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The factors that affect UV radiation levels in the

Arctic are generally well established[3], and are
illustrated in Fig. 5.5. Atmospheric ozone levels,
solar zenith angle, clouds, aerosols, and altitude are
all major factors affecting UV radiation levels
reaching the surface of the earth. In the Arctic, snow
and ice cover add further complexity to the
estimation of UV radiation exposure. When UV
radiation passes through the atmosphere it is
partially absorbed by ozone, and scattered by air
molecules, aerosol particles, and clouds. Attenuation
of UV-B radiation as it passes through the ozone
layer is primarily a consequence of the sharp
increase in the ozone absorption cross section at
shorter wavelengths. The ratio of diffuse to global
(direct and diffuse) radiation is greater in the UV than
in the visible spectrum, primarily due to the
wavelength dependence of Rayleigh scattering.
Moreover, the ratio is usually higher in the Arctic
than at lower latitudes due to large solar zenith
angles and frequent snow cover.

Many of the factors affecting UV radiation have large
natural variations, which makes it difficult to discern
changes in UV radiation levels that result from ozone
depletion. Furthermore, the factors are not Fig. 5.5. Factors affecting UV radiation in the Arctic. (Source: ACIA)
independent but interact in complex ways. For

example, enhancement of surface UV irradiance by

multiple scattering depends on both surface albedo and cloud conditions. These features make polar regions, including the Arctic, unique
and complex in terms of their UV radiation environments.

Table 5.1 summarizes the factors that affect surface UV radiation levels in the Arctic.

Extraterrestrial Solar Spectrum (5.4.1)

The radiation output of the sun varies over a range of timescales. Over the last century, the largest variation has been the 11-year solar
cycle, which can be estimated by the average number of sunspots. The variation in solar irradiance is dependent on wavelength, with

greater variability at shorter wavelengths[4]. It has been estimated, using models and data from the Upper Atmosphere Research
Satellite Solar Stellar Irradiance Comparison Experiment instrument, that although the total solar irradiance varies by only about 0.1%
over the 11-year solar cycle, the amplitude of variation is as high as 8.3% for wavelengths in the 200 nanometer (nm) range and 0.85%

for wavelengths in the 300 nm range[5].

Table 5.1. Factors affecting surface UV irradiance in the Arctic. (Source: ACIA)

Correlation with UV
Factor Summary remarks
doses

In the past century, changes in solar activity have caused fluctuations in surface UV irradiance

Solar activity Negative on the order of a few percent.

Solar zenith . Diurnal and seasonal changes in solar zenith angle depend on latitude. In the Arctic, seasonal
Negative L SO o .

angle variations are extreme while diurnal variations are smaller than those at lower latitudes.

Atmospheric . The amount of ozone in the stratosphere directly affects the amount of UV radiation reaching
Negative

ozone the troposphere and the surface of the earth.

Thick clouds can attenuate UV radiation reaching the surface of the earth by tens of percent.
Cloudiness Negative/Positive Multiple reflections between clouds and snow-covered surfaces can lead to increases in
surface UV irradiance, also of the order of tens of percent.

/:ter?gss(z:erlc Negative Aerosols can attenuate UV radiation reaching the surface of the earth.
- - R - - o
Altitude Positive Es.tlmated phanges in erythemal UV irradiance with altitude vary from 7 to 25% per 1000 m
altitude gain.
Surface albedo || Positive Reflection off snow can increase surface UV doses by more than 50%.
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Snow and ice Changes in the extent and duration of snow or ice cover can expose organisms currently
cover Negative/Positive shielded from UV radiation. Organisms living above the snow or ice cover will receive lower UV
doses as melting snow or ice reduces the surface albedo.
The amount of UV radiation penetrating through water is affected by UV absorbing dissolved
Water quality Not applicable organic carbon. Organisms in the near-surface layer experience the greatest exposure to UV
radiation.
Receptor Not applicable The UV radiation doses received by a vertical surface (such as eyes or face) in the Arctic can
orientation PP be substantially higher than those that are received by a horizontal surface.

Fligge and Solanki[6]

reconstructed solar spectral irradiance from 1700 to the present using a model of the magnetic features of the

surface of the sun. Their results suggest that since the Maunder solar activity minimum in 1700, solar irradiance has increased by

approximately 3% at wavelengths shorter than 300 nm. According to Rozema et al.m, the increased solar activity since 1700 has led to
enhanced atmospheric ozone production and reduced surface UV-B irradiance. Thus, while the 11-year solar cycle has only a small
effect on surface UV-B irradiance, longer-term variations in solar activity have the potential to affect future UV radiation levels.

The amount of UV radiation reaching the earth also depends on the distance between the earth and the sun. Due to the eccentricity of
the orbit of the earth, this distance varies throughout the year. The earth is closest to the sun on 3 January (perihelion) and farthest away
on 4 July (aphelion). The difference between the perihelion and aphelion distances is about 3%, and therefore extraterrestrial irradiance
is about 7% higher during the austral (Southern Hemisphere) summer than it is during the boreal (Northern Hemisphere) summer.

Solar Zenith Angle (5.4.2)
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Fig. 5.6. Modeled clear-sky daily erythemal
UV radiation dose at latitudes of 50°, 70°, and
80° N. (Source: ACIA)

Ozone Levels (5.4.3)

The solar zenith angle (SZA) is the angle between zenith and the position of
the sun. Its cosine is approximately inversely proportional to the path length
that the direct solar beam has to travel through the atmosphere to reach the
surface of the earth. At large SZAs, when the sun appears low in the sky,
atmospheric gases and aerosols absorb more UV radiation owing to the
longer path length that photons must travel. Variations in the SZA cause clear
diurnal and annual variations in surface UV radiation levels. The SZAis also
responsible for most of the latitudinal variation in surface UV radiation levels.
The percentage change between summer and winter UV radiation levels is
higher in the Arctic than at lower latitudes, while diurnal variations in the SZA
are smaller at higher latitudes. In general, SZAs are large in the Arctic and
therefore, arctic UV irradiances are typically lower than those at lower
latitudes. However, when daily integrated doses are compared, the length of
arctic summer days somewhat compensates for the effect of large SZAs. The
annual variation of the clear-sky daily erythemal dose at latitudes of 50°, 70°,
and 80° N is shown in Fig. 5.6. The values are based on radiative transfer
calculations assuming moderate polar ozone levels (300 DU), snow-free
conditions with a surface albedo of 0.03, and clear skies. The seasonal
variation in erythemal dose is caused solely by the seasonal variation in the
SZA.
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Absorption by ozone causes attenuation of UV-B irradiance. It has been RAF
repeatedly demonstrated that a decrease in total column ozone leads to 14

an increase in UV radiation Ievels[B]. The relationship depends

somewhat on the vertical distribution of ozone in the atmosphere. At P e —

small SZAs, a redistribution of ozone from the stratosphere to the [ e : ——
troposphere leads to a decrease in UV-B radiation levels at the ¥ - —

surfacelg]. At very large SZAs, this redistribution leads to an increase in

UV-B radiation Ievels[m]. Lapeta et al.[1 1 and Krzyscin“z] further 2
quantified this effect, and concluded that the erythemally weighted UV 08 - =
dose rate varies by a maximum of 5% owing to changes in the ozone

profile. e

The change in surface UV irradiance as a result of a change in total e g = =

column ozone depends highly on the wavelength of the radiation.
Traditionally, radiation amplification factors (RAFs) have been used to | ! | i | i
quantify the change in biologically effective irradiances as a result of a 100 100 300 400 500 600
Total cobarmn azomne (D)
SIA= — 0" — 40" —&0° o — 8°
Fig. 5.7. Erythemal radiation amplification factor (RAF)
as a function of total column ozone and solar zenith

angle (SZA). (Source: ACIA)

change in total column ozone[1 3]. These factors can also be used to
indicate the sensitivity of a particular UV radiation effect to a change in
total column ozone. Values of RAFs depend largely on the biological

effect and vary between 0.1 and approximately 2.5[14]. The RAF for the

standard erythemal actionspectrum“s] is 1.1 at small SZAs[16],
indicating that a 1% decrease in total column ozone leads to a 1.1%
increase in erythemal UV radiation. For large changes in total ozone, the relationship is nonlinear, and a more complex relationship is

required to estimate the corresponding changes in biologically effective UV radia’(ion[1 7]. In the Arctic, where SZAs are often large, RAFs

should be used with caution due to their pronounced dependence on the SZA and on total column ozone at large SZAs[18]. For example,
at an 80° SZA and total column ozone of 300 DU, the erythemal RAF is reduced to approximately 0.8, which is about 27% lower than that
for smaller SZAs typical of the mid-latitudes (Fig. 5.7).

Clouds (5.4.4)

The effect of clouds on UV radiation is difficult to quantify because of their complex three-dimensional character and rapid temporal
variation. A uniform cloud layer generally leads to a decrease in irradiance at the surface of the earth, because part of the radiation that
is reflected upward by the cloud layer escapes into space. However, local surface UV irradiance can be increased if clouds are not

obstructing the disk of the sun and additional radiation is reflected from the side of a broken cloud field toward the ground[1 9]. In
meteorology, cloud cover is traditionally measured in “octas”. The sky is divided into eight sectors and the octa number, between zero

[20] [21] showed that when the

[22]

and eight, is based on the number of observed sectors containing clouds. Bais et al. and Blumthaler et al.

solar disk is clear of clouds, cloud amounts up to six octas have little effect on irradiance compared to clear-sky situations. Thiel et al.

and Josefsson and Landelius[23] have further parameterized the attenuation of UV irradiance as a function of cloud cover and type.

Cloud transmittance of UV radiation depends on wavelength[24]. The maximum transmittance occurs at approximately 315 nanometers
(nm), although the actual location of this maximum depends on the cloud optical depth, the amount of tropospheric ozone, and the

SZA[25]. In general, clouds in the Arctic tend to be optically thinner than clouds at lower latitudes owing to reduced atmospheric water
vapor content. When the ground is covered by snow, attenuation of UV radiation by clouds is further diminished owing to multiple

scattering between the ground surface and the cloud base[26].

Aerosols (5.4.5)

Aerosols are solid or liquid particles suspended in the atmosphere, found primarily in the lower part of the troposphere. The attenuation
of surface UV irradiance by aerosols depends on the aerosol optical depth (AOD), single scattering albedo, asymmetry factor, and

aerosol profile. Measurements of AOD are routinely carried out at visible and UV-A wavelengths[27]. The AOD is generally assumed to
follow Angstrém’s law, which states that AOD is proportional to I-a, where | is wavelength and a is the Angstrém coefficient. Converting
the AOD measured at longer wavelengths to an AOD value for the UV-B spectrum is not straightforward, however, because a is not easy
to measure and is likely to have some wavelength dependence. The single scattering albedo is the ratio of the scattering cross section of

the aerosol to its extinction cross section, and is typically greater than 0.95 in relatively unpolluted areas of the Arctic[28].

Episodes of long-range transport of pollutants have been observed in the Arctic. These episodes, combined with the lower rates of

particle and gas removal in the cold and stable arctic atmosphere, can lead to a phenomenon called “arctic haze"[29]. Arctic haze events
result in increased aerosol concentrations and mostly occur in winter and spring.
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Decraase (X) relative ta AOD=0 Relatively few studies hav<=T agdrgssed the role of aerosols
in attenuating solar UV radiation in the Arctic. Wetzel et

09
—_— w=0.99 41301

| e — Hirface albedo=0.¥ conducted field investigations at Poker Flat, Alaska,
oLl I " S iy e and sampled different air mass types originating from
H“‘-H—-,,___ T ————— sources outside the region. The measured AOD at 368 nm
-20 1 B ranged from 0.05 to 0.25, and estimates for the single
M —— scattering albedo varied from 0.63 to 0.95, the former
=30 1 ™ % e being for spring air masses originating from Asia and the
. =099 . . -
e % eurfice albedo=010 latter for cleaner air masses of marine origin. Herber et
L H"M,_ ; al. B summarized eight years of measurements of AOD
E“x.x at the Koldeway station in Ny Alesund, Norway, and
= ~— = reported strong arctic haze events, mainly in late winter
T and spring. The mean AOD at 371 nm during arctic haze
3 e conditions was about 0.18, while in the autumn the
70 : Sani ooz average AOD was only 0.05. Quinn et al 13l presented
1] 0.2 0.4 0.6 0.8 I results from three years of simultaneous measurements of
Aerosol eptical depth at 550 nm aerosol chemical composition and light scattering and
SIA =307 = SIA =60 SZA = 80" absorption at Barrow, Alaska. They found that sulfate
Fig. 5.8. Percentage decrease in erythemal UV irradiance as a concentrations were highest at Barrow and decreased
function of aerosol optical depth (AOD), based on theoretical with latitude from Poker Flat to Denali to Homer,
calculations with a radiative transfer model (w = aerosol single suggesting a north—south gradient. Ricard et al.[33]
scattering albedo). (Source: ACIA) studied the chemical properties of aerosols in northern

Finland, and found that, compared to other arctic sites, the
aerosols reflect smaller contributions from arctic haze and
marine events in winter and larger contributions from biogenic sources in summer. For the range of aerosols sampled at Poker Flat,

Alaska, Wetzel et al.[34] found that the attenuation of UV radiation at 305 nm and 368 nm ranged from a few percent up to about 11%.
Figure 5.8 illustrates the decrease in erythemal UV irradiance as a function of AOD, based on theoretical calculations with a radiative

transfer model[35]. The figure indicates that in the Arctic, where SZAs tend to be high, the reduction of erythemal UV irradiance by
aerosols depends strongly on aerosol properties, including the single scattering albedo, and on surface properties, including surface
albedo. In practice, AOD and single scattering albedo cannot be directly translated into UV attenuation, as the asymmetry factor, vertical
distribution, and other factors must also be taken into account.

Altitude (5.4.6)

Ultraviolet radiation levels increase with altitude for several reasons. At higher elevations, the atmosphere is optically thinner, and
therefore fewer particles exist to absorb or scatter radiation. Higher elevations also experience a reduced influence from tropospheric
ozone or aerosols in the boundary layer. In the Arctic and in mountainous regions, the ground is more likely to be covered by snow at
higher altitudes, which leads to higher albedo and increased UV reflectance. Clouds below a mountain summit have a reflective effect
similar to snow-covered ground, and will therefore increase UV radiation levels at the summit. In contrast, the same cloud may reduce UV
radiation levels in a valley below the mountain. The variation of UV radiation levels with altitude depends on several factors, all of which
have different wavelength dependencies; therefore, this variation cannot be expressed by a simple relationship. Changes in erythemal

UV irradiance with altitude reported in the literature vary between 7 and 25% per 1000 m of altitude gain[36].

Surface Albedo (5.4.7)
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The extent and duration of snow cover in the Arctic has a significant Asciicatinn
effect on surface UV radiation doses. An increase in surface albedo I

leads to an increase in downwelling UV radiation, as part of the

radiation that is reflected upward is backscattered by air molecules or

clouds. Snow is particularly efficient at reflecting UV radiation; multiple I
reflections between snow-covered ground and clouds, therefore, can
lead to a significant increase in surface UV radiation levels compared to

a snow-free situation[37].

Surface albedo at UV wavelengths is generally low, except in the

presence of snow cover. Blumthaler and Ambach[38] measured
erythemally weighted surface albedos for various snow-free surfaces |
and reported values ranging between 0.01 and 0.11. Spectral e e T —_—

measurements by Feister and Grewe[39] and McKenzie and
1.0 + - + . 1
Kotkamp[40] confirm these low values. For snow-covered surfaces, the 10 3o ¥i0 3 7o ¥
measurements suggest values ranging from 0.50 to 0.98. In general, dry Wavelergth jnm)
[41] = Albedo=0.1 Abedo=0.4 — Albedo=0.6 = Albedo=0.8

new snow has the highest albedo, which ranges from 0.90 to 0.98
The albedo of a snow-covered surface depends not only on snow depth
and condition, but also on topography, vegetation, and man-made

Fig. 5.9. Spectral amplification of surface UV radiation
by surface albedo under clear-sky conditions (adapted

1
structures!*2]. Albedo is an important factor affecting UV radiation from Lenoble, 1998).1']

levels in the Arctic, where the ground is covered by snow for extensive

periods of the year. Figure 5.9 shows the spectral amplification of

surface UV irradiance by surface albedo for clear-sky conditions. The figure indicates that snow cover, with an albedo that can be
greater than 0.8, can increase erythemal irradiance by up to 60% compared to a snow-free case (albedo 0.2 or less). The amplification is
greatest at short UV wavelengths, and thus increases the ratio of UV-B to UV-A radiation.

Scattering in the atmosphere may occur far away from the location of interest; therefore, the ground properties of a large area around the

measurement site must be considered. The regionally averaged albedo is often referred to as the “effective albedo"[43], and can be
considered the albedo estimate that gives the best agreement between measured and modeled irradiances when used in a radiative
transfer model. Three-dimensional radiative transfer models have shown that the area of significance, defined by an increase in UV

irradiance of more than 5% when effective albedo is taken into account, can extend more than 40 km around the point of interest[44].

Snow and Ice Cover (5.4.8)

Many arctic ecosystems are shielded from UV radiation for much of the year by snow or ice cover. The transmission of UV radiation
through snow or ice depends on wavelength, the thickness of the cover, and the optical properties of the snow or ice. In general,
radiation is attenuated by a factor that changes exponentially with the thickness of the snow or ice cover. Shorter wavelengths are more
strongly attenuated than longer wavelengths. Field measurements conducted at Alert, Canada, suggest that a 10 cm snow-cover depth

reduces the amount of transmitted 321 nm UV radiation by two orders of magnitude[45]. According to Perovich[46], approximately 1.3
meters (m) of white ice would be required to achieve a similar attenuation of transmitted 300 nm UV radiation. It is difficult to project how
changes in snow and ice cover will affect the amount of UV radiation to which terrestrial and aquatic life forms in the Arctic are exposed.
Observed and projected changes in sea-ice and snow cover are discussed in sections 6.3 and 6.4, respectively.

Water Quality (5.4.9)
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The water quality parameters that are known to affect underwater

10 depih (mi) P . .
UV radiation levels are dissolved organic carbon and chlorophyll

Vg ; a[47]. A general optical characterization of water columns is
- obtained from diffuse attenuation coefficients (Kd(l)), which are
calculated from measurements of spectral irradiance at various
depths. For comparative purposes, wavelength-specific 10% depths
= (the depth to which 10% of the below-surface irradiance penetrates)
L are often derived from the Kd(l) values. It is important to note that
r the choice of 10% depth is arbitrary and is not based upon any
10 correlation with biological effects. Figure 5.10 shows 10%
penetration depths in Lake Cromwell, the St. Lawrence River
estuary, and the Gulf of St. Lawrence, Canada. In clear ocean
water, 10% of the radiation at longer UV wavelengths can penetrate
to a depth of nearly 100 m. In shallower water, this depth may be of
the order of only a meter, but organisms living within this 1 m layer
would still be at risk. At 310 nm, 10% penetration depths are 20 m

for clear ocean water[48]; 1 to 4 m for the Gulf of St. Lawrence and
for coastal zones[49]; 0.5 m for estuarine waters; and 0.1 m for Lake
Cromwell, Québeclso]. Measurements made in arctic waters

suggest that 10% penetration depths are typically less than 5 m[51].
Ultraviolet-A radiation generally reaches greater depths. Organisms
residing in the near-surface layer experience the greatest exposure

el to UV radiation.

0 120 M0

Wavelegth jam

150 M0 400

Receptor Orientation (5.4.10)

Guli of 5¢. Lawrence
Lake Cromwell

= Clear ncean water

St. Lawrence river estuary Ultraviolet irradiance has traditionally been measured on a flat,

horizontal surface. While this approach has sound physical merit, it
does not accurately represent the UV irradiance that reaches many
biological receptors. The amount of UV radiation incident on a

vertical (as opposed to horizontal) surface has important biological

Fig. 5.10. Ten percent depth penetrations at selected
locations in eastern Canada (data from Booth and
Morrow, 1997; Kuhn et al., 1999; Scully and Lean,

. . [2]
1934; and Smith and Baker, 1979). implications, particularly in terms of effects on the eye[52]. Recent

studies have explored both the effect of high snow reﬂectivity[53]
and the orientation of the receptor on UV radiation doses. Some investigators have measured the amount of UV radiation incident on a

surface oriented perpendicular to the rays of the sun[54] while others have measured the amount incident on a vertical surface[55]. As

reported by Webb et al.[56], the relationship between irradiance measured on a horizontal surface and that measured on a vertical
surface depends on the orientation of the vertical surface, the SZA, and the wavelength. For wavelengths shorter than 400 nm, Webb et

aI.[57] found distinct maxima in the vertical to horizontal irradiance ratios during the morning and afternoon. Under cloudless, snow-free
conditions, the maximum ratios ranged from 1.4 at 300 nmto 7 at 500 nm. Snow cover, which increases surface albedo, may

substantially increase these ratios. For example, in the presence of fresh snow cover and at SZAs greater than 60°, Philipona et al.[58]
reported a 65% increase in erythemal UV irradiance on a surface oriented perpendicular to the sun compared to the irradiance observed
on a horizontal surface under the same conditions.

Similar results were obtained by Jokela et al.[5g], who pointed UV radiometers azimuthally South, North, West, and East to assess UV
dose rates on vertical surfaces in Saariselkd, Finland. The results indicated a snow albedo of 0.83, in good agreement with data

presented by Blumthaler and Ambach[eo]. The ratios of vertical to horizontal dose rates varied from about 0.25 to 1.4, depending on
direction and on whether the ground was barren or covered with fresh snow. In general, the observations indicated that spring ozone
depletion could greatly increase ocular UV radiation doses because of the significant effect of snow reflection. The measurements by

Jokela et al.[61] show that ocular doses of UV radiation in Saariselkd can be higher at the end of April than at any other time of the year.
These high doses suggest that the amount of UV radiation incident on the eye when looking toward the horizon can be equivalent or
greater than the amount of UV radiation incident on the eye when looking directly upward.

For many biological systems, the actinic flux (the radiation incident at a point) is a more relevant quantity than the horizontal irradiance.

Only recently have measurements of the spectral actinic flux become more common[62]. Webb et al.[63] found that the ratio of actinic flux
to horizontal irradiance varied between 1.4 and 2.6 for UV wavelengths, and depended on wavelength, SZA, and the optical properties of
the atmosphere.

Chapter 5: Ozone and Ultraviolet Radiation

5.1. Introduction
5.2. Factors affecting arctic ozone variability
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5.3. Long-term change and variability in ozone levels

5.4. Factors affecting surface ultraviolet radiation levels in the Arctic

5.5. Long-term change and variability in surface UV irradiance

5.6. Future changes in ozone

5.7. Future changes in ultraviolet radiation

5.8. Ozone and Ultraviolet Radiation in the Arctic: Gaps in knowledge, future research, and observational needs
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