically significant.
As in PAPER I, total ozone was found to make a large contribution to the long-term UV
variations at Sodankylä. The amplitudes of the variability induced by each factor in
the time series were also calulated. The amplitude was defined as the [max-min]/mean
of the irradiance values. Ozone induced the largest amplitude, 0.8, in monthly mean
irradiances during spring-time. In this study, too, the time series were found to be too
short for any trend detection.

4.2 QA OF BREWER MEASUREMENTS IN FINLAND

4.2.1 Characterizations and corrections

Before using UV data in scientific research studies, such as PAPER I and PAPER II,
the high quality of the data needs to be ensured. This can only be achieved by fol-
lowing appropriate, systematic quality control and quality assurance procedures. In
PAPER III the QC/QA procedures for the two FMI Brewer spectroradiometers have
been described in detail and the complete data processing chain has been presented.
The data have been corrected with respect to known error sources using laboratory
characterizations and theoretical approaches.

The signal of a spectroradiometer should be proportional to the cosine of the an-
gle θ between the direction of the incident radiation and the normal of the radiometer’s
diffuser. This can be compared with the direct component of the solar irradiance mea-
sured on a horizontal surface in equation 2.3. The deviation from this ideal response
is called the cosine error. PAPER III describes in detail the characterization of the an-
gular response of the FMI Brewers. For the Brewer at Sodankylä, this was carried out
three separate times in different laboratories and different years: 1996, 2000 and 2003.
In 2000, the characterization was performed in the darkroom laboratory at Sodankylä,
using a 1000 W DXW lamp. The lamp’s irradiance was measured at various different
incident angles at four different azimuth angles. The angular response obtained con-
firmed the characterization of 1996. At zenith angles larger than 50◦, the cosine error
of the direct beam exceeded 10 %. Using the angular responses and the new cosine
correction method implemented in PAPER III, the actual cosine correction factors of
the Brewers at Sodankylä and Jokioinen were calculated. These factors vary between
1.08–1.13 and 1.08–1.12, respectively, depending on the wavelength and the sky radia-
tion distribution.

The temperature dependence of the Brewer UV measurements was characterized
in the laboratories at Sodankylä and Jokioinen. The instrument was put into an insulated
box, which was either warmed or cooled. The irradiance of a 1000 W working lamp
was measured at different temperatures. The results of the measurements with the two
Brewers showed a linear temperature dependence between the instruments’ internal
temperature and the photon counts per cycle. From the results, temperature coefficients
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FIGURE 4.2. Relative changes (percent per 11 years) in spectral UV irradiances calculated from

a linear regression line fitted to the April monthly means of 1990-2001 at Sodankylä.

were calculated. Using these coefficients, the measured irradiances are normalized to
a reference temperature during the routine processing of the UV data. During a sunny
summer day, a typical temperature correction to the measured irradiances is around 1 %
at UV-B wavelengths for the Brewer at Sodankylä.

The slit functions have been measured and the wavelengths calibrated. The latter
is an essential part of each annual maintenance. For the Sodankylä Brewer, a typical
value for the wavelength shift at 305 nm before 1994 was -0.06 nm and 0.01 nm there-
after. This was calculated using the SHICRIVM wavelength shift correction package
described in Slaper et al. (1995). Even though the values are relatively small, we found
during the data analysis of PAPER II that this kind of stepwise change can be criti-
cal. If the wavelength error had not been corrected, the calculated long-term change
of irradiances at some wavelengths could have been in error by 5-9 %. This is demon-
strated in Figure 4.2, where the analysis of PAPER I has been reproduced using data for
April which have not been corrected for the wavelength shift. The figure represents the
observed UV irradiance change for the 11-year period 1990–2001.

The results obtained after correction of the wavelength errors of the Brewer UV
measurements confirm the view that all known errors, however minor, need to be care-
fully studied and characterized. Generally, Brewer spectrophotometers are assumed to
have only minor problems with wavelength alignment, and the wavelength shift cor-
rection could have easily been ignored with the shift values of lower than 0.1 nm that
were found for the Sodankylä Brewer. In addition to the corrections for wavelength
shift, temperature dependence and the cosine error of spectral irradiances, routine data
processing includes corrections for all other known errors. This includes corrections of
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errors due to noise spikes (Meinander et al., 2003), dark current, dead time and stray
light. Details can be found in PAPER III.

When studying UV irradiance time series, it is important to be sure that the ob-
served features are due to real variations in measured surface UV radiation and not
caused by changes in the instrument’s responsivity. The latter needs to be regularly
monitored, in order to detect changes as quickly as possible, and to react to them by
recalibrating the instrument. At Sodankylä and Jokioinen, the monitoring is done us-
ing 50 W and 1000 W lamp measurements every second week or monthly. Several
lamps are used in order to separate the ageing of the lamps from the changes in the
responsivity of the spectroradiometer. Special attention has been paid to detecting un-
successful lamp measurements, as, e.g., even small irregularities in the current through
the calibration lamp affect its spectrum.

1000 W DXW-type lamps, called calibration lamps, are used to transfer the re-
quired irradiance scale to the Brewer spectroradiometer. The irradiance scale used at
FMI is based on the reference irradiance scale provided by the Helsinki University of
Technology (HUT), which is the national standards laboratory for optical quantities
in Finland (Kübarsepp et al., 2000). The primary standard lamps of the FMI are sent
yearly to HUT for recalibration. The HUT irradiance scale is transferred to the other
working lamps at FMI. The measurements of at least three of these calibration lamps
are used to calculate the final spectral responsivity of the Brewer. This is demonstrated
in Figure 4.3, where the Brewer responsivity at 305 nm is plotted during 2005 and 2006.
The responsivities have been calculated from measurements of four lamps denoted d20,
d22, d24 and d25. First, responsivities calculated from individual lamp measurements
are plotted and bad measurements are excluded. Most often the responsivities, calcu-
lated with different lamps during the same day, agree with each other within 1 %, as
in Figure 4.3. Next, one responsivity value for each day of the year has to be defined
in order to get the responsivity time series. Two ways to calculate this final spectral
responsivity have been presented in PAPER III. The one followed for the Sodankylä
data consists of first averaging measurements on a given day, and thereafter performing
a linear time interpolation between the days; finally, the small-scale time variations are
smoothed by calculating a running average using a ± 15 day window. The black line
in Figure 4.3 is the final responsivity for the years 2005 and 2006 at 305 nm. More
about the spectral responsivity time series of the Brewers can be found in PAPER III.
The responsivity of both Brewers have shown a downward drift of about two percent
per year.

4.2.2 QA using reconstructed UV and intercomparisons

Even after applying all known corrections and obtaining the proper spectral response,
there can still be erroneous data points in the time series. Some checks are done “on the
fly” during the data calculation process, e.g., unrealistic values are deleted; proper qual-
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ity assurance of the final products is still needed, however. One possible way of doing
this is to compare the measurements with model calculations or with other independent
measurements (Webb et al., 2003).

In PAPER IV, erythemally-weighted UV irradiance time series were calculated
using radiative transfer model calculations for the clear sky UV irradiance (Eeff(cl))
and the UV cloud modification factor (CMFuv). The reconstructed UV irradiance can
be expressed as Eeff(r) = Eeff(cl)× CMFuv (PAPER IV). The CMF’s of UV radiation
(CMFuv) are derived from a precalculated cloud modification table, which links the
CMF of UV radiation to the CMF of global radiation (CMFg) by the following re-
lationship: CMFuv=f (CMFg,θ). Thus the method can be used in situations, where
no UV radiation measurements exist, but for which global radiation measurements can
be found. The CMF for global radiation can be found using the relationship of mea-
sured global radiation to calculated clear sky values. More details of the method can be
found in PAPER IV; they are not discussed here further, as they have been presented in
Lindfors (2007).

The method allows one to reconstruct UV time series for the past, before the start
of ground-based UV measurements, if proper global radiation and ozone measurements
exist. Reconstructed UV time series were calculated for Sodankylä for the time period
1983–2005. Linear trend analysis showed a statistically significant increase in UV
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radiation of 4.1 %/decade at Sodankylä, mostly driven by a decrease in cloudiness.

During the development of the method, reconstructed UV irradiances were com-
pared with ground-based Brewer spectrophotometer UV measurements, which served
as validation tools for the method. The validation results are shown in detail in PA-
PER IV. During the process, some suspicious Brewer measurements were discovered;
in this respect, the comparison served the other way round, as a QA tool for the Brewer
measurements. In this case, erroneous Brewer UV measurements could be found. Thus
it was realized that, in fact, comparisons of Brewer irradiances with reconstructed and
modelled UV irradiances would be a good QA tool for spectral UV measurements.
Comparisons with ancillary measurements, such as UV irradiances measured with
SL501A radiometers and global radiation measured with CM-11 pyranometers, were
also included. This QA tool was used to check the Sodankylä Brewer UV time series
for every day for the period 1990-2007.

The modelled clear sky UV, the UV measured with the Brewer and SL501A in-
struments, and the reconstructed UV during one day are plotted in the same figure.
Plots of the modelled clear sky global radiation and measured global radiation are also
needed to confirm the result. If the plotted measurements differ from the reconstructed
data, the other plotted parameters can give more information that helps to decide which
is erroneous: measured or reconstructed. An example of a suspicious Brewer measure-
ment is shown in Figure 4.4. On April 29, 2001, after an examination of the ancillary
measurements, the Brewer measurements near 10:00 UTC were found to be erroneous.

In PAPER III, consideration is given to comparisons with other independent spec-
troradiometers performed as another QA tool. For the FMI Brewers, national compar-
isons are usually organized every second year. The Brewers have also participated in
many international comparisons (Josefsson et al., 1994; Koskela et al., 1997; Gardiner
and Kirsch, 1997; Bais et al., 2001; Thorseth et al., 2002). The campaigns, as well as
their results, are reported in PAPER III. In the comparisons of the first years, many cor-
rection procedures were missing, such as cosine and temperature corrections, but during
recent years all known corrections have been included. As one example of the stabil-
ity of the performance of the Brewers, the comparisons with the international portable
reference spectroradiometer QASUME from Physikalisch-Meteorogisches Observato-
rium Davos, World Radiation Center (PMOD/WRC) (Gröbner and Sperfeld, 2005) can
be mentioned. The differences between the Brewers and the portable reference during
the period 2002–2007 have been within 5 %, which can be taken as evidence of the
good performance of the instruments. Similar differences were found during the latest
comparison in May 2010.

Only after following the entire data processing chain, including quality control
and quality assurance, can the data be distributed to the scientific community. The final
spectral UV data of both Brewers at the FMI are submitted to the European Database of
UV radiation (EUVDB), where they are freely available to scientists. All spectral data
in this database undergo an automatic quality control procedure, and anomalies in the
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FIGURE 4.4. Brewer UV dose rates plotted together with modelled clear sky UV dose rates,

reconstructed dose rates, SL501A dose rates, modelled clear sky global radiation

and CM-11 pyranometer global radiation measurements at Sodankylä for 29 April

2001. (Figure 8 in PAPER III)
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FIGURE 4.5. UV index time series calculated from all Brewer UV measurements during 1990–

2009 at Sodankylä.

spectra from FMI are rarely found. As an example of the final product, the calculated
UV index time series for Sodankylä, calculated from all the Brewer spectrophotometer
measurements there, is presented in Figure 4.5 for the time period 1990-2009.

4.3 NILU-UV MEASUREMENTS IN THE ANTARCTIC

4.3.1 Implementation of the QC/QA procedures

Even though the spring-time stratospheric ozone depletion was first noticed in the
Antarctic, there are not many UV measurement sites in the area. There is, however,
a need for ground-based UV measurements, as the satellite retrievals can still have in-
accuracies of up to 50 %, especially at high latitudes and over highly reflecting snow
or ice surfaces (Tanskanen et al., 2007). The task is not straightforward, as the cli-
mate conditions are difficult and most of the Antarctic area is uninhabited. The Spanish
INM, Instituto Nacional de Meteorología, established a NILU-UV instrument network
in 1999. The network has three stations, whose locations have been chosen to take into
account the location of the stratospheric vortex. Belgrano II is mostly located inside the
vortex, Marambio is at various times inside, on the edge of, or outside the vortex, while
Ushuaia is mostly outside the vortex. The network is based on co-operation between the
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INM, the Dirección Nacional del Antártico-Instituto Antártico Argentino (DNA-IAA),
the Centro Austral de Investigaciones Cientificas (CADIC) and the FMI.

The role of the FMI is to provide a travelling reference NILU-UV multifilter ra-
diometer and to maintain the stability of its irradiance scale. The FMI has played an
important role in establishing the quality control and quality assurance procedures of
the network, as it already has experience of high-quality UV measurements in harsh
environmental conditions, in high northern latitudes. Guidelines for performing lamp
tests and solar comparisons were established. The FMI helped to set up the first mea-
surements and trained the operator at Ushuaia in December 1999. A defrost system,
which was designed to blow warm air on the diffuser of the NILU-UV, was designed
and built by the technical department of the FMI. The transport container of the trav-
elling reference, which includes a complex lamp measurement system, was also con-
structed there. A mirror database has been established for the raw data and the QC/QA
data of the network. All these activities have been done as part of the work for this
thesis.

In PAPER V, the network and the QC/QA procedures are described in detail. One
important part of the QC are the lamp tests, which are performed every second week at
the stations. These tests allow detection of changes in the sensitivity of the channels of
the instruments. In this case too, as for the FMI spectroradiometers (PAPER III), the use
of more than two lamps is recommended in order to separate the ageing of the lamps
from changes in the instrument responsivity. In the case of the NILU-UV instrument,
which is designed to operate at a stable temperature, the heat of the lamp warmed the
instrument 1-2◦C during the lamp test and it needed around half an hour to cool. This
created a practical problem at Ushuaia and Marambio, as tests with three lamps would
have taken up too much of the operators’ time. A compromise was agreed; to always
use two lamps, but also a third lamp every third time.

After only 4 years of operation, drifts of up to -35 % were observed in the lamp
test measurement time series of Ushuaia and Marambio. This was a surprise, as the
multi-band radiometer had been assumed to be stable (Høiskar et al., 2003). The drifts
observed at Ushuaia were linear, whereas at Marambio the drift of the first year started
to recover during the following year. One suggestion was that moisture had entered
the instrument and had then dried. These severe drifts in the sensitivity of the channels
were in fact found to be due to optical degradation of the filters, a problem with the first
NILU-UV instruments. An analysis of the lamp measurement results can be found in
PAPER V.

As the UV dose rate retrieved from the instrument is a linear combination of each
channel (equation 3.4), drifts in the channels will affect the UV dose rates and the to-
tal ozone values. The drifts therefore need to be detected as early as possible in order
to correct the data. The options are: to recalibrate the instrument against a spectro-
radiometer (Dahlback, 1996), to correct for the drift of the channels by a correction
factor (Redondas et al., 2008) or to transfer the calibration using a travelling reference
(PAPER V). In the next section, and in PAPER V, the correction procedures of the UV
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measurements of Ushuaia and Marambio are explained. In this case, the calibration is
transferred using the travelling reference NILU-UV of the network, maintained by the
FMI.

4.3.2 Transfer of the irradiance scale

The QA of the network is based on a travelling reference multifilter radiometer, which
visits Marambio twice a year and Ushuaia three times a year. On these visits, solar
comparisons between the site NILU-UV and the travelling reference NILU-UV are
performed. Using the results of these comparisons, the travelling reference is used to
transfer the correct irradiance scale to the network and to ensure that the scale stays
stable. A basic requirement is that the travelling reference has itself remained stable
during the travels and over the years. This is checked by performing lamp tests before
and after each solar comparison at the sites and in Finland. A set of lamps travels with
the NILU-UV, but one set of 5–6 lamps stays at home, and these lamps are measured
only once a year.

In order to avoid extra uncertainties caused by differences in measurement instal-
lations at various sites, travelling lamp test equipment has been built to accompany the
reference NILU-UV in its container. A precision shunt resistor and a high-quality mul-
timeter are included in the box, with all the cables already connected. When performing
a lamp test, nothing has to be moved; only a current supply is needed from the site.

In order to assess the quality of the measurements, the travelling reference par-
ticipates whenever possible in international solar comparisons (Thorseth et al., 2002;
Meinander et al., 2004). The measurements are also compared with the other UV mea-
surements on the site. For example, each time the reference instrument passes through
Ushuaia its measurements are compared with those of the site’s NILU-UV and the
measurements of an SUV-100 spectroradiometer. The SUV-100 instrument is part of
the NSF UV Monitoring Network, which carries out UV measurements at high lati-
tude sites in Argentina, Antarctica and North America (Bernhard et al., 2010). Back
in Finland, yearly comparisons are made either with the Brewer spectroradiometer at
Jokioinen or at Sodankylä, or with both. Approximately every second year the trav-
elling reference NILU-UV is sent to the manufacturer to be recalibrated against their
reference instrument.

The solar comparisons allow checks to be made against the irradiance scales pro-
vided by different laboratories, and to estimate how successful the transfer to different
sites has been. In this thesis, the calibration of the travelling reference NILU-UV was
based on the scale provided by the manufacturer, which is traceable to the National
Institute of Standards and Technology (NIST) via the laboratory of SP, the Swedish
Testing and Research Institute (Johnsen et al., 2002). The scale of the SUV spectro-
radiometer of NSF was also traceable to NIST (Bernhard et al., 2003a), whereas the
scales of the FMI Brewers were traceable to the irradiance scale provided by HUT.
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FIGURE 4.6. The erythemally-weighted UV dose rates measured with the travelling reference

NILU-UV and the Brewer spectrophotometer at Jokioinen in 2005.

Figure 4.6 shows an example of a comparison between the travelling reference
NILU-UV and the Brewer spectrophotometer at Jokioinen in 2005. The erythemally-
weighted UV dose rates were compared. A clear sky moment near midday was chosen
to represent the difference. On that particular day, the relative difference was around
1 % at an SZA of 48◦. The relative differences of all comparisons performed between
the NILU-UV and the Jokioinen Brewer during 2001–2005 are shown in Table 4.1.
The results show that the relative differences with the Brewer spectroradiometer were
within ±5 %.

Correspondingly, the results of the comparisons between the SUV spectroradiome-
ter at Ushuaia and the travelling reference NILU-UV are shown in Table 4.2. A cosine
correction of 5 % has been assumed for the SUV data (Bernhard, G., personal commu-
nication, 2004). As with the FMI Brewer, the relative differences of the erythemally-
weighted UV dose rates were ±5 %. An example of a sunny comparison day is shown
in Figure 4.7. For that day, the relative difference at an SZA of 48◦ was around 3 %.
Figures 4.6 and 4.7 demonstrate the advantage of the NILU-UV multifilter radiometer
compared to spectroradiometers. The NILU-UV can monitor UV radiation at time in-
tervals of 1 minute, and in that way can react more rapidly to changes in atmospheric
conditions.

The results presented above are valid for a clear sky and for measurements made
near local noon. The SZA dependency of a comparison can be seen in Figure 4 of
PAPER V, where the results of comparisons with the Sodankylä Brewer are shown.
These comparison results show that the travelling reference NILU-UV agrees with the
three spectroradiometers to within ±5 %, and thus the irradiance scales of the three



50

Table 4.1 The ratios of erythemally-weighted UV dose rates between the reference NILU-UV

and the Brewer MK-III spectroradiometer at Jokioinen during 2001–2005. (Re-

dondas et al., 2008).

Date SZA Brewer/NILU-UV
16.6.01 38 0.96
10.7.02 38 0.95
27.6.03 44 0.99
16.7.04 41 1.04
18.8.05 48 1.01

Table 4.2 The ratios of erythemally-weighted UV dose rates between the reference NILU-UV

and the SUV-spectroradiometer during 1999–2006. Updated from PAPER V.

Date SZA SUV/NILU-UV
1.12.99 34 0.95
15.2.00 40 0.97
6.5.00 70 1.03
27.10.00 40 0.99
9.2.01 40 0.98
18.5.01 74 0.99
17.10.01 34 0.98
14.4.02 65 0.97
11.11.02 40 0.97
22.2.03 45 0.96
17.10.03 45 0.99
16.1.04 52 0.95
10.12.04 40 0.96
1.3.05 48 1.03
28.11.05 38 0.96
3.3.06 48 0.97
15.11.06 40 0.99
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FIGURE 4.7. The erythemally-weighted UV dose rates measured with the travelling reference

NILU-UV and the SUV spectroradiometer at Ushuaia in 2005.

different instrument types agree to within ±5 %. Considering the possible uncertainty
factors in the calibration processes and irradiance scale transfer (Seckmeyer et al., 2001;
Webb et al., 1998, 2003; Seckmeyer et al., 2005), and additionally the geographical
distances between the two hemispheres, the results are encouraging.

The quality assessment by the solar comparisons discussed above, together with
analyses of the lamp measurement time series, confirm that the travelling reference can
be used to transfer the required irradiance scale to the NILU-UV radiometers at Ushuaia
and Marambio. As stated earlier, during the first years of operation, the sensitivity of
some channels of the NILU-UVs at Ushuaia and Marambio were found to decrease.
PAPER V presents a method to correct the UV data. It shows that the effect of degra-
dation of the filters, even by as much as 35 %, can be corrected. The restriction is that
the filters of the instruments need to have nearly the same relative spectral response.
Otherwise, the correction would become dependent on the effects of ozone and SZA
variations (Diaz et al., 2005).

The method is based on raw data comparison of the travelling reference and the
site instrument. Measurements are compared channel by channel, and a scaling factor
is applied to the station’s reading in order to make it match the travelling reference.
Thus the erythemally-weighted UV dose rate of the site NILU-UV, Eeff(site), can be
calculated as

Eeff(site) =
5∑

i=1

aiciVi,site, (4.3)

where ai is the coefficient of the linear combination of eq. 3.4 for channel i of the
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reference NILU-UV. ci is the scaling factor between the raw data of the site NILU-
UV and the reference NILU-UV for channel i and Vi,site is the site NILU-UV raw
signal voltage for channel i. Thus each channel of the site instrument is scaled to the
corresponding channel of the reference instrument. More details about the calculation
of the scaling factor can be found in PAPER V.

After the correction, the mean ratios of the erythemally-weighted UV dose rates
measured during the solar comparisons in 2000-2003 between the reference NILU-UV
and the site NILU-UV were 1.007 ±0.011 and 1.012±0.012 for Ushuaia and Maram-
bio, respectively, when the solar zenith angle varied up to 80◦. This again confirms that
the travelling reference can be used to transfer the established irradiance scale from one
site to another, and can ensure that the measurements from different sites are compa-
rable with each other. In our case, the travelling reference transferred the NIST-scale
provided via the spectroradiometer of the Norwegian Radiation Protection Authority
(NRPA) to the NILU-UV at Ushuaia and Marambio.
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5 CONCLUSIONS

This thesis consists of five publications, in which six objectives are addressed.

The first objective was to study the features of the spectral UV radiation time series
at Sodankylä. The second objective was to analyze the role of the different factors af-
fecting the UV in this time series. The time series of Sodankylä is measured with one of
the two well-maintained high-quality Brewer spectrophotometers at the FMI. The other
instrument operates at Jokioinen; both of them have served the UV scientific commu-
nity for more than 15 years (Gardiner and Kirsch, 1997; Bais et al., 2001; De Backer
et al., 2001; Meinander et al., 2003; Lindfors et al., 2003; Glandorf et al., 2005; Gröb-
ner et al., 2005; Huttunen et al., 2005; Kazantzidis et al., 2006; Meinander et al., 2006;
Tanskanen et al., 2007; Krywult et al., 2008; Haapala et al., 2009; Lappalainen et al.,
2010; Lindfors et al., 2009a,b; Martz et al., 2009; Seckmeyer et al., 2008).

The Sodankylä spectral time series is among the longest in Europe. It was an-
alyzed in PAPER I and PAPER II for the time periods 1990–2001 and 1990–2000,
respectively. In PAPER I the results were strongly dependent on the time period stud-
ied. This was demonstrated by varying the start and end years of the linear trend anal-
ysis. The biggest effect was seen in April, where an increase in irradiances of more
than 10 % per year was found for the 1990–1997 time period at 305 nm. For the same
wavelength the calculated change was -5 % per year for the 1993-2001 time period.
Neither of the changes was statistically significant. In PAPER II, a new method includ-
ing both observed UV measurements and radiative transfer model calculations was used
to assess the effect of various factors affecting the short- and long-term UV changes.
Both PAPER I and PAPER II confirmed that the time series studied were too short for
trend analysis, which is also supported by Glandorf et al. (2005) and Weatherhead et al.
(1998); ozone was found to be the dominant factor affecting UV radiation during the
springtime at Sodankylä. For example, the years of high polar ozone loss in 1993, 1995,
1996 and 1997 caused anomalously high springtime UV irradiances. Clouds played a
more important role in the observed UV changes during the summertime. The results
of the analysis of the reconstructed UV time series in PAPER IV suggest a statistically
significant increase of annual UV doses at Sodankylä for the period 1983–2005 that
is mostly driven by decreased cloudiness. During the work done for these papers, it
became obvious that the calculation of a linear trend over the whole available period
is not always the best way to describe the observed features. The division of the year
into different periods according to the atmospheric and climatic conditions was found
useful, and in some cases a piecewise linear trend could be more informative.

In Europe, small increases in spectral UV irradiances have been reported using
linear trend analysis. Zerefos (2002) studied the time series of Thessaloniki, Greece,
with which our analysis can be compared. They found an increase of monthly mean UV
irradiances at 305 nm of a couple of percent per decade, at SZA 63◦, for the time pe-
riod 1990–2001. For the same location, Meleti et al. (2009) found positive statistically
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significant changes in UV irradiance of 5 % per decade at 305 nm during 1990–2005.
The main reason for the observed increase was the improvement of air quality in Thes-
saloniki.

At the time of finalizing this thesis, it appears interesting to update the analyses of
PAPER I and PAPER II. The recovery of the stratospheric ozone depletion is suggested
to have started (Andrady et al., 2009; WMO, 2007) and it would be interesting to study
possible signs seen in the Finnish UV time series. This update of the analysis will be the
subject of work in the near future. Even if the effect of total ozone loss on UV is well
reported, the spectral data are still interesting, e.g., they contain information on factors
affected by climate change, such as cloudiness, aerosols and albedo. Possible changes
in these factors affecting UV, together with changes in the interaction processes of the
atmosphere, could possibly be seen in changes in the absolute values of UV radiation,
as well as in the shape of the UV spectrum measured at the surface (McKenzie et al.,
2007). For example: if, as a result of the climate change, the desert areas of the Sahara
expand, more Sahara dust will be found in the atmosphere. These dust aerosols could
directly influence the attenuation of UV via scattering and absorption processes, or they
could act as condensation nuclei for clouds. The cloud amount and cloud properties
could change, which would affect the amount of UV radiation reaching the surface,
and possibly the wavelength distribution. Additionally, even though many studies have
been made on the subject, there is still a lack of knowledge about the factors affecting
UV radiation, such as aerosols and snow and ice albedos (WMO, 2007).

Besides supporting studies of the effect of stratospheric ozone depletion and cli-
mate change, the Finnish time series is interesting for validation of satellite-retrieved
UV and reconstructed UV irradiances [Tanskanen et al. (2007); Lindfors et al. (2009b);
PAPER IV]. Special features include the northern high latitude location with predomi-
nantly large SZA, winter snow, and rapidly-changing cloud conditions. Even if satellite,
model and reconstruction-based UV data were to become more accurate, challenges
under these kinds of conditions would remain. These data sets also have restrictions,
such as low temporal and spatial resolution. High-quality ground-based measurements
are essential for improving these kinds of UV retrieval methods. As the measure-
ment conditions in Finland are also challenging for ground-based measurements, high-
quality measurements can only be achieved if the QC/QA of these measurements is
well planned and realized.

The third objective of this thesis was to develop quality control and quality as-
surance practices that would be suitable for many kinds of UV instruments. This is
discussed in PAPER III, in which the QC/QA procedures of the Brewer spectroradiome-
ters at the FMI were assessed. These procedures include daily maintenance, laboratory
characterizations, calculation of long-term spectral responsivity, data processing and
quality assessment. New methods for the cosine correction, the temperature correction
and calculation of long-term changes in spectral responsivity were implemented. The
results showed that the actual cosine correction factors of the Brewers at Sodankylä and
Jokioinen can vary between 1.08–1.13 and 1.08–1.12, respectively, depending on the
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sky radiance distribution and wavelength. The temperature characterization showed a
linear temperature dependence between the instruments’ internal temperature and the
photon counts per cycle. The long-term spectral responsivity was calculated using the
time series of several lamps, and it was scaled to the irradiance scale of HUT for the
whole measurement time-period. The entire data processing chain from the raw signal
to high-quality spectra was presented for the first time, and can be applicable to other
instruments as well. The quality of the measurements was assessed by solar comparison
with other independent instruments during international campaigns. Both Brewers have
shown good stability. The differences between the Brewers and the portable reference
spectroradiometer QASUME have been within 5 % during 2002–2010. Previous pa-
pers about the complete data processing procedure of spectral UV measurements have
been published for the SUV-type spectroradiometers of the National Science Founda-
tion network (Booth et al., 2001; Bernhard et al., 2004) and for the two Brewer spec-
trophotometers of the Aristotle University of Thessaloniki in Greece (Garane et al.,
2006).

Interesting challenges still remain in correcting for known errors. The method
presented in PAPER III for the cosine correction assumes that the diffuse radiation has
an isotropic distribution. Actually the distribution is nonisotropic, and the handling of
diffuse radiation in the cosine correction method could be investigated further. Also the
stray light correction of the single monochromator Brewer could be improved. When
comparing single and double monochromator Brewers, it seems that in some cases,
e.g., at large SZA, stray light can still introduce errors of 2-3 % in measured irradiances
at 305 nm. The uncertainty budget of the FMI spectroradiometers should be studied.
The uncertainty budget of two Brewer spectroradiometers, one a single and the other a
double monochromator, have been assessed in Garane et al. (2006), where they found
combined standard uncertainties (±1 σ) of 5-7 % for error sources affecting spectral
UV measurements. This gives an idea of the possible total uncertainties of the Brew-
ers at the FMI, but each Brewer has its own special characteristics, and the uncertainty
budget needs to be determined for each instrument separately. As the single monochro-
mator Brewer at Sodankylä is getting old, with over 20 years of monitoring to its credit,
plans for ensuring the continuity of the valuable UV time series there should be made.
A new spectroradiometer should be set up to measure for a couple of years before de-
commissioning the old one. This would ensure a long enough overlapping time period
to guarantee the homogeneity of the data time series.

From the point of view of the data provider, most of the work is involved in quality
assurance of the data. This is not seen by the public, often not even by the scientific
community. It is obvious that proper QA is the foundation for achieving research-grade
data. This work done in the QA field has shown that QA often seems endless: the more
you study the data, the more you find new challenges. Sometimes it is worth thinking
first, what accuracy level is needed in a particular study? For example, biological ef-
fect studies, satellite validations and climate change studies may each need a different
accuracy level. PAPER III shows that wavelength shifts even smaller than 0.1 nm can
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introduce errors of 5–9 % in trend studies. This is a good example of how the use of a
data set for scientific purposes can uncover new knowledge about the effect of an error
source, and in that way improve the correction and QA procedures.

The fourth objective of this thesis was to use measured spectral UV data and re-
constructed UV calculations as mutual quality assurance tools. In PAPER IV a method
based on available atmospheric parameters and radiative transfer calculations for re-
construction of past UV radiation was introduced. The main idea was to use global
radiation measurements for determining the influence of clouds on UV radiation. As
part of the work, the reconstructed UV irradiances were validated using the Brewer UV
measurements at Sodankylä. During the study, anomalous Brewer spectra were found,
and it became obvious that the roles can be reversed: The reconstructed UV can serve as
a QA tool for ground-based measurements. To confirm a suspicion of anomalous spec-
tral data, ancillary measurements such as broadband UV data and global radiation data
measured with a pyranometer are needed, together with clear sky model calculations.
This QA tool is explained in PAPER III.

The fifth objective of this thesis was to implement the QA/QC procedures and
guidelines in the Antarctic NILU-UV network. The network was established in 1999-
2000 as a Spanish-Argentinian-Finnish co-operation project. The FMI was asked to
participate, as it had experience in performing UV measurements under challenging
atmospheric conditions at high latitudes. I participated in starting the measurements
and training the operator of the NILU-UV at Ushuaia. The QC/QA procedures were
implemented and are described in PAPER V. They include daily maintenance, regular
lamp tests and solar comparisons with the travelling reference instrument. Drifts of
as much as 35 % in the sensitivity of the channels of the NILU-UV radiometers were
found during the first 4 years of operation. This emphasized the fact that proper QC
and QA are also needed for multi-band UV instruments. The uncertainty budget for the
NILU-UV radiometers of the network should be determined in the future.

The sixth objective of this thesis was to implement a travelling reference instru-
ment, enabling transfer of the irradiance scale between the Arctic and the Antarctic. In
PAPER V, implementation of a suitable transfer method using a multichannel NILU-
UV radiometer is discussed. Each site NILU-UV was scaled channel by channel to
the travelling reference by performing solar comparisons. The method was found to
be succesful, even though the differences between the raw data of the site NILU-UV
and the reference instrument were, before the data correction, as much as 40 %. Af-
ter the correction, the mean ratios of erythemally-weighted UV dose rates between the
reference NILU-UV and the site NILU-UV were 1.007±0.011 and 1.012±0.012 for
Ushuaia and Marambio, respectively, when the SZA varied up to 80◦. The implemen-
tation of the method allows a comparison of the absolute UV values between different
sites, and comparison of the effect of the stratospheric ozone depletion on UV radia-
tion in the northern and southern hemispheres. The method is also applicable to other
multichannel radiometer networks.

The travelling reference NILU-UV was compared with the SUV-100 spectrora-



57

diometer of NSF at Ushuaia and with the FMI Brewer spectrophotometers at Sodankylä
and Jokioinen. The results showed that the relative differences near local noon time
were ±5 %. This can be seen as an excellent result, and as proof of successful QC/QA
procedures and transfer of irradiance scales. It proved that measurements made in the
Arctic and the Antarctic can be compared with each other.
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